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TiO, Nanotube arrays:
Influence of tube length on the photocatalytic degradation of Paraquat
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Abstract

Highly ordered TiO2 nanotubes have attracted a lot of attention for the
photocatalytic removal of organic pollutants. A few studies demonstrated that the tube
morphology plays a key role on the photocatalytic activity. However, no studies have
been performed to explain the optimal photocatalytic activity observed for a precise
tube length. Here we studied how the morphology of the tubes evolves during anodic
growth and we evaluated the corresponding photocatalytic activity. In our conditions,
the optimal activity was found for 7 um long tubes. The SEM study reveals that short
tubes have a small pore opening thus hindering pollutant diffusion into the tubes. On
the other hand, tubes longer than 7 pm have thinner walls due to etching by the
fluoride ions. Consequently the volume of TiO> decreases strongly in the upper part of
the tubes as the tube length increase and light should travel a longer pathway before
absorption and production of electron-hole pairs. Hence the organic species have to
diffuse further and the photocatalytic activity decreases.

Keyword : TiO2 nanotube arrays, photocatalyst, anodic oxidation
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pollutants. A few studies demonstrated that the tube morphology plays a key role on the photocatalytic
activity. However, no studies have been performed to explain the optimal photocatalytic activity observed
for a precise tube length. Here we studied how the morphology of the tubes evolves during anodic growth
and we evaluated the corresponding photocatalytic activity. In our conditions, the optimal activity was
found for 7 um long tubes. The SEM study reveals that short tubes have a small pore opening thus
hindering pollutant diffusion into the tubes..On the other hand, tubes-longer-thas inner
walls due-to_etchin; e fluoride ions. Consequently the volume of TiO2 decreases strongly in the
upper part of the tubes as the tube length increase and light should travel a longer pathway before
absorption and production of electron-hole pairs. Hence the organic species have to diffuse further and

Keywords:
Photocatalysis
TiO; nanorubes
Pollutant

the photocatalytic activity decreases.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

mlq‘ﬂn

nificant problem because these species are usually toxic and
come from many different sources: herbicides, pesticides, phar-

4L

1 5\ (organochlorinated compounds) and could act as persistent organic

ds
Water contamination by organic pollutants has become a sig-‘;_"
1

pollutants [3]. Advanced oxidatiorf processes are being explored
for their ability to fully mineralize organic pollutants. These pro-
cesses are based on the production of highly oxidizing species such
as 1o i icals. Among these processes, photo-

maceuticals and care products. Many organic compounds have an ?”-".icatalysis is very promising because it is a non-selective process, the

hydrophobic behavior thus are usually stored in the fat or in cer-
tain organs [ 1]. This induces a problem of bioaccumulation because
these molecules are concentrated through the food chain. Conse-
quently a great deal of attention must be paid to the removal of
these organic compounds because their persistence in the envi-
ronment is a major public health problem. On the other hand, it is
estimated that4 billion people have no or little access to clean water
and millions of people die each year of water borne disease [2]. Con-
sequently technological processes to remove these compounds are
highly desired.

Removal of organic pollutants from water is a challenging
issue. Current processes suffer from various drawbacks for example
coagulation-flocculation or adsorption doesn’t destroy the organic
pollutants but simply transfers it from one phase to another.

For chlorination, are expected to be toxic
292 £
* Corresponding author.

;
¥y, 1t
E-mail address: didier.robert@univ-lorraine.fr (D, Robert).
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0926-3373/© 2016 Elsevier BV, All rights reserved,

o1t 848 ¥ iy

reactions occur at room temperature and the photocatalyst can be
activated by solar irradiation. k3 g {#
Titanium dioxide (TiO2) is one of the most studied semj
tors due to its non-toxicity, high'themical stabili icularl
photocorrosion) and photocatalytic efficiency [4]. Photocatalytic
removal of organic pollutants consists in illuminating a semi-
conductor, usually TiO2 with UV-light, to produce electron-hole
pairs. After separation, the holes react with water or adsorbed
OH- and electrons react with dissolved dioxygen to produce
respectively hydroxyl and superoxide radicals. These compounds
are highly oxidizing species which react with the organic pol-
lutants leading in some case to the complete mineralization.
Here we studied the photocatalytic degradation of Paraquat{1,1-
dimethyl-4,4-bipyridylium dichloride) a widely use&e_[bigidg
which is known to be degraded by these oxidizing radicals
|5.6]. The mechanism of photocatalytic degradation is known to
produce monopyridone and dipyridone [7} and then after com-
plete mineralization to CO,, water, NHq*, NO,~ and finally NO3~
[8.9].
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Photocatalysis has been widely used willloslIsDCﬂsmn of Ti0,
nanoparticles. However, the recovery of the catalyst involves
expansive separation processes. The immobilization of TiO; on a
substrate is attractive due to its simplicity of recovery. However
for a same amount of TiO3, a suspension offers a higher active sur-
face arca than a thin film due to the close packing in thin films. To
overcome this problem, nanostructured thin films with high active
surface area are deéircd for photocatalysis.

Controlling the” porosity. is usually performed thanks to the
template-assisted n\élhod whichinvolvesa poghdircrting agentto

control the porositypolystyrene spheres | 10 palyethylene glycol.
|11] oanodic aluminium-exide | 12]. However the removal of the

template can lead to fragile thin films with poor mechanical stabil-
ity. Moreover the template-assisted growth is time consuming and
often involves several steps.

Electrochemical methods have been recently reported for the

fabrication of various TiO; nanostructures: nanotubes [12), fish-
_bone |14], mesosponge |15] or nanochannels_{16|. The anodic .

growth consists in oxidizing a titanium foil in an adequate media
to produce a porous TiO; coating on the surface. This approach is
fast, facile and allows a precise control of the porosity. Moreover
anodic TiO, nanostructures are produced on a conductive electrode
which is ready-to-use for the photaelectrocatalytic removal Qf
qrganic compounds | 17]. Despite these advantages, only the tubu-
lar structure can be obtained at ambient temperature where a hot
phosphate-glycerol electrolyte (temperature >150°C) is required
to produce other structures (fishbone, mesosponge and nanochan-
nels). Consequently anodically grown TiO2 nanotubes have a great
potential for photocatalysis due to their large internal surface area
and their facile fabrication.

The anodic growth of TiO, nanotubes consists in applying a
DC voltage on a Ti foil immersed in an organic electrolyte, usu-
ally ethylene glycol, with water and fluoride ions (third generation
nanotubes)[18]. This growth can only be achieved under optimized
conditions where equilibrium is reached between oxide formation
(Eqgs. (1)-(4)) and oxide dissolution (Egs. (5) and (6)):

Ti —» Ti** +4e” (1)
Ti + 2H,0 — TiO2 + 4H" +4e” (2)
Ti** +4H20 — Ti(OH)4 +4H* (3)
Ti(OH)4 — TiO2 + 2H20 (4)
Ti** + 6F — [TiFg*") (5)
TiO2 + 6F~ +4H* - [TiFg?"] + 2H20 (6)

The oxide dissolution produces a water soluble complex
(TiFg2-). At the same time, hydrogen evolves at the counter elec-
trode, usually platinum:

4H* +4e” — 2H2 (7)

The tube morpholo;
catalytic performarices of the TiO2 nanotubes for water depollution
Smith et al. [19] demonstrated that nanotubes with large diame-
ters have a better photocatalytic activity because the photocatalyst
surface is more available, Many reports also focus on the opti-

mal tube length for photocatalytic degradation experiments; 6 jm—

120,36 um [13), 17 m [21] and.18 um.{22/. In these papers, the
growth conditions are different thus the tube morphology (internal
diameter and wall thickness) is expected to be different for a same
tube length. Besides UV light is absorbed in the first 1-2 um |23
thus the top morphology should play a key role. Mazzarolo et al.
|24] investigated the influence of the top morphology on the pho-
tocatalytic activity. They revealed that tubes with a well defined
open mouth have an enhanced photocatalytic actlvity compared
to grassy tubes and tubes with an Initiatlon layer. In this paper,

% o= 8
G fett
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Scheme 1. Photocatalytic setup: quartz cuvette with a TiO, [Ti sample and 2 small

magnetic stirrer at the bottom.

we studied the influence of the top tube morpho}ogy foy vgn’ous
lengths and we correlated this to the hotocatal

wwu@wmmum_\;@:‘-m aim is to provide
a basic understanding of the underlying mechanism.

Qi)

2. Experimental methods
2.1. Electrochemical growth of TiO; nanotubes

. A =

Q‘it“aﬁr;i:?m foils (thickness: 125 wm) were purchased from Mateck
(Germany). Samples were cutin 2 x 1.5 cm? pieces and welded on
the backside with a thin titanium contact (0.4 x 2cm?). Surface
impurities were removed by immersion in regia aqua (HCI/HNO3-
3/1 in_volume) and then degreased by successive i ersions,
underﬁm@min?cetone%ﬁ)@m;ﬂhgnﬂhnd istillated
water (5 min each). The Samples were then dried with compressed
air. Electrochemical anodisation was performed with a three-step
process. First samples were preanodised at 60V during 30 min at
20C* in ethylene glycol with NH4F (0.3 wt%) and H,0 (2 v¥%). The
nanotube layer was then peeled-off by ultrasonication. The sam-
ples were then anodized in the same electrolyte with the same
conditions during various durations. After anodisation, the sam-
ples were immediately transferred in a 5wt% H3PO4 in ethylene
glycol and immersed during 1 h. The post anodisation was then per-
formedduring 5 min at 60 V to produce an oxide layer thatimproves
the nanotubes adhesion. Samples were finally immersed in ethanol
during 1h befordtalcination in air at 450 °C during 2h (5 C/min).

ORAN(Y

2.2, Samples characterization

SEM analysis were performed with a JEOL-JSM-7600F at the
Coatings Research Institute (CoRI, Belgium). For thickness measure-
ments, samples were wrapped in an epoxy resin. The surface of the
epoxy was then polished to reveal the edge of the electrode perpen-
dicular to the surface, Samples were platinized before analysis to
avoid the charging effect. XRD allowed to examine the crystallinity
thanks to a Shimadzu instrument (MiniFlex I1) using the Cu k-alpha
radiation,

2.3. Evaluation of the photocatalytic activity

Photocatalytic tests (Scheme 1) were performed with a quartz
cuvette filled with 3ml of Paraquat dichloride (10 ppm, Aldrich)
at pH=7 and a magnetic stirrer (3mm). The concentration of
Paraquat was flollowed at 257 nm thanks to Beer-Lambert law.
Two UV lamps (8W each) were used at 3em from the cuvette

e
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and the irradiance was measured with a HD 9021 instrument
from Delta Ohm: 13 W/m? (UV-A; 315-400nm) and 50 mW/m?
(UV-B: 280-315nm). The samples were cut (o fit in the cuvelte
(2 x 0.8cm?)andthe exposed surface was precisely measured with
the Image] software,

3. Results and discussion
3.1. Characterization of TiO,-NT samples

Fig. 1 shows the tube morphology for various lengths, Short
tu fig. 1A) represent the initiation layer with very small and
disordered pores (thin channels). As the length increases, the potes
and the channcls are apening (fig, 1B and C). In our conditions, the
opening is well-defined for 7 um long tubes (fig. 1B). As the tube
length increases the amount orT|02 on the top is highly reduced
due to chemical etching by t . These morphological

expected o have g strong influence on the photocat-
alytic properties [24]. TR

Fig. 1C shows very thin top tubes whereas they look thicker on
Fig. 1D, because the 2D top view flattens the picture. Top views
(Fig. 1) clearly demonstrate the wall thinning and the pore opening.
Based on Scheme 2, we can estimate the pore size with the Image)
software.

The wall thickness can be evaluated by dividing by 2 the distance
between neighboring pores 2W. All the data are given in Table 1:

Table 1 allows to evaluate theamount of TiO; in the upper part of
the tubes. Assuming straight tubes instead of the classical v-shape,
we can calculate the volume V of TiO; in the tube wall with the
following formula:

&7

V = Tilrext? — TLrjne?

Since the external  diameter is  constant (2
Text =2W+D — 104 nm) and the internal diameter is D the volume
of TiO; is:

V = w522 -(D/2)?)

This relationship demonstrates that the amount of TiO
decreases as the inner diameter become more open. According to
Choi et al. [25] the light depth penetration in a compact thin film of
TiO, nanoparticles is limited to ~1.3 um for wavelengths >300nm.

SR

<2pm

&

TiO,
NT

=

H

Scheme 2. Morphological features of TiO; nanotubes: (A) top-view and (B) side-
view.

However the porosity of a nanotube array, is expected to be higher
than a compact thin film of nanoparticles thus light should pene-

trate deeper in the tubes. @W@ﬂhﬂh&hﬁs
entirely absorbed in th

n the first 1.5 um regi
volume ofTiO conv into electron-hole pairs:

Based on Table 2, we can see that the amount of TiO; in the first
1.5 pm decreases as the tube length increases. Consequently light
should be entirely absorbed on a longer distance. If we assume that
light is entirely absorbed in the first 1,5 um, 9.9 x 108 nm3 of TiO,
are required. For longer tubes, for example 13 m (5.5 x 105 nm3),
forasame amount of TiO,, light should be absorbed on almost 3 pm.

£5

>2 pm
°
o

e Organic pollutant

A \>_< .
2 NI N

""" UVdight
Short Tubes Optimal Tubes Long Tubes depth of
g o FY i tie penetration

Pore siza lncreuses bener pollutant diffusion

a<bc<ec

Light depth of penetration increases:
Ionger pollutant diffusion pathw
WA AR AR Ty

Scheme 3. Interpretation of the opimal photocatalytic activity for various top tu
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morphologles: short tubes (left). optimal tubes (center) and long tubes (right).
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Values of tube length with the corresponding average wall thickness and pore size (evaluated with SEM top-view).

Wall thickness W (nm) Internal diameter D (nm)

Sample ID Anodization time (min) Tube Length L(jum)

NT-1 5 15 277 49
NT-2 15 15 234 57
NT-3 30 7 19.5 64
NT-4 a5 10 16.2 72
NT-5 50 13 134 78
NT-6 120 25 10.3 85

e T - . -I-“lr.";e.

8 e " N g e N E_ i .::&u‘ﬁ:b“

T e LT TSP LA A

‘L @ Cin'd C“. . & K "l""“‘“a-:a..ub@‘

N 4 & & &"“_.ﬁ 6‘,‘ “

fi

i A3

e,

Fig. 1. SEM analysis - Side and Top view for various tube length: 1.5 um (A, D), 7 um (B, E) and 10 um (C, F).

Table 2 8000 -
Volume of TiO; for various samples in the first 1.5 um. "
7000 4 -
Sample ID Tube length L (wm) Volume of Ti0; V (nm?) . ?;:::;
NT-1 15 99x 13: 6000 1 substrate
NT-2 45 89x1 -
i 2 ot 3 =
NT-4 6 x 6
NT-5 13 55x 106 > 4000 -
NT-6 25 42x10° _E’ 3660.] .
]
®4- 1R £ 0001
Consequently electron-hole pairs would be generated further and . &
the pollutant would travel a longer distance (diffusion controlled). fé ’!‘L 1000 4 A .kl . ~L
Fig. 2 shows the XRD pattern of a sample. The crystallization of o X LIS % 0% %
TiO2 nanotubes at 450 °C allows to obtain a high anatase content. 10 20 30 40 5 60 70 ® 5
No rutile peaks were found. The anatase phase shows better pho- —

tocatalytic properties due to higher electron mobility in the lattice
of anatase compared to rutile [26].

i 4
32. Protoctaytic ffcenies %, f A%

The photocatalytic activity of the TiO2 nanotubes was evaluated
with the degradation of Paraquat. The concentration was followed
by UV-vis spectroscopy. The nanotubes were first immers@ inthe
Paraquat solution in the dark during 30 min to reach the adsorp-
tion equilibrium. Then the light was turned on (t=0min) and the
phatocatalytic degradation occurred. As we-can-see-on [ig, 3, the

al ic degradation was follow! ~vi 0

at 257nm correspondi *im rption peak of
_paraguat—

'As we can see it on Fig. 3, paraquat's removal is followed by
an increase of the absorption in the region 200-235 nm due to the

LAY R

37

Fig. 2. XRD diffractogram for TiO2 nanotubes.
fing

formation of secondary products. For sufficiently long periods of
degradation, the secondary products are not observed anymore.

Fig. 4 is a compilation of different degradation kinetics of
paraquat for various tube lengths. We can see that the optimum
is for 7 um long tubes in our conditions. Moreover, short tubes (4.5
and 7 wm) have a better photocatalytic activity than other tubes.

These degradations follow a pseudo-first order law:

In(C/Co) = —k xt

where C is the concentration (0 for initial), k the kinetic constant
(s~") and the time t. Consequently we obtain the following graph

(fig. 5):

Scanned by CamScanner

e

-~

A H &4 4p4 ePaper(2019 #)



02

=R
1§

s 4

Ot

‘3\
%
5

C.B.D. Marien et al. / Applied Catalysis B: Environmental 194 (2016) 1-6 5
——0min
0,74 -~ 15min
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8
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Fig. 3. Photocatalytic degradation of paraquat followed by UV-vis spectroscopy.

Fig.5 shows an optimum for tubes around 5-7 wm oflength. This

optimum should be correlated to the top tube morphology. Indeed
the top-tube morphology presents a well defined open-mouth with
relatively thick walls. This morphology is expected to exhibit a bet-
ter photocatalytic activity as confirmed by Mazzarolo et al. [24].
According to the literature many different values were reported
ut the experimental conditipns of growth are always different
5lmncenuannn' ‘femngm_tg;e i tential). Consequently we
believe that the presence of a well-defined open mouth depends on
the synthetic conditions and the search of the optimum should be
accurately determined. We developed a relatively simple model to
rationalize the optimal photocatalytic activity (Scheme 3). When_
the tubes are short, the wall thickness is large thus the amount of .
TiO2isimportantin the first micrometers. Consequently underillu-

mination many electron-h irs are created. However the tube
length must be sufficiently long to allow the entire UV light to be

absorbed. On the other hand short tubes exhibit a relatively small
inner diameter hindering pollutant diffusion (limiting step). When
the tubes are longer, the light is entirely absorbed and the pollutant
is degraded. When the tubes are longer than 7 um, in our case, we
observed a decrease in the photocatalytic activity. We believe that
the volume of TiO; in the walls is decreasing thus light is absorbed
on a longer pathway. Consequently, the pollutant should diffuse on
a longer distance and the photocatalytic removal is controlled by
diffusion.

In conclusion we attribute the optimal photocatalytic activity to
acompromise between light absorption (thick walls absorb lighton

Fig. 4. Degradation of Paraquat for various tube lengths.

ashorter distance, pollutant has to travel a short distance) and easy-
access inside the tubes (large internal diameter improves pollutant
diffusion). This interpretation is presented in Scheme 3.

This interpretation explains why different optimal photocat-
alyticactivities were reported in the literature (6 wm, 16 .m, 17 pm
and 18 um). Indeed depending on the synthetic route, the well-

de%ed open-mguth appears for different lengths. Consequently
the™variation ;R%aum.emwch as pH, tomposition-of the elec:
trolyte, applied potential or temperature should strongly affect the
optimal tube length for photocatalytic degradation of organic com-

ounds.
’ CETCE SYICEL LR L2

4. Conclusion

The photocatalytic activity of TiO, nanotubes arrays strongly
depends on the anodisation time. rt tubes with a small inter-
iameter exhibit hotocatalyti

diffusion is ineffective. Long tubes have thin walls thus light is

absorhed on a longer distance and pollutant has to diffuse further.
The optimal tube length is given by a compromise between these
two phenomenons.
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