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ping on the photooxidative
degradation activity of titanate nanosheets†

Wasusate Soontornchaiyakul, *a Takuya Fujimura,a Hisanao Usamib

and Ryo Sasai a

To investigate the Rh-doping effect on the photooxidative degradation activity of titanate nanosheets

prepared by exfoliation of an H2Ti3O7 crystal in aqueous media, a colloidal aqueous suspension of

titanate nanosheets doped with Rh atoms at the Ti sites (TiNS:Rhz, z ¼ amount of Rh, [Ti3�zRhzO7]
2�)

was prepared. Oxidative degradation of methylene blue (MB) by TiNS:Rhz in aqueous media under UV

light irradiation was studied. Using X-ray diffraction, diffuse reflection spectroscopy, and

photoelectrochemical measurements, the electronic band structure of TiNS:Rhz was elucidated and was

shown not to change with the amount of Rh doping at the Ti sites. However, the degradation of MB

increased with an increase in Rh doping. From these results, it is suggested that the redox reaction

between Rh3+ and Rh4+ strongly contributes to the oxidative degradation of MB in the presence of

TiNS:Rhz under UV light irradiation.
1. Introduction

Two-dimensional titanate nanosheets (TiNSs), which can be
prepared from layered titanate, H2TinO2n+1 (n $ 3), and/or
lepidocrocite-type titanate, HnTi2�n/4,n/4O4 (n � 0.7; ,,
vacancy), have attracted attention because they exhibit unique
structural features such as high aspect ratios (thickness: 1 nm,
surface area: �several mm2) and malleability. Furthermore, they
show useful physicochemical properties such as high cation-
exchangeability, wide bandgap semiconductor properties,
high dielectric constant, and photocatalytic ability.1–5 Thus,
TiNSs have been studied bymany researchers as a gas barrier, in
water purication, as a functional coating reagent, as a self-
cleaning material, and so on.6,7 However, the photocatalytic
activity of these nanosheets is not sufficient for their application
as a self-cleaning material. Thus, improvement in their photo-
catalytic activity is desired.

The metal doping method, in which other metal atoms are
incorporated into the Ti sites of titanate, is a well-known
method to improve photocatalytic activity. Improvement using
this method originates from the formation of a new energy
ce and Engineering, Shimane University,

1, Shimane, Japan. E-mail: rsasai@riko.

6103; Tel: +81-852-32-6402 ext. 6103

Shinshu University, 3-15-1, Tokida, Ueda,

SI) available: The schematic of H2Ti3O7

eters, the XRD patterns of Rh-doped

xRhxO7, and non-exfoliated TiNS:Rhz,
i and Rh compared between TiNS:Rh0

1j

5

band by orbital mixing and change in the carrier concentra-
tion.8,9 Adjustment of the photocatalytic properties of titanate
affects its photoredox activity.

Recently, there have been many investigations into the metal
doping of TiNSs. Ida et al. reported the photocatalytic activity of
Rh-doped, lepidocrocite-type TiNSs, prepared by the exfoliation
of HnTi2�n/4,n/4O4 (n � 0.7; ,, vacancy).10 In this work, it was
reported that Rh atoms incorporated into the Ti sites of the
TiNSs acted as reaction sites for photo-induced water splitting.
Milanović et al. also reported the synthesis of Nb-doped,
lepidocrocite-type TiNSs and the effect of Nb doping on the
photodegradation of methylene blue (MB) in water purica-
tion.11 Furthermore, Sasaki et al. reported the synthesis of
lepidocrocite-type Ti0.6Fe0.4O2 and Ti0.8Co0.2O2 nanosheets.12 It
was shown that doping 3d metals into the Ti sites affected the
crystal and electronic structures of the lepidocrocite-type TiNSs.
The metal doping and effect of doping on the photocatalytic
properties of TiNSs prepared by exfoliation of an H2TinO2n+1

crystal have not been reported to date.
H2Ti3O7 crystal can be prepared from layered Na2Ti3O7 by

the Na+/H+ ion-exchange. The basic layer architecture of
H2Ti3O7 was maintained nearly unchanged from that in
Na2Ti3O7 which the structure was determined by Andersson and
Wadsley.13 Na2Ti3O7 consists of edge-shared and corner-shared
TiO6 octahedral, which the sheet layers are separated by the Na+

ion (as shown in Fig. S1 in ESI†). Unlike the lepidocrocite-type
titanate, HnTi2�n/4,n/4O4 (n � 0.7; ,, vacancy), the H2Ti3O7

crystal have no vacancies in their basic layer architecture.
However, it is possible to dope some kinds of metals in Ti site
such as Nb, Rh, Fe, Al, and etc. which their ionic radius not
much different compared to Ti.
This journal is © The Royal Society of Chemistry 2017
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In this study, Rh-doped TiNSs (TiNS:Rhz, z is the amount of
Rh) were synthesised as a Na2Ti3�xRhxO7 crystal by solid-state
reaction. The electronic band structure of the synthesised
TiNS:Rhz was characterized by photocurrent and photo-
absorption measurements. The photodegradation of MB in the
presence of TiNS:Rhz was investigated to evaluate its photo-
catalytic activity.

2. Experimental
2.1 Reagents and materials

Sodium carbonate Na2CO3 (99.9%) from Wako Pure Chemical
Industries Co., anatase-type TiO2 (99.7%) from High Purity
Chemicals Co., Rh2O3 (99.9%) from Wako Pure Chemical
Industries Co., methylamine (CH3NH2, 40 wt% solution) and
tetramethylammonium hydroxide (TMAOH, 26 wt% solution)
from Tokyo Chemical Industry Co., and MB (C16H18N3-
SCl$3H2O, 3,7-bis(dimethylamino)-phenothiazin-5-ium chlo-
ride) from Kanto chemical Co. were used as received.

2.2 Synthesis of Rh-doped sodium titanate

Na2Ti3�xRhxO7 was synthesized using a modied form of the
solid-state reaction method reported by Izawa et al.14 as the
following procedures. Na2CO3, anatase-type TiO2 and Rh2O3 were
mixed and grinded in a mortar. The mixture was calcined at 1173
K for 24 h in air. This operation was repeated again aer grinding.
The amount of Rh(z) added to the Ti sites was set from 0 to 10%.

2.3 Preparation of the nanosheet colloidal suspension

The colloidal suspension of TiNS:Rhz was prepared according
to a modied form of the method described by Miyamoto et al.15

0.3 g of Na2Ti3�xRhxO7 powder was dispersed in 30 cm3 of
hydrochloric acid (1 mol dm�3) for exchanging the counter
cation from Na+ to H+. Subsequently, it was shaken for 3 days at
room temperature. The hydrochloric acid was replaced every
day to allow the protonation reaction to proceed effectively. The
ltrated H2Ti3�xRhxO7 was washed with high purity water to
remove any remaining hydrochloric acid, and was dried under
a reduced pressure condition at room temperature overnight.
The collected H2Ti3�xRhxO7 was neutralized by methylamine
aqueous solution at 333 K for 6 days to yield (CH3NH3)2-
Ti3�xRhxO7 powder. Subsequently, (CH3NH3)2Ti3�xRhxO7 was
dispersed in TMAOH solution ([Ti3�xRhxO7

2�]/[TMAOH]¼ 5) by
sonication for 5 days. Non-exfoliated TiNS:Rhz was removed by
centrifugation (at 4000 rpm or 1150g for 15 min, IEC61010-2-
020, KUBOTA). The TiNS:Rhz colloidal suspension was ob-
tained as the supernatant.

2.4 Adsorption experiment

The adsorption experiment of MB16–18 by TiNS:Rhz was carried
out by the following procedure: (1) 0.01 cm3 of the TiNS:Rhz
(9.53 � 10�2 mol dm�3, pH 11) was added to 10 cm3 of the MB
aqueous solution (9.53� 10�8 to 9.53� 10�5 mol dm�3, pH 11),
and this mixture was stirred at room temperature for 24 h, away
from light. The molar ratio of the MB and TiNS:Rhz was varied
from 0.001 to 1.0. (2) Aer stirring, the mixture was ltrated
This journal is © The Royal Society of Chemistry 2017
through a hydrophilic polyuororesin membrane lter (pore
size: 0.1 mm) to remove TiNS:Rhz with MB from the suspension.
(3) The amount of adsorbed MB by TiNS:Rhz was calculated
from the absorbance of MB in the ltrate at the peak wavelength
of 663 nm. The extinction coefficient (3) of the MB solution (pH
11) was 5.2 � 104 dm3 mol�1 cm�1.
2.5 UV light irradiation experiment

To characterize the photocatalytic activity of TiNS:Rhz in
aqueous media, the solution of TiNS:Rhz and MB was irra-
diated with UV light according to the following procedure: (1)
the MB solution (4.7 � 10�6 mol) was mixed with TiNS:Rhz
(4.7 � 10�6 mol) to reach a total volume of 10 cm3 (pH 11),
and stirred in the dark until the adsorption was at equilib-
rium. (2) UV light of 254 nm (0.88 mW cm�2) from a Xe lamp
(MAX-301, Asahi Spectra Co.) was directed towards the
mixture through a band pass lter, for a given time at room
temperature. The irradiation area was conned to a square of
25 cm2. (3) Aer the UV irradiation, the mixture was ltrated
by the hydrophilic polyuororesin membrane lter (pore
size: 0.1 mm) to remove TiNS:Rhz from the suspension. (4)
The amount of adsorbed MB by TiNS:Rhz was calculated from
the absorbance of MB in the ltrate at the peak wavelength of
663 nm.
2.6 Characterization

X-ray diffraction (XRD) patterns were obtained by an X-ray
diffractometer (RIGAKU, MiniFlex II) with Ni-ltered CuKa
radiation (30 kV, 15 mA). The amount of Rh in TiNS:Rhz was
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES: Optima -2000, Perkin-Elmer) aer fully
dissolving the prepared TiNS:Rhz in nitric acid (1.0 mol dm�3).
Absorption spectra of various samples were measured by a UV-
Vis spectrophotometer (V-670, JASCO). Diffuse reection
spectra of the H2Ti3�xRhxO7 powders were measured using the
UV-Vis spectrophotometer (V-670, JASCO) attached to an inte-
grating sphere system (ISN-723, JASCO).

According to the measurement setup reported by Usami
et al.,19,20 photocurrent was measured by a three electrode
electrochemical analysing system (Hokuto Denko, HSV-110) at
a sweep rate of 10 mV s�1. The TiNS:Rhz was cast on FTO glass
and dried at 333 K overnight. The TiNS:Rhz lm deposited on
FTO glass acted as the working electrode, which was placed on
a circle (9 mm in diameter) in a PTFE cell to adjust the electrode
area to 0.636 cm2. An Ag/AgNO3 reference electrode and Pt wire
counter electrode were immersed in an acetonitrile solution of
0.1 mol dm�3 tetraethylammonium perchlorate. A parallel
beam of excitation light from a 150 W Xe lamp (Hamamatsu
Photonics, L2195) was focused on the semiconductor layer of
the FTO electrode through a light chopper (NF Electric Instru-
ments, 5584A). The modulated photocurrent at the applied
potential was amplied using a digital lock-in-amplier (NF
Electric Instruments, LI5640) and transferred to a PC to be
plotted against the applied potential.
RSC Adv., 2017, 7, 21790–21795 | 21791
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Fig. 1 The Tyndall effect observed by passing a laser beam through
the TiNS:Rhz colloidal suspension (�0.5 mmol dm�3).

Fig. 2 XRD patterns of TiNS:Rhz films cast on quartz substrates.

Fig. 3 The UV-vis absorption spectra of the TiNS:Rhz colloidal
suspension (concentration of 2 mg dm�3) and diffuse reflectance
spectra of the H2Ti3O7 powders. ((C) TiNS:Rh0, (D) TiNS:Rh1, (—C)
TiNS:Rh2, (>) TiNS:Rh5, (,) TiNS:Rh10, and (—) H2Ti3O7).
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3. Results and discussion
3.1 Characterization of TiNS:Rhz

Fig. 1 is a photograph of the prepared TiNS:Rhz colloidal
suspension, which is transparent but shows scattering of an
incident laser beam because of the Tyndall effect. It was found
that TiNS:Rhz from Na2Ti3�xRhxO7 could be exfoliated in all of
the suspensions by the described procedures. The chemical
compositions of the prepared TiNS:Rhz are shown in Table 1.
The actual amount of Rh in TiNS:Rhz was lower that what was
initially added. Some Rh may have been removed during
protonation, intercalation of methylamine, or exfoliation by
TMAOH (see Fig. S2 and S3 in ESI†). In the XRD patterns of the
cast lms prepared from the TiNS:Rhz colloidal suspension,
diffraction peaks originating from the deposited unknown
crystal compounds were not found, since the deposited
unknown crystal compounds were not layered materials and
could not be exfoliated by the TMAOH aqueous solution.

Fig. 3 shows the UV-visible absorption spectra of all the
TiNS:Rhz colloidal suspensions of the same concentration 1
(2 mg dm�3). The band edge originates from the band gap of the
TiNS:Rhz, which exhibits a blue shi with respect to the diffuse
reectance spectra of the H2Ti3O7 powder. This blue shi can be
explained by the quantum-size effect.21,22 The TiNS:Rhz existed
as nanosheets with a thickness about 1.5 nm in the colloidal
suspension (see Fig. S4 in ESI†). The optical band gap (Eg, esti-
mated from the UV-vis absorption spectra of the TiNS:Rhz
colloidal suspension) and the conduction band level (ECB, esti-
mated from the photocurrent measurement of the TiNS:Rhz cast
lm) are shown in Table 1. Both Eg and ECB of all samples were
not inuenced by Rh doping into the Ti sites of the lattice.
3.2 The adsorption of methylene blue molecules by
TiNS:Rhz

The adsorption of MB by TiNS:Rhz was evaluated by plotting the
molar amount of adsorbed MB per [Ti3�xRhxO7

2�] unit, Cabs
Table 1 The chemical formula, optical band gap (Eg), and conduction
band potential (ECB) of the TiNS:Rhz samples

Sample Chemical formula Eg (eV)
ECB (V
vs. NHE)

TiNS:Rh0 [Ti3O7]
2� 4.20 � 0.04 0.00

TiNS:Rh1 [Ti2.999Rh0.001O7]
(2+d)� 4.17 � 0.04 0.00

TiNS:Rh2 [Ti2.992Rh0.008O7]
(2+d)� 4.17 � 0.04 0.00

TiNS:Rh5 [Ti2.970Rh0.030O7]
(2+d)� 4.15 � 0.04 �0.01

TiNS:Rh10 [Ti2.952Rh0.048O7]
(2+d)� 4.18 � 0.04 �0.01

21792 | RSC Adv., 2017, 7, 21790–21795
(mol mol�1) against the molar amount of added MB per
[Ti3�xRhxO7

2�] unit, C0 (mol mol�1), as shown in Fig. 4. The
value of Cabs increased along with an increase in the C0 value.
Therefore, the amount of adsorbed MB at saturation point
could be calculated, and this is shown in Table 2. The adsorbed
Fig. 4 The adsorption isothermal curves of MB by TiNS:Rhz. ((>)
Absence of TiNS:Rhz, ( ) TiNS:Rh0, ( ) TiNS:Rh1, (,) TiNS:Rh2, (�)
TiNS:Rh5, and (C) TiNS:Rh10).

This journal is © The Royal Society of Chemistry 2017
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Table 2 Amount of absorbed MB by TiNS:Rhz

Sample

Saturated amount of absorbed MB
per molar amount of TiNS:Rhz
at equilibrium (mg g�1)

TiNS:Rh0 37 � 3
TiNS:Rh1 36 � 3
TiNS:Rh2 35 � 3
TiNS:Rh5 31 � 3
TiNS:Rh10 29 � 3

Fig. 6 The photodegradation ratio curves of the maximum absorption
band of MB in the presence of the different TiNS:Rhz samples (at 663
nm), after the UV light (l¼ 254 nm) irradiation over different irradiation
times.
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amount was much lower than the formal anionic charge of
TiNS:Rhz (2 mol mol�1) in all cases because of the competitive
adsorption of MB and TMAOH. Table 2 also shows that the
amount of adsorbed MB slightly decreased with an increase in
Rh doping. This can be explained by the anionic charge of
TiNS:Rhz. In the case of TiNS:Rhz (z > 0), the anionic charge
changed because the ionic state of Rh was Rh3+ or Rh4+. This
lead to an increase in the anionic charge of TiNS:Rhz. However,
the result did not affect the MB adsorption because it strongly
interacted with the TMA cation. As a result, the adsorption of
MB decreased when Rh was incorporated into the Ti sites.

The shape of the adsorption isothermal curve was different
for each sample. The Cabs value of the TiNS:Rh0 and TiNS:Rh1
linearly increased with an increase in the C0 value. The adsorp-
tion isothermal curve of TiNS:Rh1 behaved similarly to TiNS:Rh0
but the Cabs value of TiNS:Rh2, TiNS:Rh5 and TiNS:Rh10 loga-
rithmically increased. Thus, these results suggest that the surface
properties of TiNS varied with Rh doping into the Ti sites.
3.3 Photodegradation of methylene blue

Degradation of MB by UV light irradiation was observed by
changes in its UV-visible absorption spectra. Fig. 5 shows the
UV-visible absorption spectra of ltrated MB solution from the
mixture with TiNS:Rh0 aer irradiation by UV light with
a wavelength of 254 nm, at different irradiation times. The
spectra of the solution were similar with a gradual decrease in
absorbance seen for the peak at around 663 nm, originating
from MB. This was observed for all TiNS:Rhz samples, which
Fig. 5 UV-vis absorption spectral changes of MB solution under UV
light (at a wavelength of 254 nm) irradiation in the presence of
TiNS:Rh0.

This journal is © The Royal Society of Chemistry 2017
shows that the MB was degraded by UV light irradiation and
that TiNS:Rhz acted as a photocatalyst to decompose MB.

To compare photocatalytic activity of each TiNS:Rhz series,
the absorbance ratio values at 663 nm (Abst/Abs0; where Abst is
an absorbance at each interval and Abs0 is the initial absor-
bance or absorbance at t ¼ 0) are plotted against the irradiation
time in Fig. 6. All TiNS:Rhz samples photocatalytically degraded
MB. However, the duration of the reaction varied. TiNS:Rh0 and
TiNS:Rh1 showed almost the same photodegradation ratio
curve, while TiNS:Rh2, TiNS:Rh5, and TiNS:Rh10 produced
a different result. This indicates that photocatalytic activity can
be improved by Rh doping at the Ti sites of TiNS:Rhz.

The quantum yield (Fdeg) of the photodegradation reaction
of MB by TiNS:Rhz at initial time was calculated by:

Fdeg ¼ number of degraded MB molecules

number of incident photons

Table 3 shows the Fdeg value of each TiNS:Rhz sample.
TiNS:Rh0 and TiNS:Rh1 exhibit almost the same Fdeg value. In
contrast, the Fdeg value of TiNS:Rh2, TiNS:Rh5, and TiNS:Rh10
are higher than that of TiNS:Rh0; thus, Fdeg increased with
increasing Rh doping. A similar divide between samples was
observed in the adsorption study (see Table 2). Thus, it is
evident that Rh doping modies the surface properties of
TiNS:Rhz. However, the adsorption ability was not improved
with an increase in Rh doping. This may be because the size of
TiNS:Rhz decreases with increase in Rh doping (see Fig. 2).
Table 3 Quantum yield (Fdeg) of MB photodegradation

Sample Fdeg (%)

TiNS:Rh0 0.30
TiNS:Rh1 0.31
TiNS:Rh2 0.34
TiNS:Rh5 0.81
TiNS:Rh10 0.97

RSC Adv., 2017, 7, 21790–21795 | 21793
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Fig. 7 The diffuse reflection spectra of the H2Ti3�xRhxO7 powders.
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Moreover, the difference in photocatalytic ability cannot be
explained by the energy band structure because the band gap
energy and band edge potentials of the conduction and valence
bands did not vary with Rh doping (see Table 1).

Fig. 7 shows the diffuse reection spectra of the H2Ti3�x-
RhxO7 powders in terms of the Kubelka–Munk function. The
absorption band edge at 350 nm originating from the band gap
transition is observed in all of the TiNS:Rhz spectra. A broad
absorption band appeared in the wavelength range from 350 to
600 nm when Rh atoms were incorporated into the Ti sites. The
intensity of these new bands increased with an increase in Rh
doping. According to previous results reported by Kudo et al.,
Rh3+ and Rh4+ incorporated into the Ti sites of SrTiO3 showed
broad absorption bands around a wavelength of 400 and
500 nm, respectively.23–27 Hence, Rh dopants in the present work
existed as both Rh3+ and Rh4+. This also has been conrmed by
measuring the X-ray photoelectron spectroscopy. As a result, the
peak of Rh 3d at 308.9 eV and 309.9 eV could be found, and thus
this result show the existence of Rh3+ and Rh4+ (see also in
Fig. S5 and S6 of ESI†). The different photocatalytic activities of
TiNS:Rhz in MB photodegradation may be explained by the
existence of both Rh3+ and Rh4+. Irradiation of TiNS:Rh0 by UV
light is known to cause oxidative degradation of MB by photo-
induced holes, OH radicals, and superoxide anions.28–31 The
redox cycle of Rh3+ and Rh4+ in TiNS:Rhz (z > 0) can be driven by
band gap excitation of TiNS under UV light irradiation due to
a hole pool effect of Rh atoms in six fold coordination with the
oxygen atoms.32 Thus, the improvement of photocatalytic
activities of TiNS:Rhz can be caused by the redox cycle of the Rh
cations (Rh3+ and Rh4+) under UV light irradiation. However, it
is still unclear whether the redox cycle of the Rh cations in the
studied TiNS:Rhz samples was driven by the UV light. This will
be the next challenging topic for research not only in titanate
nanosheets but also in other metal oxide nanosheets and oxide
materials.
4. Conclusions

In this study, the synthesis and photoelectrochemical charac-
terization of TiNS:Rhz was performed. The band structure of the
21794 | RSC Adv., 2017, 7, 21790–21795
TiNS:Rhz was not affected by Rh incorporation into the Ti sites.
However, both adsorption and photodegradation behaviour of
MB by TiNS:Rhz varied with Rh doping. The photodegradation
activity of TiNS:Rhz was signicantly improved with increased
Rh doping, suggesting that the redox cycle of Rh3+ and Rh4+

plays an important role in the photodegradation of MB under
UV light irradiation in the presence of TiNS:Rhz.
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