
P

R
P

a

A
R
R
A
A

K
N
T
P
P
B
R

1

s
i
o
m
p
s
b
e
p
f
r
r
s
s
p
n
p
[
t
i

1
d

Journal of Photochemistry and Photobiology A: Chemistry 225 (2011) 81– 87

Contents lists available at SciVerse ScienceDirect

Journal  of  Photochemistry  and  Photobiology  A:
Chemistry

journa l h o me  pa g e: www .e lsev ier .com/ locate / jphotochem

hosphorus-doped  titania  nanotubes  with  enhanced  photocatalytic  activity

amesh  Asapu, V.  Manohar  Palla, Bin  Wang, Zhanhu  Guo, Rakesh  Sadu, Daniel  H.  Chen ∗

hotocatalysis and Solar Processing Lab, Dan. F. Smith Department of Chemical Engineering, Lamar University, Beaumont, TX 77710, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 12 August 2010
eceived in revised form 20 August 2011
ccepted 3 October 2011
vailable online 8 October 2011

eywords:
anotubes
itania

a  b  s  t  r  a  c  t

Titania  nanostructures  have  gained  much  attention  lately  due  to  their  high  specific  surface  area,  ion-
exchange  ability,  and  better  electrical  properties.  In this  study,  pure  titania  nanotubes  (TNTs)  were
synthesized  using  hydrothermal  method.  Phosphorus-doped  titania  nanotubes  (P-TNTs)  were  fabricated
following  a wet  chemical  procedure  with  dimethyl  phosphite  as  a precursor.  Characterization  of the pre-
pared pure/phosphorus-doped  titania  nanotubes  was  performed  using  transmission  electron  microscopy
(TEM),  energy  dispersive  X-ray  spectroscopy  (EDX),  XRD  analysis,  UV–Vis  absorption  spectra,  and  BET
specific  surface  area  analysis.  Phosphorus-doping  slightly  reduces  the  surface  area  but  shifts  the  band
gap towards  the visible  light  region.  When  compared  to pure  TNTs,  the  optimal  0.75  wt.%  P-TNTs  have a

2 2

hotocatalysis
hosphorus doping
and gap
hodamine B

similar  surface  area  (272  m /g vs. 274  m /g)  but  with  a band  gap shift  of  0.27  eV  towards  the  visible light
region.  The  photocatalytic  activity  of  0.75  wt.%  P-TNTs  was  tested  using  rhodamine  B (RhB)  as  a  model
pollutant  under  a 9 W  fluorescent  lamp  and  was  significantly  better  than  the  benchmark  Degussa  P25
nanoparticles  due  to  the  band  gap  narrowing  and  an  increased  surface  area.  The  decolorization  follows
first-order  kinetics  with  the  apparent  rate  constant  k1 of 0.13  min−1 for 0.75  wt.% P-TNT  and  0.07  min−1

for  Degussa  P25.
. Introduction

Titanium oxide or titania has been used widely in photovoltaic
olar cells, water-splitting catalysts for hydrogen generation, and
n gas and liquid phase pollution control such as photocatalytic
xidation of volatile organic compounds (VOCs) and NOx [1–4]. In
ost of the catalytic applications, high surface area and optimum

ore size are needed for interaction with active sites and diffu-
ion of reactive species [5],  this leads to the development of titania
ased nanotubes, nanowires, and nanorods. In photocatalysis, the
lectron–hole recombination step results in waste of energy sup-
lied by the photon and can be considered as one of the major
actors limiting the efficiency of photocatalytic processes. Some
esearchers have suggested that recombination effect is greatly
educed in nanotubes architecture compared to nanopowders and
hould be favored in photocatalytic applications [6].  Also, the high
pecific surface area, ion-exchange ability, and better electrical
roperties have given titania nanotubes a superior platform. Tita-
ia nanotubes are used extensively in the research of hydrogen
roduction, fuel cell applications, and photocatalytic applications

6,7]. A suitable method to enhance the photocatalytic ability of
itania nanotubes is post treatment of titania nanotubes including
ntroduction of impurities (or doping) to increase the visible light

∗ Corresponding author. Tel.: +1 409 880 8786; fax: +1 409 880 2197.
E-mail address: daniel.chen@lamar.edu (D.H. Chen).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.10.001
© 2011 Elsevier B.V. All rights reserved.

responsiveness. Pure titania nanotubes doped with different metals
like Cu, Zn, Cr, and Fe [8–11] and non metals including N, S, C, and F
[12–14] have been reported. In fact, doping of titania nanotubes is
a subject of broad interest for the past few years. To our knowledge
preparation of phosphorus-doped titania nanotubes using simple
wet chemical method has not been reported.

Titania based nanotubes can be synthesized using different
methods such as electrochemical anodic oxidation, also known
as anodization [15,16], template-assisted methods [17,18],  and
hydrothermal method [19,20]. Each fabrication method has its
own distinctive advantages and functional features. Hydrothermal
method is of particular interest because nanotubes can be produced
in an unsophisticated manner at low temperatures and through
simple wet  chemical synthesis routes. In this paper, pure titania
nanotubes were synthesized using the hydrothermal method, and
a simple wet  chemical procedure was used to dope phosphorus
into the nanotubes. Phosphorus-doped titania nanotubes were pre-
pared by treating titania nanotubes in aqueous solution of dimethyl
phosphite followed by calcination at high temperatures.

2. Experimental methods

2.1. Reagents and materials
Titanium dioxide (Degussa P25) was  obtained from Evonik
Industries and sodium hydroxide (NaOH 10 N) was obtained from
Lamar Ka, Inc. Hydrochloric acid (HCl 1 M),  dimethyl phosphite

dx.doi.org/10.1016/j.jphotochem.2011.10.001
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:daniel.chen@lamar.edu
dx.doi.org/10.1016/j.jphotochem.2011.10.001
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Fig. 1. Magnified TEM image of titania nanotube.

adsorption/desorption isotherm at 77 K. The specific surface area
values are shown in Table 1. There is a significant decrease in
the BET surface area due to calcination and phosphorus-doping,

Table 1
Specific surface area of photocatalyst samples using BET method.

Sample Specific surface area (m2/g)

Degussa P25 50
2 R. Asapu et al. / Journal of Photochemistry a

DMP C2H7O3P, 99.8 wt.%), ethanol (200 proof), and rhodamine B
RhB) were purchased from Sigma Aldrich. All chemicals were of
nalytical grade and used without further purification, and all the
ater used was deionized.

.2. Synthesis of titania nanotubes

Titania nanotubes were synthesized following a literature pro-
edure [19,20].  About 5 g of pure TiO2 (Degussa P25) powder was
ispersed in 175 ml  of NaOH (10 N) solution, and the suspension
as transferred into a Teflon-lined stainless steel autoclave (Parr

nst.) and sealed. The autoclave was maintained at a temperature of
30 ◦C for 24 h and then allowed to cool to room temperatures. The
hite precipitate obtained from the hydrothermal treatment was

acuum-filtered and washed with 0.1 N HCl and deionized water
ntil the pH was around 7. The sample was then dried at 100 ◦C
vernight to obtain titania nanotubes denoted as TNTs.

.3. Synthesis of phosphorus doped titania nanotubes

Phosphorus-doped titania nanotubes were fabricated using a
acile wet chemical method. The analytical grade pure dimethyl
hosphite was diluted to known concentrations using ethanol.
NTs (1 g) were dispersed in this ethanol solution of dimethyl phos-
hite through sonication. The mixture was magnetically stirred
vernight followed by drying at 80 ◦C for 4 h. Finally, the product
as calcined at 350 ◦C in a muffle furnace for 1 h with a heating

ate of 1 ◦C/min. These phosphorus-doped titania nanotubes are
enoted as P-TNTs.

. Characterization

The morphology of the samples was observed using a Philips
M-200 transmission electron microscope (TEM) with a LaB6
lament operated at an accelerating voltage of 200 kV. A HITACHI S-
400 N scanning electron microscope (SEM) attached with energy
ispersive X-ray spectrometry (EDX) was used to determine the
lemental composition. X-ray diffraction (XRD) analysis was per-
ormed on a Bruker D8 Focus diffractometer equipped with a Sol-X
etector using a copper radiation source. Specific surface area anal-
sis was done using the Brunauer, Emmett, and Teller (BET) method
ased on N2 adsorption at 77 K with a NOVA 1000 series analyzer.
he UV–Vis absorption spectra of samples were recorded using a
V–Vis double beam spectrophotometer (Cary 100, Varian Inc.)
ttached to an internal diffuse reflectance accessory.

. Results and discussions

.1. TEM observation

TEM images provide an understanding into the nanostructure
orphology of the samples. From the TEM images (Figs. 1 and 2),
e clearly see that the nanotubes are uniform and open ended.

he nanotubes are approximately 100–200 nm long with an outer
iameter 12 nm and inner diameter of 6 nm.  After phosphorus dop-

ng, titania nanotubes retain the tubular structure as observed from
ig. 2. It was also observed that when the calcination tempera-
ure was raised from 350 ◦C to 500 ◦C, the nanotubes started to
reak apart, fuse together, and form lumps of nanoparticles and/or
anorods (data not shown).
.2. X-ray diffraction analysis

To identify the crystal phase of the nanotubes, X-ray diffrac-
ion analysis was done. From the X-ray diffraction patterns, it
Fig. 2. TEM image of phosphorus-doped titania nanotubes.

was observed that pure titania nanotubes have peaks which can
be mostly assigned to anatase phase similar to those of Degussa
P25 (Fig. 3). The peaks at 11◦ can be attributed to a hydro-
gen titanate phase (H2Ti3O7), which is a monoclinic unit cell
structure [21]. The diffraction patterns of pure and phosphorus-
doped titania nanotubes (both calcined at 350 ◦C) show some
increase in the intensity of anatase peaks and diminishing of
the hydrogen titanate peak compared to uncalcined pure titania
nanotubes.

4.3. Brunauer–Emmett–Teller surface area analysis

Specific surface area of the nanotubes samples were determined
using the Brunauer, Emmett, and Teller (BET) method based on N2
Titania nanotubes 306
Titania nanotubes calcined at 350 ◦C 274
0.75 wt.% phosphorus-doped titania nanotubes 272
12  wt.% phosphorus-doped titania nanotubes 136
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Fig. 3. X-ray diffraction patterns of (a) titania nanotubes, (b) titania nanotube

hich includes a calcination step. Further, as the phosphorus
ontent increases, there is a substantial decline in the availability
f surface area for photoreaction.

.4. UV–Vis absorption spectrum

The optical properties of the photocatalyst materials were

tudied with the help of UV–Vis spectrophotometer. The band
aps of these samples were estimated from plots of the modi-
ed Kubelka–Munk function vs. the energy of exciting light [22].
rom Fig. 4, we can approximate the band gap energies of Degussa

0

1

2

3

4

5

6

7

8

9

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 

[F
(r

)E
]1/

2

E (

Degussa P25

TNTs

TNTs calcined at 350 C

P-TNTs
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ined at 350 ◦C, (c) phosphorus-doped titania nanotubes, and (d) Degussa P25.

P25 TiO2 nanoparticles and as-prepared TNTs to be 3.06 eV and
3.22 eV, respectively. The band gap value of commercial Degussa
P25 is found to vary between 3 and 3.2 eV in the literature
[23,24]. After calcination, the band gap of pure titania nanotubes
changes from 3.22 eV to 3.14 eV. P-TNTs have a band gap energy
of 2.95 eV, which corresponds to light energy in the visible region
(420 nm). Thus the phosphorus doping on TNT induces a shift
of the absorption edge slightly towards the visible light range

(from 385 nm to 420 nm)  and the narrowing of band gap by
0.27 eV (shift from 3.22 to 2.95 eV). This result is supported by
slight color change from white to light yellow after phosphorus
doping.

3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

eV)

Munk function vs. photon energy.
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.5. EDX analysis

Energy dispersive X-ray spectroscopy (EDX) analysis of the sam-
les reveals the presence of Ti and O as elements (except for H,
s it cannot be detected in EDX) in titania nanotubes. From EDX
nalysis, the atomic ratio of Ti:O is 3:7, which proves the XRD anal-
sis supporting the assumption of H2Ti3O7 monoclinic unit cell
tructure. Phosphorus was also detected, in addition to Ti and O,
n phosphorus-doped titania nanotubes. The weight percentage of
hosphorus was found by averaging the values from two  different
nalyses of the same sample to adjust the error in detection. Aver-
ge weight percentage contents of phosphorus detected by EDX
re: 12 wt.%, 6 wt.%, 1.5 wt.%, 0.75 wt.%, and 0.5 wt.%. To obtain a
ominal 12 wt.% and 0.75 wt.% of phosphorus content, 2% and 0.05%
imethyl phosphite solutions were used as precursors respectively.

.6. Effect of hydrothermal synthesis temperature on morphology

The hydrothermal synthesis temperature or the temperature at
hich TiO2–NaOH suspension is autoclaved plays a significant role

n the morphology of the resulting nanotubes. To investigate the
ffect of hydrothermal synthesis temperature, a specific batch was
ynthesized at 180 ◦C. The post treatment process of washing with
cid and de-ionized water was the same for this batch. The resul-
ant nanotubes were analyzed with TEM to determine diameter
nd length. As observed from the TEM image (Fig. 5), nanotubes
ynthesized at 180 ◦C are not uniform in size, but rather a mixture
f nanotubes and nanorods. These nanotubes have an outer diam-
ter in the range of 25 to 100 nm and are 400 nm to 4 �m long. The
ET surface area of this batch is 100 m2/g, far less when compared to
anotubes synthesized at 130 ◦C (BET surface area 306 m2/g). This

s due to the destruction of the tubular structure and the formation
f large nanorods when the hydrothermal synthesis temperature
as increased to 180 ◦C.

. Photocatalytic activity

The photocatalytic activities of the titania nanotubes were

xamined by conducting experiments in a 250 ml  glass reactor ves-
el. The reactor was wrapped with aluminum foil and the reaction
ixture was irradiated with a 9 W fluorescent lamp (Philips PL-S

 W).  Around 0.45 g of photocatalyst was added to 150 ml  of RhB
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Fig. 6. Photocatalytic degradation of rhodamine B under the irradiation
Fig. 5. TEM image of titania nanostructures synthesized at 180 ◦C consisting of
nanotubes and nanorods.

solution (2 mg/l). The contents were stirred magnetically during
the irradiation period. An experiment was run for 2 h to observe
any degradation of RhB exposed to the light source in the absence
of catalyst. There was no degradation at all under the fluorescent
lamp. The reaction mixture was  stirred in dark to reach adsorption
equilibrium before the light source was  turned on. Samples were
withdrawn and analyzed with the CARY 50 UV–Vis spectropho-
tometer at 554 nm to measure the absorbance of the sample. From
the Beer–Lambert law A = εlc, where ε represents molar absorp-
tion coefficient, l is path length, and c represents a concentration
of sample. Since the path length and absorption coefficient of RhB
are constant, we  can relate absorbance directly to concentration. To
have a comprehensive comparison among the photocatalyst mate-
rials prepared, the reaction conditions are kept the same for all the

activity tests.

As shown in Fig. 6, P-doped TNT with 0.75 wt.% phosphorus con-
tent has the best activity and pure TNT also exhibits a good activity.

30 40 50

TNT

TNT calcined@  350C

Degussa P25

P d oped 1.5wt%

P d oped 0.7 5wt%

n tim e (min)

 of a 9 W fluorescent lamp (best photocatalyst: 0.75 wt.% P-TNT).
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Fig. 7. Effect of phosphorus content on the photocatalytic d

ig. 7 shows the effect of phosphorus content in TNT on the pho-
ocatalytic decomposition of RhB. A reasonable explanation of the
ptimal P content of 0.75 wt.% is that, as the phosphorus content on
he surface of the titania nanotubes increases, the available num-
er of active sites decreases on the photocatalyst surface leading to

 decrease in activity (low surface area of 12 wt.% P-TNT, Table 1).
he decoloration/degradation of RhB is a complex photocatalytic
xidation process involves deethylation, ring-opening, and min-
ralization reactions of RhB and intermediates [25–28]. Even so,
he oxidative reaction kinetics can be adequately described as a
wo-phase first-order reaction series by treating intermediates as

 group [25]:
hB → intermediateswithchromophoricgroup(s)

→ leucoproducts (1)

0

1

2

3

4

5

6

7

0 5 10 15 20 2

Time

Degussa  P-25

0.75 wt.% P -TNT

ln
(A

0
/A

)

Fig. 8. ln(A0/A) vs. time (min) for both 0.75 wt.% P-TNT an
e (min)

ation of rhodamine B irradiated with a 9 W florescent light.

It can be derived according to the Beer–Lambert law and Eq. (1),
that the absorbance ratio of A/A0 at 554 nm is given by:

A

A0
= (1 − K) exp(−k1t) + K exp(−k2t) (2)

and

for t < tB,
A

A0
∼= exp(−k1t) (3)

for t > tB,
A

A0
∼= K exp(−k2t) (4)

where A0 and A refer to the absorbance of RhB and intermediates at

time 0 and time t; tB is the break point between Phase I and Phase
II degradation of the RhB chromophoric system; k1 and k2 are the
apparent first-order rate constant for Phases I and II degradation,
respectively (k1 > k2); K = [k1/(k1 − k2)] × [εintermediates/εRhB], εRhB is

y = 0.0694x
R² = 0.8778

y = 0.1306x
R² = 0.7539

5 30 35 40 45 50

 (min)

d Degussa P25 in the degradation of rhodamine B.
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Fig. 9. Degradation of rhodamine B irradiated 

olar absorption coefficient of RhB, and εintermediates represents the
ffective molar absorption coefficient of chromophoric intermedi-
tes as a group. In other words, ln(A0/A) vs. t has a slope of k1 in the
rst phase and a slope of k2 in the second phase. Due to the 9 W flu-
rescent light source used and relatively short irradiation time, the
bserved decolorization is attributed to the fast (Phase I) degrada-
ion of the chromophoric system rather than to the slow (Phase II)
egradation of chromophoric system of the intermediates. As can
e seen in Fig. 8, ln(A0/A) vs. time (min) for both 0.75 wt.% P-TNT and
egussa P25 follows the first-order kinetics under the experimen-

al conditions. The results are consistent with literature findings
or TiO2 nanoparticles and other photocatalyst (Pb3Nb4O13) under
imilar conditions (albeit under different light sources) [25–28].
he apparent rate constant k1 is 0.13 min−1 for 0.75 wt.% P-TNT
nd 0.07 min−1 for Degussa P25. The apparent rate constants pro-
ide a quantitative comparison of photocatalytic activity between
.75 wt.% P-TNT and Degussa P25. A UV filter (UV Process Supply
nc.), which cuts off the UV light below 385 nm,  was  attached to
he fluorescent lamp and the photoreaction results are shown in
ig. 9. Even though a UV filter is used, Degussa P25 still shows some
ctivity because of the presence of the rutile phase (25%), which is
isible light active (up to 410 nm)  [29]. Availability of light with
avelengths above 385 nm,  which cannot be cut off by the filter
ay  also be responsible for the activity of Degussa P25. For Degussa

25 there is only a 25% decrease in RhB concentration using a UV
lter, whereas P-TNT performed well (80% decrease in RhB con-
entration) because of the visible-light responsive effect induced
y doping with phosphorus.

. Conclusion

Pure titania nanotubes have both monoclinic and anatase phases
s seen from XRD analysis. The existence of an H2Ti3O7 monoclinic
hase is supported by a Ti to O ratio of 3:7, as measured via EDX
nalysis. TNTs and P-TNTs fabricated through the hydrothermal
ethod all have a high specific surface area compared to Degussa
25 nanoparticles. Doping with phosphorus decreases the surface
rea but increases the visible-light responsiveness as evidenced by
he BET surface analysis and the UV–Vis absorption spectra. For the
ptimal 0.75 wt.% phosphorus-doping, the surface area decreases

[

[

[

Time (min)

 9 W fluorescent lamp attached with UV filter.

from 274 to 272 m2/g and the band gap decreases from 3.22 eV
(TNTs) to 2.95 eV (P-TNTs). Due to phosphorus doping, a discern-
able shift in the absorption edge towards the visible-light region
can be observed, and therefore phosphorus doped titania nan-
otubes absorb more visible light in the solar spectrum. P-TNTs
(0.75 wt.% phosphorus) have the highest activity compared with
titania nanoparticles (Degussa P25) and undoped TNTs for the
degradation of RhB. The decolorization follows first-order kinet-
ics with the apparent rate constant k1 of 0.13 min−1 for 0.75 wt.%
P-TNT and 0.07 min−1 for Degussa P25.
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