Visible light active C-doped titanate nanotubes prepared via alkaline hydrothermal
treatment of C-doped nanoparticulate TiO,: Photo-electrochemical and photocatalytic

properties.
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Abstract

Carbon-doped titanate nanotubes (C-TNT) were formed via alkaline hydrothermal treatment of a
TiO, nanoparticulate material pre-doped with carbon. Attempts to form C and W co-doped
titanate nanotubes using analogous C and W co-doped nanoparticulate materials were
unsuccessful. Physical characterisations, such as X-ray diffraction, N, physisorption and
Transmission Electron Microscopy, confirmed the formation of titanate nanotubes ~7 nm in
diameter and hundreds of nm in length with increased surface areas relative to the
nanoparticulate precursors. X-ray Photoelectron Spectroscopy confirmed the retention of

substitutional carbon dopant and the exclusion of tungsten dopant from the doped TNT materials.

Converting doped (or undoped TiO,) into C-TNT (or TNT) slightly increases the material’s
bandgap but the C-TNT material (in contrast to TNT and undoped TiO;) absorbs into the visible
region of the spectrum. C-doped and un-doped titanate nanotube materials were more active in
promoting the photo degradation of 4-chlorophenol under visible light than their analogous

nanoparticulate precursors. C-TNT was the most photocatalytically active material tested.

However, photocurrent response measurements showed C-TNT to be less effective at generating
current following irradiation than both its nanoparticulate analogue and nanoparticulate P25
when screen printed onto electrode surfaces. We ascribe this to non-optimal alignment of the

TNTs on the electrode surface.

Keywords: doped titanate nanotubes, hydrothermal synthesis, photocatalysis, photo-

electrochemistry



1 Introduction

The formation of titanate (TiO;) nanotubes (TNT) by simple hydrothermal methods was first
demonstrated by Kasuga et al. [1, 2]. Since then, TNTs have attracted much interest especially in
the field of photocatalysis [3]. Various synthesis techniques have been explored to form TNTs
and TNT arrays such as electrochemical anodic oxidation, e.g. see [4, 5] and assisted—
templating, e.g. see [6, 7]. However, hydrothermal synthesis remains one of the most facile

formation procedures [2, 8-11].

The exact structure of hydrothermally derived TNTs is currently disputed [12], but they are
generally referred to as protonated titanate or TiO, nanomaterials [1, 3]. It has been reported that
the nanotubes have a H,Ti307 structure [13] that is formed by rolling up the [010] direction of
single-layers of H,Ti307 peeled off from a H,Ti;07 crystal sheet [9] formed during hydrothermal
treatment of TiO,. The rolling is thought to occur due to hydrogen deficiency in surface layers
[9] or due to mechanical stress [14]. Other reports claim that the tubes are of anatase TiO,

structure [1, 15, 16] and are formed by rolling single-layer TiO, nanosheets.

TNTs potentially offer enhanced photocatalytic efficiencies compared with conventional
nanoparticule TiO, systems. Due to their nanotube structure (~8 nm diameter, ~100 — 200 nm
length [1, 2]), they have higher adsorption capacities (due to higher surface areas which can be
400 m* g"' [1]), enhanced electron transfer and more efficient ¢ / h* charge separation [17]

relative to nanoparticulate systems. Therefore they may display increased photocatalytic ability.

However, the major limitation associated with the use of all Ti-containing materials (either
nanoparticulate TiO, or TNTs) as solar-driven photocatalysts is that the band gap is too large for
visible light to promote an electron from the valance band to the conduction band (to initiate
photocatalysis). Recently much research has focused on selective doping of both metallic and

non-metallic elements (such as carbon and nitrogen) into the lattice of TiO, nanoparticles in an



attempt to shift absorbance into the visible region of the solar spectrum and so increase the
number of utilizable solar photons available for initiation of photocatalysis [18-24]. Doping of
TNTs (with elements such as carbon, nitrogen or tungsten) might further enhance the
photocatalytic efficiencies of the nanotube materials by similarly extending the absorption onset

into the visible light region [25-27].

Most doped titanate nanotubes synthesised using the facile hydrothermal approach have been
formed via hydrothermal treatment of a dopant source and undoped TiO, together. For example,
nitrogen-doped titanate nanotubes have been formed via hydrothermal treatment of urea with an
undoped TiO; source [28]. Doped Titanate nanotubes have also been formed via treatment of the
prepared nanotubes with a dopant source, e.g. N-doped titanate nanotubes have been formed via

heat treatment of titanate nanotubes in a flow of NH; [29].

Similar approaches have been used to incorporate C-dopants into TNT arrays grown from a Ti
substrate by anodization. Addition of carbon sources to the electrolyte [30 during TNT growth,
as well as annealing un-doped TNT arrays at high temperature under a flow of CO [31] or C,H;
[32]. Co-doped nanotubes have also been prepared and applied, but their modes of synthesis
have involved combinations of the in-situ and post modification techniques described above [33,

34].

Efforts to dope nanoparticulate TiO, have also included the two approaches above, i.e. treatment
of pure TiO, with a dopant-containing molecule at high temperature and the (far more flexible
and controllable) wet chemistry approach using modified sol-gel syntheses [35]. This work
describes attempts to use the straightforward controllable doping associated with modified sol-
gel syntheses in combination with the facile hydrothermal formation of titanate nanotubes to

generate doped titanate materials.



To our knowledge, such a preparation of doped TNTs synthesised via hydrothermal treatment of
a pre-doped nanoparticulate materials has not been previously reported. Given the range of
doped materials that can be prepared through modified sol-gel processing, this approach might
open a straightforward and reproducible route to the formation of a large number of variously

doped titanate nanotubes.

Doped TiO, materials were first formed through hydrolysis of TiCl, in the presence of melamine
borate (the source of carbon dopant) [35] and, in the case of C,W-co-doped materials, tungstic
acid [24]. These pre-doped TiO, materials were then subjected to a standard hydrothermal

treatment [13] to form doped titanate nanotubes (Figure 1).

10M NaOH

Doped titania ) Doped titanate
particles Aligned nanotubes
Q nanosheets
Autoclave
Dry, 110 C

Figure 1. Doped TNTs formed via hydrothermal treatment of doped TiO; particles

Once formed, the materials were characterised using a range of analysis techniques, including
transmission electron microscopy (TEM), X-Ray diffraction (XRD), N, physisorption and X-ray
photoelectron (XPS) and UV-Vis spectroscopies. Finally, TNT materials were applied in

photocatalysis and photoelectrochemistry.

2 Experimental



Doped nanoparticulate TiO, materials, as well as P25 (Degussa), were used as precursor
materials for the synthesis of various titanate nanotubes. Titanate nanotubes (TNTs) were formed
using P25 as the precursor. A carbon-doped titanate nanotube (C-TNT) was formed using C-
TiO, as a precursor. Attempts to form carbon and tungsten co-doped titanate nanotubes (C,W-

TNT) involved the use of nanoparticulate C,W-TiO, as a precursor.

2.1  Doped anatase particulate TiO;

Doped TiO, materials were synthesised by hydrolysis of TiCls (followed by condensation) to
form X;Ti-O-TiX; lattices (where X represents OH or -O-TiX3 groups). In the case of C-doped
catalysts the carbon was derived from melamine borate which was added to the mixture prior to
hydrolysis [35]. Melamine is particularly resistant to calcination and calcinations can be carried
out at 400 °C and above while still retaining a portion of the dopant. Tungsten doping was

introduced through the addition of tungstic acid to the mixture [24].

In a typical synthesis of C-doped TiO, (C-TiO,) 3.4 g of melamine borate (Budenheim,
Germany) was dissolved in 0.5 L deionised water under constant stirring at room temperature.
After 24 h, the solution was filtered through Whatman Grade 1 filter paper. 11 mL TiCls (= 99.0
% (AT), Fluka) was slowly dissolved in 1.5 L of deionised water at 2 — 4 °C. To this solution 14
mL of melamine borate solution were added and stirred for 30 minutes. A 2.5 M solution of
ammonium hydroxide (made through dilution of a 26 % solution, Riedel-de Haen, Germany)
was added drop-wise until pH 5 was reached. This resulted in precipitation of the TiO, precursor
from the solution. The precipitate obtained was allowed to settle overnight before being filtered
through Whatman Grade 1 filter paper and washed repeatedly with warm de-ionised water (to
eliminate ClI' from the solid). The removal of CI" was confirmed using a standard AgNO;
precipitation test. The solid was then dried at 80 °C overnight. The resultant material was ground
into fine powder and calcined at 400 °C for 1 h. Similarly, a W, C co-doped material was
prepared using the addition of 1% tungstic acid (99 %, Aldrich) within the precipitating mixture
[24] (C,W-TiOy).



2.2 Titanate nanotubes

Titanate nanotubes were synthesised by the hydrothermal treatment of a TiO, powder. 1 g of
photocatalyst powder (P25 TiO, (Degussa)) was added to 50 mL of a 10 M NaOH solution and
digested at 130 °C for 72 h in a Teflon lined steel autoclave. Following this treatment the
material is reported to exist as an aligned nanosheet [36]. The white precipitate was filtered and
washed with dilute HCI and distilled water. This process reportedly forms open-ended titanate

nanotubes which were then dried at 110 °C overnight and calcined at 380 °C for 2 h.

Attempts were made to form doped titanate nanotubes by replacing the TiO, powder used above
with previously prepared doped TiO, powders. This process was carried out using previously

synthesised C-TiO, and C,W-TiO, powders.

2.3 Photoelectrochemical characterisation

In order to evaluate photoelectrochemical characteristics of the catalysts, electrodes were formed
from these powders. Pastes of various photocatalyst powders were first fabricated according to
the procedure set out by Ito er al. [37]. The pastes were then used to deposit thin layers
(measured using ellipsometry to be approximately 1.2 pum thick) of the TiO, materials onto

conducting substrates via screen printing.

Photocurrent density, under light on/off illumination, was measured to confirm the photo-
responses of photoelectrodes during potential sweeps. The measurements of photocurrent were
carried out using a custom made photoelectrochemical (PEC) cell, a Gamry G300 potentiostat
and a Newport 450W (xenon arc lamp) solar simulator providing a AM 1.5 G spectrum. The
PEC cell consisting of three electrodes, the working electrode (photoelectrode), counter electrode

and a reference electrode, saturated calomel electrode (SCE), was immersed in an electrolyte
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aqueous solution of 1 M NaOH (pH ~13) which was degassed by purging with 99.99 % pure N,
and mechanically stirred during the experiments. The cell had a flat fused glass window to

facilitate illumination of the photoelectrode thin film surface.

2.4 Photocatalytic activity

The photocatalytic activity of the materials was tested by investigating the degradation of 4-
chlorophenol solutions in the presence of the photocatalyst powders under illumination.
Typically 80 mg of photocatalyst powder was dispersed in 40 mL of a 0.5 mM solution of 4-
chlorophenol. The mixture was sonicated for 15 minutes before being purged with air for 5
minutes. Samples were stirred in the dark for 60 minutes. This has been found to be sufficient to
achieve an adsorption — desorption equilibrium between the reactant and the catalyst surface
[38]. Irradiation was carried out in an Atlas Suntest CPS+ solar simulator unit containing a 1500
Watt Air Cooled Xenon Arc Lamp. The solar simulator unit provides an AM 1.5 G spectrum
[50] and was used in conjunction with a UV filter film (A > 410 nm). The degradation (complete
mineralisation) of 4-chlorophenol was monitored using Total Organic Carbon (TOC) analysis

(Shimadzu TOC V-CPH).

2.5  Characterisation techniques

Powder XRD patterns were collected using a Siemens D500 Kristalloflex using Cu Ka radiation.
N, physisorption isotherms were collected using a Quantachrome Nova 2000e. Diffuse
Reflectance UV-Vis spectroscopy (DRS) was carried out with an Analytik Jena Specord 210
spectrometer equipped with an integrating sphere attachment for measurement of spectra from
powder samples. X-ray Photoelectron Spectroscopy (XPS) was carried out with a Kratos AXIS
165 spectrometer using a monochromatic X-ray source (Al Ko 1486.58 eV). A Tecnai 20

Transmittance Electron Microscope (TEM) was used to image the nanostructured materials.



3 Results and Discussion
3.1  X-ray diffraction

The crystal structure of titanate nanotubes derived from hydrothermal synthesis is controversial
[3]. Initially reports claimed that the nanotubes are anatase in structure [1, 2]. However, more

recently the general consensus has been that the structure is not so straightforward [3].

Various titanate or TiO, crystallographic structures have been proposed (see Table 1). There are
many reasons for the difficulty in conclusively characterising nanotubes crystallographically.
One is that their structure is relatively unstable and the can undergo further phase transformation,
for example during heating [39] or acid treatment [40], during or after preparation, resulting in

the wide variety of structures reported.

Crystallographic XRD reflection 26 (°)
phase *
nanotubes 10.5 24.4 28 34 385 | 445 | 482 61.5
H,Ti;0; 11 24.4 29 33 38 484 | 60 62
H,Ti,04(OH), 9 243 28 34 38 48 62
H,Ti,0;.H,0 10 24 28 48
H,Ti.,40,404.H,0 | 9.5 24.5 28 48 62
TiO,.B 15 25 29.5 44 48 57 62
H,Ti;0,,.H,O 10 14 36 43 46

Table 1. Examples of proposed nanotube crystal phases and the corresponding XRD reflections (2°) as

reviewed by Bavykin er al. [3] * [ indicates a vacancy

Another difficulty in characterising these materials crystallographically is that the XRD patterns
of the hydrothermally derived nanotubes are low in intensity with broad peaks that are difficult

to interpret and assign. This may be due to low crystallinity, small crystal sizes or due to the
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nature of the nanotube formation (reportedly, if the pre-nanotube nanosheet wraps along a certain
crystallographic axis it results in the broadening of the peak of the given Miller indices [3]).
Many of the proposed titanate or TiO, structures display XRD reflections at very similar 26°

values (see Table 1), making them difficult to distinguish from one another.

XX X

T T T T T

200 30 40 50 60 70 40

20/°

Figure 2. XRD patterns of P25, C-Ti0,, (both decreased to 33% of intensity), C,W-TiO,, C,W-
TNT, C-TNT and TNT
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Despite the difficulties surrounding the definitive crystallographic characterisation of these
materials, the TNTs formed here were analysed using XRD and patterns relating to TNT, C-TNT
and C,W-TNT are shown in Figure 2. Profiles relating to P25, C-TiO, (both with intensities
decreased by a factor of 3) and C,W-TiO, (the nanoparticulate precursor materials) are also
shown for comparison. P25 displays a mixture of both anatase (JCPDS 21-1272) and rutile phase
peaks (JCPDS 21-1276). The (101) anatase peak and (110) rutile peak are shown by @ and m
respectively. C-TiO, and C,W-TiO; both displayed only anatase phase peaks. The XRD patterns
of the various TNT materials are dominated by a peak at 20 = ~ 50° confirming titanate-type
formation. Other peaks at 20 = ~24° and 20 = ~ 26° observed in the TNT XRD patterns (shown
by X) are also related to a titanate-type structure [41].

This confirms that after hydrothermal treatment in 10 M NaOH, followed by washing with HCI
and water, and calcination at 380 °C, the materials have undergone a significant change in crystal
structure (i.e. before treatment the particulate materials displayed anatase and rutile peaks but
after hydrothermal treatment all TNT materials displayed only titanate-phase peaks). Dopant
incorporation into the nanoparticulate precursor has not noticeably affected the resultant XRD
patterns. However, for the reasons discussed above, it is difficult to confirm whether any major

differences are present.

One clear difference between the doped and undoped titanate samples is that, notwithstanding
the fact that all the titanate profiles suggest relatively poorly crystalline phases, the phase formed
from P25 seems a little more crystalline (with narrower and more defined peaks) than those
formed from the doped TiO, precursors. Given that all three materials underwent the same
chemical and thermal treatment; this suggests the presence of the dopants affects the crystallinity

of the formed titanate nanotubes.

3.2 N, physisorption
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N> physisorption was used to determine the surface areas of the materials. Typical BET profiles
of the TNT and C-TNT materials are shown in the supplementary information document. Table 2
shows the surface areas of TNT, C-TNT and C,W-TNT along with their nanoparticulate
precursors (P25, C-TiO,, C,W-TiO;). All of the TNT materials tested displayed a significant
increase in surface area, compared to that of their nanoparticulate precursors. C-TNT and C,W-
TNT had a higher surface area than TNT. This feature most likely relates to the larger surface
areas of their respective nanoparticulate TiO, analogues (C-TiO; and C,W-TiO;,) relative to P25.
This, in turn, arises due to differences in nucleation and particle growth during the sol-gel

process when nanoparticualtes are formed.

Nanoparticle Titanate Pore volume Pore radius | Pore diameter
surface area surface area
(mL g™ (nm) (nm)
(m’ g™ (m’ g™
P25 55.6 110.3 0.6 1.6 3.2
C-TiO, 148.2 162.2 0.6 1.6 3.2
C,W-TIO, 104.5 161.7 0.5 1.4 2.9

Table 2. Textural data as determined by N, physisorption using the BET and BJH methods (volume,

radius and diameter data relate to the relevant nanotube materials)

However, the difference in surface area seen in the precursors between C-TiO, and C,W-TiO; is
not reflected in the surface areas of the nanotubes these materials form. The BJH method was
applied to determine pore volumes and pore radii of the TNT materials and the results from these

calculations are also reported in Table 2.
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3.3 Diffuse reflectance UV-Vis spectroscopy

Diffuse reflectance UV-Vis spectroscopy was used to determine the opto-electronic properties of
the TNT materials. Figure 3 shows the UV-Vis spectra of TNT, C-TNT, C,W-TNT and P25
(Degussa)). TNT and P25 (Degussa) were white in colour, while C-TNT and C,W-TNT were a
very pale yellow. This is suggestive of absorbance in the visible region (with absorbance of

violet light causing the material to appear yellow).

Absorbance

360 460 560 660 760

Wavelength / nm

Figure 3 UV-Vis spectra of TNT (black line), C-TNT (dotted line), C,W-TNT (grey line) and
P25 (dashed line)

Absorbance onsets were estimated by drawing a tangent to the high-energy feature of the UV-
Vis spectrum and approximating the wavelength at which the tangent intercepts a line with an
absorbance value of zero. TNT and P25 (Degussa) displayed absorbance onsets at 405 and 410
nm respectively (resulting in calculated band gaps of 3.02 and 3.06 eV respectively). TNT type

materials display a decrease in absorbance onset (and increase in band gap) relative to
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nanoparticulate TiO, due to hydration and nano-size effects [42]. C-TNT and C,W-TNT
displayed improved absorbance onsets relative to both TNT and P25. This is suggestive of

dopant incorporation into the titanate structure [26, 43].

Band gaps were estimated from the absorbance onsets (Table 3) using E, = hc/A, where E, is the
band gap energy (J), h is Planck's constant, c is the velocity of light, and A is the wavelength (m)
of absorption onset. The C-TNT and C,W-TNT materials, which displayed a red shift in optical
absorbance relative to P25 and TNT, were both estimated to have band gaps of 2.95 eV. These
values are lower than the band gap estimations for P25 and TNT (3.02 eV and 3.06 eV,

respectively).
Before nanotube formation After nanotube formation
Abs (nm) Bandgap (eV) Abs (nm) Bandgap (eV)
P25 410 3.02 405 3.06
C-TiO, 425 2.92 420 2.95
C,W-TIO, 435 2.85 420 2.95

Table 3. Absorbance onsets (Abs) and estimated band gaps (Bg) of TNT and TiO, analogue

materials — see [35] for measurements of nanoparticulate bandgaps.

C-TNT displayed a slight decrease in absorbance onset (and increase in calculated band gap)
relative to its nanoparticulate analogue C-TiO; (Table 3) [35]. As mentioned above, this may be
due to the change is structure from TiO, to hydrated titanate or, in part, to some loss of dopant
during hydrothermal treatment and nanotube formation. C,W-TNT displayed an even larger
decrease in absorbance onset relative to its nanoparticulate analogue C,W-TiO, (Table 3) and

again this may reflect the change in crystal structure as well as possible loss of dopant during
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hydrothermal treatment and nanotube formation.

C,W-TNT displays a very similar absorbance spectrum (and calculated band gap) to C-TNT,
despite the significant differences in absorptions seen in their respective nanoparticulate
precursors (Table 3). This may be due to loss of the entire concentration of W, rendering C,W-

TNT essentially the same as C-TNT in terms of optical properties (see XPS below).

3.4  X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to probe the presence and retention of dopants

(seen to be present in the different precursor TiO, materials [35]) within the TNT materials.

The C 1s regions of the XPS profiles were first studied to investigate the presence of carbon
dopant. Initially, samples displayed three peaks at binding energies of ~285, ~286 and ~289 eV.
The peak at 285 eV is an instrumental artefact related to elemental adventitious carbon [44]
present in all XPS measurements. The peaks at 286 and 289 eV have previously been related in
the literature to interstitial carbonate dopants as well as oxidised carbon species adsorbed on the
surface of the material [45-47]. As these peaks were found to be present in all samples, including
P25, it is thought that they relate to carbon contaminants on the surface of the samples e.g.
adsorbed carbonate. A peak at 282 eV conforming to Ti-C, or carbon substitutionally doped in

the place of oxygen in the TiO, lattice [19] was not observed from any of the samples.

XPS analysis of C-TNT and C,W-TNT was then carried out after sputtering the samples for 8
min with low energy Ar ions (2 keV) followed directly by sputtering for 5 min with high energy
Ar ions (4 keV). The purpose of this treatment was to etch away the uppermost layers of the
material. This removes any adsorbed carbonate species whose presence may be masking peaks at

282 eV related to Ti-C [19]. After sputtering, the peak at 285 eV, i.e. the instrumental artefact,
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remained in the spectra of all samples. The intensity of the C Is peaks at 286 and 289 eV
(relating to carbonate species) decreased continually upon sputtering (Figure 4). A peak at 282
eV related to Ti-C, or carbon substitutionally doped in the place of oxygen in the TiO; lattice
[19] was finally revealed in both C-TNT and C,W-TNT. Even though this peak is relatively
small (which is a reflection of the relatively low levels of carbon within the final material), it is
present, and in general such low peaks in XPS spectra are as expected. . This peak was not
observed in undoped P25 following similar treatment (see figure). These XPS results, as well as
the bandgap measurements above, confirmed the retention of carbon as a substitutional dopant in

the C-TNT and C,W-TNT samples.

(iv) Q (iv)
280 285 290 295 280 285 290 295
Binding Energy / eV Binding Energy / eV

Figure 4 XPS C 1s peaks of (a) C,W-TNT and (b) C-TNT, (i) before sputtering, (ii) after
sputtering with 2 keV Ar" ions for 8 min and (iii) after sputtering with 2 keV Ar" ions for 8 min

and 4 keV Ar" ions for 5 min. (iv) P25 after sputtering.
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From the C 1s peak at 282 eV, the amount of substitutional carbon dopant at the etched surface
was determined. C-TNT contained 0.2 atom % substitutional carbon dopant and C,W-TNT
contained 0.3 atom % substitutional carbon dopant. These values were slightly lower than the
amount of substitutional carbon dopant found in the original carbon-doped TiO, samples, where
levels of 0.5 atom % were determined (following similar etching treatments) [35]. This may
explain the slight decrease in absorbance onset in the C-TNT relative to C-TiO, (Table 3).
Carbon loss obviously resulted as a consequence of the hydrothermal treatment /acid wash. The
subsequent calcination at 380 °C might also have contributed to carbon loss (via oxidation), if
the TNT carbon dopant is less stable than the precursor TiO, carbon dopant (which was calcined

up to 400 °C whilst still retaining 0.5 atom % C).

XPS confirmed that no Na (from the NaOH) was retained in the final TNT materials (see SI).
This suggests that full ion exchange of Na™ and H" occurred during HCI treatment [51] and
hydrogen titanate materials were formed [48]. Also no Cl (from the HCI treatment) was detected
by XPS in the final TNT materials, confirming that this too was removed during the washing

step.

The W 4f and W 4d regions of the C,W-TNT XPS spectrum were then studied to investigate the
nature of the W dopant in the final material (see SI). No peaks relating to W were observed
(either before or after sputtering treatment) despite the precursor C,W-TiO, [35] displaying
peaks in both the 4d region (relating to ejection of electrons from W 4ds, and W 4ds, levels at
247.2 and 259.7 eV) and in the 4f region, at 36.6 eV. XPS profiles of the Na and W regions of

the spectrum are shown in the supporting information document.

The initial result does not preclude the W of the C,W-TiO, material existing as WOj3 clusters on,

or in, the original W-doped TiO, nanoparticle catalyst [49] rather than atomically dispersed
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within its lattice as we have suggested. WOs3 readily dissolves in NaOH [50]. This means under
TNT synthesis conditions (autoclaving in 10 M NaOH) the WO3 would dissolve and remain in
solution while the TNT material formed after hydrothermal synthesis was separated and washed.
This would result in the absence of W in the final material, as is observed here using XPS.
Another reason for the absence of W might be associated with the slightly larger atomic radius of
W (1.93 A) compared to Ti (1.76 A) [51]. This may result in W exclusion from the titanate

nanosheets formed during hydrothermal synthesis due to geometrical constraints.

The absence of W in C,W-TNT explains why the optical properties (and the surface area) of
C,W-TNT were so similar to those of C-TNT (Figure 3 and Tables 2 and 4), since both materials

contained carbon dopant only.

We can conclude that carbon dopants in TiO; are retained after hydrothermal TNT synthesis as
long as they are substitutionally doped into the lattice of the TiO,. We believe this is the first
example of C-doping in a TNT material remaining from C-doping in a nanoparticulate starting

material. The fact that W atoms are not transferred to the formed titanates in a similar way shows

that the technique is not universally applicable.

Figure 5 TEM images of TNT (a) and C-TNT (b)
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3.5 Transmission Electron Microscopy

TEM (Figure 5) revealed the formation of well dispersed nanotubes ranging from 100 — 400 nm
in length for both TNT and C-TNT materials. Carbon doping of the nanotubes did not
dramatically affect their size or structure. TNT had an average diameter of 7.1 £ 1.3 nm and C-
TNT had an average diameter of 7.3 = 1.5 nm in diameter (in each case the diameters of 50

nanotubes were measured to determine this value).

Using the pore radii calculated from N, physisorption analysis (1.6 nm for both TNT and C-
TNT, Table 2) and the outer diameters measured using TEM, we can estimate the wall thickness
to be ~2.0 nm for TNT and ~2.1 nm for C-TNT. These diameters and wall sizes are in good
agreement with the morphologies previously reported for hydrothermally synthesized TNTs [14,
17, 52].

% conversion
Nanoparticulate Titanate
P25 7.0 243
C-Ti0, 18.0 36.1

Table 4. The photocatalytic degradation of 4-chlorophenol under visible light (for 1 h) by P25

and C-TiO; nanoparticulate materials and their analogous titanates.

3.6 Photocatalytic activity

The initial photocatalytic activity of the materials was tested by investigating the photocatalytic
degradation of 4-chlorophenol solutions under visible light irradiation. Samples were extracted
after 1 hour and the degradation (complete mineralisation) of 4-chlorophenol was determined
using TOC analysis.

Table 4
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The photocatalysis results are shown in Table 4. C-TNT was the most active catalyst, degrading
over 35 % of the 4-chlorophenol (as measured using TOC) in 1 hour. C-TNT degraded
significantly more 4-chlorophenol than TNT which removed only 24 % and P25 which degraded
less than 10 %.

As seen previously [35] C,W-TiO, was less active than the C-TiO, under these conditions (due
to the action of W as an electron hole recombination centre), and notwithstanding the fact that
XPS has shown that W was removed during the titanate formation the resulting titanate material
(C,W TNT) is still less active than C-TNT. These materials have similar surface areas, so this
feature might relate to crystallinity (recall XRD has shown the C-TNT to be less crystalline than
the C,W-TNT.

In general, titanate materials are more active than their nanoparticulate analogues, and C-
containing materials are more active than their C-free analogues. This could be due to the
enhanced optical properties of the C-containing materials relative to the C-free analogues (where

more visible photons were absorbed (Figure 3)).

TNT performed better than its nanoparticulate analogue, P25 (Degussa). The optical properties
of these two materials were similar and therefore the increased photoactivity observed was
probably due to the other reported enhanced photocatalyst properties such as increased surface
area, improved charge transfer and charge separation properties possessed by the TNT material
[11]. The increased surface area of the nanotube materials relative to the nano-particulates might

also play a role here (Table 2).

C-TNT also performed better than its nanoparticulate analogue C-TiO, which degraded ~ 18 %
of the 4-chlorophenol in the allotted time period, despite the enhanced optical absorbance of the

latter. This suggests again that characteristics such as higher surface area, enhanced charge
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separation and transfer, possessed by the TNT materials [11], can outweigh the benefits

associated with the improved visible absorbance possessed by nanoparticulate C-TiO,.

(b)

Charge
transfer

|

Charge transfer

Figure 6 Schematic of nanotubes (a) optimally aligned on an electrode surface with efficient

charge transfer to the electrode and (b) electrode non-optimally aligned
3.7  Photocurrent measurements

Photocurrent measurements have been carried out to determine photon to current conversion
abilities of selected photocatalysts. C-TNT, C-TiO, and the benchmark photocatalyst P25 TiO,
were analyzed using this technique. These chosen materials were screen printed onto conducting
glass (FTO) substrates and their photocurrent densities recorded upon simulated solar light

irradiation (AM 1.5 G) using a solar simulator.

From the photocurrent measurements (Figure 7) we found that, under irradiation, C-TNT
generated a lower photocurrent density across the range of applied potential than both C-TiO,
and TNT. The result was initially surprising as C-TNT was the most active of these materials
photocatalytically (Table 4). However, it should be recalled that, due to the nanoscale cross-

section of the C-TNT material, electrons propagate most efficiently along the tube's axis (i.e. it is
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Figure 7 Photocurrent density measurements of P25 (dotted line), C-TiO; (dashed line), C,W-
TiO, (dots and dashes), C,W-TNT (grey line) and C-TNT (black line) photo-electrodes.

a one-dimensional conductor) [52]. This means that if the nanotubes are not vertically aligned to
the surface of the electrode, the transfer of generated electrons to the electrode is severely
compromised (see Figure 6). This results in a reduction in measurable photocurrent. For the
nanoparticulate materials (P25 and C-TiO;), orientation on the electrode surface is not as
important and so the screen printing method of photocatalyst immobilization is suitable. Screen
printing of TNTs appears to result in a non-ordered arrangement of the TNTs on the electrode

surface, which is responsible for the decreased photocurrent response of C-TNT. This is

represented in Figure 7.

22



Consequently, there has been much research recently focused on the formation of ordered arrays
of TNTs [7, 17, 53]. This is important for TNT in many areas such as photoelectrochemical
water splitting [54] and dye sensitised solar cells [55]. But as we have seen, for photocatalytic
degradation of pollutants in a liquid medium under visible light, dispersed non-ordered TNTs

have great potential as solar driven photocatalysts.

4 Conclusions

We have formed carbon-doped titanate nanotubes (C-TNT) via the hydrothermal treatment of a
pre-doped TiO, powder (C-TiO;), thus demonstrating the potential to form substitutionally
doped TNTs from pre-formed substitutionally doped TiO, materials. To our knowledge this has
not been previously demonstrated. Substitutional carbon doping of the TNT was verified by XPS

and results in improved visible absorbance relative to un-doped TNT materials.

Attempts were made to form W containing TNTs (C,W-TNT) from a nanoparticulate C and W
co-doped precursor (C,W-TiO,). However, W was not detected by XPS in the final TNT material
and the improved optical and surface area properties associated with W co-doping of the
nanoparticles was not evident in the TNT material. This indicates that W was present in these
nanoparticulate materials as soluble WOs3 or that exposed W atoms in an anatase lattice are
themselves susceptible to solvation (possibly due to the size of the W atom). Furthermore, this
indicates that the technique is not universal and future work will study the limitations involved
with transferring dopants from nanoparticles (where they can be easily inserted using modified

sol-gel processes) to titanate nanotubes.

The TNT materials XRD profiles displayed titanate phase peaks as opposed to the predominantly
anatase phase or their TiO; particulate precursors. As expected, the TNT materials had higher
surface areas relative to their particulate precursors and were ~7 nm in diameter and in excess of

100 nm in length (as shown using TEM).
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The TNT materials displayed reduced absorbance in the visible region compared to their TiO,
particulate precursors. However, carbon doped C-TNT displayed an enhanced optical absorbance

compared to both TNT and nanoparticulate P25.

The TNT materials also displayed enhanced photocatalytic activities compared to their
nanoparticulate analogues. C-TNT displayed enhanced photocatalytic activity compared to TNT,
P25 and its nanoparticulate analogue (C-TiO,). Photocurrent measurements showed C-TNT to be
less effective than nanoparticulate P25 when screen printed on electrode surfaces. This is
believed to be due to non-optimal alignment of the TNTs on the electrode surface and highlights
the importance of research into different methods to form ordered arrays of such nanotubes for

photoelectrode-based applications.
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