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ABSTRACT

Defect engineering through elemental doping is an efficient way to boost the
performance of semiconductor photocatalysts. Herein, transition-metal (TM) doped
titanate nanowires (TNWs) were prepared via ion-exchange over the titanate
precursors and demonstrated for the Rhodamine B (RhB) degradation under
ultraviolet (UV) light irradiation. The ion-exchange of selective ions (V>*, Cr**, Ni*",
and Zn*") with protons from pristine TNWs resulted in the hierarchical meso-porosity
of nanowires with large pores of ~5-20 nm by TM doping and small pores of ~3.6-4.5
nm inherited from pristine TNWs, which facilitates the mass transfer while
maintaining high surface area and active sites. Meanwhile, the TM intercalation
partially reduces the Ti*" to Ti*" and narrows the optical bandgap, which, together
with oxygen vacancies and superoxide radicals from pristine TNWs, enhance the
adsorption and photocatalytic degradation performance of RhB. This work helps to
elucidate the effects of transition-metal doping and provides a rational strategy
towards high performance titanate-based photocatalysts for efficient and sustainable

wastewater treatment.



1. INTRODUCTION

Titanium dioxide (TiO2) based photocatalysts possess attractive properties such as low
cost, biocompatibility, suitable band-edge positions, and exceptional photo-corrosion
resistance [1-3]. Polymorphs of TiO», including anatase, rutile and brookite, have
been extensively studied in the past decades for photocatalytic H> generation [4, 5],
CO; reduction [6, 7], water purification [8, 9] and recovery of precious metals [10],
etc. However, due to the large bandgap energy (3.0-3.5 eV), pristine TiO; is only
active under UV light, limiting its light utilization efficiency. Meanwhile, the rapid
recombination of charge carriers and sluggish kinetics of electron transfer from TiO»
to electrolyte also compromise the overall efficiency of the pristine TiO> as
photocatalysts in practice [11]. To address these bottleneck issues, various strategies
have been developed through tuning the microstructures and electronic properties of
TiO»-based photocatalysts. Examples include the intrinsic doping of Ti*" centers and
oxygen vacancies by creating defective TiO» nanomaterials [11, 12], and the extrinsic
doping by introducing the foreign atoms into the TiO» frameworks to narrow the
optical bandgap and enhance the photocatalytic activity [13-15].

Layered titanates have been developed as the precursors of TiO» lately and proved to
be an ideal class of catalyst supports due to their unique layered structures and
abundant ion-exchangeable sites [16, 17]. In the case of protonated titanates, the
positive protons (H') can be readily exchanged by metal cations to form metal
titanates. The theoretical cation exchange capacity (CEC) is 9.05 mmol/g for the

monovalent layered di-titanate, outperforming other common ion exchange materials,



such as clays, zeolites, and zirconium phosphate with CECs in a range of ~0.25-0.6
mmol/g [18-20]. The high surface area and rich cation-exchangeable sites allow
atomically dispersed metal cations in the titanate lattices, achieving high metal
loading and dispersion. Meanwhile, the abundant defects in the framework of the
titanate nanomaterials also help to reduce the energy bandgap by creating additional
energy states and generate additional active sites for adsorption and catalytic reactions
[17, 21]. Due to the rising environmental concerns of the aqueous contaminants such
as pesticides, pharmaceuticals, organic dyes, etc., layered titanate nanomaterials have
been extensively studied in the past decade as adsorbers and photocatalysts for water
purification due to their high surface area and promising photocatalytic activity [8,
22-24]. For example, Xiong et al. [25] reported that the simultaneous adsorption and
photocatalytic reaction can promote the degradation of methylene blue over the
titanate nanotubes (TNTs), which was not observed from the TiO, reference.
Meanwhile, great efforts have been devoted to improving adsorption capacity and
photocatalytic degradation efficiency of the titanate nanomaterials. However, most of
the work has been focused on modifying the titanate nanomaterials by using different
alkali solutions [26] [27] or creating hybrid composites by combining secondary
materials, such as reduced graphene oxide [28], SiO> [8] and activated charcoal [29].
Comprehensive understanding of the interactions and synergy between the adsorption
behavior and photocatalytic activity of the titanate and TiO» based photocatalysts are
still lacking.

In this work, pristine titanate nanowires (TNWs) were prepared via a low-temperature



hydrothermal method by using TiCl3 as the titanium precursors, H>O; as the oxidant,
and hydrochloric acid as the pH controller [30]. The alkali-free hydrothermal process
resulted in protonated TNWs (H>Ti2O5-H>O). Subsequently, eight transition meal
elements, namely V, Cr, Mn, Fe, Co, Ni, Cu and Zn, were intercalated into the layered
TNWs through a facile ion-exchange process, and the organic dye removal efficiency
was examined by the adsorption and photocatalytic degradation of RhB in aqueous
solution. Detailed materials characterization and comprehensive performance
evaluation reveal that the selective exchange of V, Cr, Ni and Zn ions have resulted in
the amorphous structured transition meal-doped titanate catalysts that outperformed
the other samples due to the high surface areas with hierarchical mesoporous
networks, narrower energy bandgaps, abundant Ti** centers, oxygen vacancies, and
superoxide radicals. To the best of our knowledge, this is the first time that titanate
nanomaterials synthesized by the alkali-free hydrothermal method were reported for
the photocatalytic degradation of contaminants in aqueous solutions. The novel
synthesis procedures avoid the high temperature and pressurized conditions as well as
the additional acid washing steps to remove the Na“ or K* ions from the titanates
prepared via the conventional alkali-based hydrothermal process [22, 31]. The
comprehensive characterization and evaluation of the transition metal ion doped
TNWs further elucidates the structural-performance relationships in the titanate-based
photocatalysts and shall shed light to the development of novel wastewater treatment

technologies.



2. Experimental

2.1. Preparation of TNWs

The protonated titanate nanowires (TNWs, HoTi2Os-H>O) were prepared using a
low-temperature and alkali-free hydrothermal method [30]. Generally, 10.5 mL
hydrochloride acid (HCl, 37%, Sigma-Aldrich), 9 mL titanium (III) chloride (TiCls,
20% w/v solution in 2M HCI acid, Acros Organics™) and 45 mL hydrogen peroxide
(H202, 30% w/w in H20, Sigma-Aldrich) were mixed with 555 mL deionized (DI)
water in a 1000 mL beaker. The beaker was covered by parafilm with a small outlet
for gas release, and the hydrothermal synthesis was carried out at 90 °C with magnetic
stirring until the solution color turned from deep red to yellow with no bubbles
emerging. Subsequently, the TNWs were collected and rinsed with DI water by
centrifugation for 5 times, and finally dried in oven at 90 °C overnight. Anatase TiO»
nanowires were prepared by annealing the TNWs at 500 °C in air for 2 hours.

2.2. Preparation of transition-metal doped photocatalyst

The transition metals were loaded onto the TNWs via an ion-exchange process [32, 33]
using the following transition metal salts as precursors: Ammonium metavanadate
(NH4VO3, Sigma-Aldrich), Chromium(IIl) nitrate nonahydrate (Cr(NOs3)3-9H>O0,
Sigma-Aldrich), Manganese(Il) nitrate tetrahydrate (Mn(NOs3)2:4H,0O, Acros
Organics™), Iron(Ill) nitrate nonahydrate (Fe(NO3)3-9H>O, Sigma-Aldrich),
Cobalt(II) nitrate hexahydrate (Co(NO3)2-6H>0O, Acros Organics™), Nickel(II) nitrate
hexahydrate (Ni(NO3)2-6H>O, Sigma-Aldrich), Copper(Il) nitrate trihydrate

(Cu(NO3)2-3H20, Acros Organics™), Zinc nitrate hexahydrate (Zn(NOs3)2-6H>0,



Acros Organics™). Standard aqueous solution of the transition-metal salts were
prepared with a concentration of 1 gram metal element per liter (1 g/L) in 20 mL vials,
respectively, and 0.5 g of TNWs was added into the solutions. The vials were capped
and sonicated for 30 min to enhance the contact between the nanomaterials and
solution, and then the ion-exchange was conducted at 80 °C for 12 h. The
ion-exchanged TNWs were collected by centrifugation and washed for 5 times in DI
water to remove any residue metal cations, and finally dried at 90 °C overnight. The
anatase nanowires were treated in the same way as reference [34].

2.3. Materials Characterization

The X-ray diffraction (XRD) of the catalysts were conducted on a Bruker D2 X-ray
diffractometer (Cu Ko, 30 kV, 10 mA). The calculation of the degree of crystallinity
is obtained by a deconvolution in Gaussian curves. The degree of crystallinity is the
ratio of the sum of the deconvoluted crystalline part over the sum of the crystalline
and the amorphous deconvoluted parts. The morphology, composition, and structure
of the nanoarray catalysts were characterized using a high-resolution scanning
transmission electron microscope (HR-STEM) (FEI Talos F200X S/TEM, 200 kV).
Electron energy loss spectroscopy (EELS) was performed using a Gatan Image Filter
Quantum SE/963 P system which equipped on the STEM with an energy resolution
(full-width of half maximum) of 0.95 eV over a HR-STEM (Titan Themis, 300kV
TEM/STEM). The X-ray photoelectron spectroscopy (XPS) were performed with a
Quantum 2000 Scanning ESCA Microprobe, using a monochromatic Al Ka X-ray

source. The shift of binding energy due to relative surface charging was calibrated



using the C 1s level at 284.8 eV as an internal standard [35].

The specific surface areas were measured by the Brunauer—Emmett—Teller (BET)
method from the nitrogen adsorption—desorption isotherms measured at 77 K using a
Micromeritics ASAP 2020 Automatic Chemisorption Analyzer. The sample was
degassed at 150 °C for 4 h under vacuum prior to the BET determination [36]. Raman
spectra were taken with a Renishaw 2000 Raman microscope with an Ar+ ion laser
(514 nm) as the excitation source. Ultraviolet—visible diffusive reflectance spectra
(UV—vis DRS) of the samples were obtained relative to the reflectance of a standard
(BaS0Os4) using a UV/Vis spectrophotometer (Shimadzu UV 2450) equipped with a
diffuse reflectance sampling accessory [37]. The samples were pressed into pellets of
2 g of BaSO4 and 50 mg of the powder samples. The band gap evaluation was
performed using the Tauc method. Electron paramagnetic resonance (EPR) analysis
was performed on a Bruker EMXnano spectrometer at room temperature, operating at
the X band (~9.8 GHz). The magnetic field was modulated at 100 kHz and the g
value was determined from the precise frequency and magnetic field values.

2.4. Adsorption Experiments

For the adsorption kinetic experiments, 20 mg of the photocatalyst powders were
added into 100 mL RhB aqueous solutions with an initial concentration of 5 mg/L. All
the adsorption experiments were carried out in the dark to avoid the influence of any
photocatalytic reactions. The suspensions were kept in conical flasks and agitated by a
magnetic stirring plate running at 500 rpm and 25 °C. The aliquots were collected

from the solutions at appropriate time intervals and then immediately centrifuged for



5 min at 10,000 rpm to separate solid particles. The residual RhB concentrations in
the solutions were determined by absorbance measurements using a UV-vis-NIR
spectrophotometer (Lambda 900, PerkinElmer) using a standard calibration curve.

For the adsorption isotherm experiments, the experimental procedure employed in the
kinetic experiments was applied with varied initial concentrations of RhB at 1, 2, 5,
10 and 20 mg/L, respectively. The time for adsorption equilibrium was set at 240 min
to achieve sufficient adsorption in the kinetic experiments.

2.5. Photocatalytic Performance

Considering the fact that the TiO»-based photocatalysts are mostly active in the range
of UV range, the photocatalytic degradation of RhB was conducted using a Luzchem
ring illuminator equipped with UV light (356 nm, 220 W). The transition-metal doped
TNW and anatase TiO> photocatalysts as well as the commercial P25 TiO, powder
(50 mg) were dispersed in 100 mL RhB aqueous solutions (5 mg/L) in a quartz flask.
In order to avoid the impacts of photon adsorption and light scattering of the
photocatalyst suspensions on the photocatalyst activity evaluation [38-40], all the tests
were conducted with the aqueous suspension agitated by magnetic stirring of 500 rpm
in the UV ring illuminator, which can guarantee the sufficient mixing of the aqueous
solution and catalyst suspension as well as an equal "optical thickness". It should also
be noted that the magnetic field created by the magnetic stirring plate beneath the
quartz flask may also influence the photocatalytic performance of the catalysts. When
moving in the magnetic field, the electrons and holes are subjected to the Lorentz

force in opposite directions according to the left-hand rule, and therefore, which



facilitates the photogenerated electron—hole pairs in the moving photocatalysts [41,
42]. However, due to the lack of the magnetic field profiles and the equivalent testing
conditions of all the photocatalysts, the influence by the magnetic field created by the
magnetic stirring plate was ignored in the present work. Before the photocatalytic
reactions, the suspensions were kept in the dark for 30 min to reach the adsorption and
desorption equilibria, and then the UV light was turned on to initiate the
photocatalytic reactions. During the tests, 2 mL of the suspensions were collected at
the designed times and quickly centrifuged at 10,000 rpm for 5 min to separate the
solution and solid powders. The concentration of RhB was measured by UV-vis-NIR
absorption spectroscopy in the same way as in the adsorption experiments. The
stabilities of the photocatalysts were also evaluated by conducting the simultaneous
adsorption and photocatalytic degradation experiments for extended time. Detailed
testing procedures are presented in Table S1 in the supporting information, and the
evolution of residue RhB concentrations were recorded along the reaction time.

3. Results and Discussion

3.1. RhB Removal Efficiency

The RhB removal efficiency of the transition-metal doped TNWs (M-TNW) are
compared with the commercial P25 TiO> powder in Fig. 1. The RhB removal tests
were conducted in two steps: the samples were kept in the dark for 30 min at first to
reach adsorption and desorption equilibrium, and then exposed to the UV light
irradiation (A= 356 nm) for photocatalytic degradation. As shown in Fig. 1a, the

pristine TNWs exhibit a removal efficiency with ~65% RhB removed during the
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adsorption step, while the P25 TiO> only adsorbed 15% of the RhB due to the lack of
the interlayer structures and low surface area [43]. The transition metal doping
modified the TNWs in three ways according to their RhB adsorption performance.
For V, Cr, Ni and Zn doped samples, more than 80% of RhB was quickly removed
from the solution in the first 30 min, suggesting these dopant elements can greatly
enhance the adsorption efficiency of the TNWs. For the Fe, Co and Cu doped samples,
only 30~50% of the RhB can be removed, indicating a lower adsorption capacity than
the pristine TNWs. Finally, the Mn-TNW shows limited adsorption capacity with only
18% of RhB removed. When the UV light was turned on at 30 min, the photocatalytic
degradation of RhB was initiated. The RhB removal efficiency of the V, Cr, Ni and Zn
doped samples quickly reached 95% in 10 min, demonstrating the excellent
photocatalytic reactivity. The pristine TNWs, commercial P25 TiO, and Cu-TNW
showed moderate RhB degradation rates and achieved 99% RhB removal after 85 min,
while the Fe-TNW sample showed a low RhB removal rate and reached 99% RhB
removal after 120 min. The Co-TNW sample showed an even lower photocatalytic
degradation activity than Fe-TNW with only 80% of the RhB removed from the
solution after 150 min. Finally, the RhB concentration remained almost unchanged for
the Mn doped TNWs during the entire process, indicating a negligible photocatalytic
activity of the Mn-TNW sample. Fig. 1b compares the contributions from adsorption

and photocatalytic degradation to the overall RhB removal at 60 min.
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Fig. 1. Adsorption and photocatalytic degradation of RhB from aqueous solutions
over the pristine and transition-metal doped TNWs with commercial P25 TiO> as
reference: (a) evolution of RhB concentration along the reaction time and (b) the
contributions from adsorption (red bar) and photocatalytic degradation (blue bar) to
the RhB removal at 60 min. Samples were kept in dark for 30min followed by UV
irradiation at A= 356 nm under magnetic stirring at room temperature.

The V, Cr, Ni and Zn doped samples outperform the pristine TNW and commercial
P25 for RhB removal, indicating the promotional effects of these elements as dopant
to the TNWs. Meanwhile, the transition meal doped anatase TiO2 nanowires (M-ANT)
were also evaluated for the RhB degradation under the same conditions, and the
evolution of RhB concentration along the reaction time is displayed in Fig. S1.
Compared with the titanate-based photocatalysts, the anatase-based samples showed
negligible RhB adsorption capacity and low photocatalytic activity towards RhB
degradation, and none of the anatase-based samples achieved complete RhB removal
under the UV light irradiation for 120 min. The compromised adsorption ability and

photocatalytic activity of the anatase-based photocatalysts result from the change in
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the microstructures of the nanomaterials during the annealing treatment. Our previous
research revealed that the protonated titanates transform into anatase TiO:> upon
thermal annealing, followed by the destruction of the interlayer structures, loss of
ion-exchangeable sites and decrease in specific surface area [30]. The RhB
degradation experiments demonstrate the varied dopant effects on the TNW-based
photocatalysts. The following sections will then be focused on elucidating how
transition meal elements modified the microstructure and properties of the TNW
nanomaterials and the mechanisms for the wvaried adsorption behaviors and
photocatalytic activities.

3.2. Structure, Morphology and Porosity

The evolution in the structures and morphologies of the TNWs before and after the
introduction of the transition metal dopants are presented in Fig. S2-S4 and Fig. 2.
The bright field (BF) TEM images in Fig. S2a reveal the distinctive nanowire
structures of the pristine TNWs. When the transition metal dopants were introduced
through ion-exchange, the TNW morphology changed differently with respect to
different transition metal ions. On the one hand, for the V-TNW, Cr-TNW, Ni-TNW
and Zn-TNW samples shown in Fig. S2b, ¢, g and i, respectively, no obvious
morphology changes were observed after ion-exchange. On the other hand, the
incorporation of Mn, Fe, Co and Cu brought significant changes to the TNW
morphologies. For the Mn-TNW (Fig. 2Sd), Co-TNW (Fig. S2f) and Cu-TNW (Fig.
S2h) samples, secondary nano-flakes were formed on the TNWs after ion exchange,

resulting in a 3-dimensional (3D) nanostructure. The Fe-TNWs (Fig. S2e) are
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decorated with nano-bundle clusters on the surface of the nanowires. Clearly the
intercalation of the selective ions in Mn?*, Fe**, Co?" and Cu?" caused more drastic
changes to the pristine TNW framework than that of V3*, Cr**, Ni** and Zn?", which
might be related to their relatively larger exchanged ionic radii distribution [44].

Interestingly, the observed morphologies changes can be correlated to the varied RhB
adsorption properties and photocatalytic activities of these samples. The XRD
patterns and crystallinities of the transition-metal doped TNWs are displayed in Fig.
S3. As shown, the pristine TNWs exhibit broad and weak XRD signals which could
only be detectable after being amplified by 20 times, indicating the amorphous nature
of these TNWs [30]. After the intercalation of transition metal cations through
ion-exchange, anatase (JCPDS 21-1272), rutile (JCPDS 21-1276) and slight amounts
of brookite (JCPDS 29-1360) TiO> were formed, and the crystallinity of the TNWs
increases in different degrees according to the dopant elements. Similar to the
variation in the morphologies, the transition-metal doped TNWs can be categorized
into two groups, the V, Cr, Ni and Zn doped samples with low crystallinity of < 90%,
and the Mn, Fe, Co and Cu doped samples with high crystallinity of 93-99%. The
higher crystallinities suggests that Mn, Fe, Co and Cu dopants bring more drastic
changes to the TNW microstructures, which enhance the crystallinity but result in the
lower adsorption capacity and compromise photocatalytic activity compared to the V,
Cr, Ni and Zn doped samples. The formation of the nano-flake and nano-bundle
clusters on the Mn, Fe, Co and Cu doped TNWs does not result in phase segregation,

and no oxides of these metal elements were observed in the XRD or Raman patterns
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(Fig S4) of these ion-exchanged samples.

Fig. 2. The BF TEM images with SAED patterns inserts and the HRTEM images with
FFT patterns inserts of the (a-f) pristine TNW, (g-1) Mn-TNW and (m-r) V-TNW. The
lattice images on the right row are the enlarged boxed areas with the corresponding
colors in HRTEM images in the middle row. The unmarked scale bars are 1 nm.

Detailed structure and morphology characterization of three representative samples,
namely the pristine TNW, Mn-TNW and V-TNW, are displayed in Fig. 2. As shown,
the pristine TNWs (Fig. 2a-b) and V-TNWs (Fig. 2m-n) exhibit distinctive nanowire

structures with rough surfaces and diffusive selective area electron diffraction (SAED)
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patterns (Fig. 2a and m inserts). The enlarged HRTEM images and the inserted Fast
Fourier Transform (FFT) patterns also reveal the disordered microstructures in both
samples, which agrees with the low crystallinities determined by the XRD in Fig. S3b.
On the other hand, the introduction of Mn resulted in the secondary branched
structures on the TNWs, as displayed in Fig. 2h. Detailed analysis of the lattice
images and FFT patterns of the enlarged HRTEM images (Fig. 2i-1) reveals that the
secondary branch structures are highly crystalline that can be indexed according to the
anatase (101) planes (Fig. 2i, j, and 1), while the prime TNW still maintains the
disordered microstructures (Fig. 2K).

The modifications in microstructures of the TNWs brought by transition metal doping
are not only revealed by the evolutions in morphology and crystallinity, but also
reflected in the changes in the specific surface area and porosity. The BET isotherms
and BJH pore-size distributions of the pristine and ion-exchanged TNWs are
presented in Fig. 3 and Table 1. The N> adsorption-desorption isotherms (Fig. 3a) of
both the pristine and the transition-metal doped TNWs exhibit a type IV feature with a
type H3 hysteresis loop, indicating the samples are mesoporous with slit shaped pores
formed by agglomerates of particles with non-uniform size and shape [45-47]. Despite
the similar shape of the BET isotherms, the pore-size distribution of the
ion-exchanged TNWs are quite different. As presented in Fig. 3b, the pristine TNWs
exhibit a distinct pore size distribution in the range of 3-4.5 nm, which suggests the
mesoporous nature of the protonated titanate nanomaterials. Upon the introduction of

transition metal cations, the pore size distribution profiles can be categorized into two
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groups. The V, Cr, Ni and Zn doped samples retain the mesopores of 3-4.5 nm, but
also develop large pores in the range of 5-20 nm. However, for the Mn, Fe, Co and Cu
doped samples, the mesopores of 3-4.5 nm are destroyed, and only the large pores of
5-20 nm exist in the nanomaterials. The different pore size distribution patterns agree
with the previous conclusion, that the introduction of V, Cr, Ni and Zn maintains the
microstructure and mesopores of the TNWs, and therefore possess high specific
surface area and abundant ion-exchangeable sites. Meanwhile the newly developed
large mesopores facilitate the mass transfer of the dye molecules, which are beneficial
for the efficient adsorption of RhB from the bulk aqueous solution. The intercalation
of Mn, Fe, Co and Cu, however, destroyed the innate mesoporous structures in the
TNWs (3-4.5 nm), resulting in low specific surface area and ion-exchanging capacity,
which compromises the RhB adsorption ability. All these results suggest that the
selective ion-exchange of the transition metal elements brings varied modifications to
the microstructures of the TNWs, which further alters the adsorption and

photocatalytic activity of the TNW-based photocatalysts.
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Table 1. Summary of the physio-chemical properties of the transition-metal doped TNWs in this work.

Bandgap“  Sger Pore size Pore volume Surface species content (at.%) ¢

Sample ID Crystallinity

(eV) [m*g]  [nm] [cm?/g] Ti** Ti*  O° of o’ 0?
T™NW 2.92 129 4.05 0.13 0 100 19.8 436 265 10.1
V-TNW 2.69 130 3.65 0.19 74% 390 610 351 428 175 4.6
Cr-TNW 2.87 206 3.63 0.26 51% 326 674 376 352 143  13.0
Mn-TNW 3.35 118 9.11 0.26 96% 8.4 91.6 5.6 758 5.6 13.0
Fe-TNW 3.12 110 9.11 0.24 99% 9.6 904 34 75.7 4.9 16.0
Co-TNW 3.22 89 11.80 0.21 96% 8.7 914 1.6 77.8 5.1 15.5
Ni-TNW 2.98 124 3.63 0.17 87% 228 772 162 63.6 143 59
Cu-TNW 3.14 111 9.13 0.27 93% 10.5 895 34 70.2 4.2 22.2
Zn-TNW 3.03 138 3.63 0.26 81% 164 836 121 678 130 7.1

: Indirect bandgap.
b: Crystallinity determined by XRD.
¢ Surface species content determined by XPS, O® = lattice oxygen (Ti-O-Ti), OP = surface labile oxygen (-OH), O" = superoxide radicals (O2*")

and O°® = surface adsorbed water oxygen (H20)
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3.3. Adsorption Properties

In this section, the adsorption kinetic and isotherms were studied to elucidate the
adsorption behaviors and mechanisms of the transition-metal doped TNW samples.
3.3.1. Adsorption Kinetics for the RhB Removal by Ion-exchanged TNWs

The adsorption of RhB over P25, pristine and ion-exchanged TNWs were recorded
along the contact time, and the adsorption kinetic data were interpreted using
pseudo-first-order (Eq. 1) and pseudo-second-order model (Eq. 2) as follows [29]:

Pseudo-first-order model

d
T~ (q,~q,)
dt (Eq.1)
Pseudo-second-order model
dq 2
t=k,(q9.—q,
o =ha( ) Ea.2)

where ge and ¢: (mg/g) represent the uptakes of RhB when the systems reach
equilibrium at time ¢ (min); k&1 (min™') and k> (g/mg/min) are the rate constants of
pseudo-first-order and pseudo-second-order model, respectively. The simulated
kinetic parameters of RhB adsorption over the different samples using the two
models are summarized in Table 2. By comparing the R?> values, the
pseudo-second-order model can better describe the adsorption kinetics data than the
pseudo-first-order model, indicating that the chemical interaction between adsorbate
and adsorbent determines the adsorption mechanism [29, 48]. The adsorption
kinetics of RhB by different samples are plotted using the parameters from the
pseudo-second-order model along the experimental data in Fig. 4a and b. As shown,

the commercial P25 TiO; uptake very limited amounts of RhB (geexp = 1.495 mg/g,
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Gecal = 1.729 mg/g), and become saturated quickly in 15 min. The pristine TNWs
exhibit a moderate RhB adsorption with geexp = 8.653 mg/g and geca = 9.268 mg/g,
which is ~6 times higher than that of P25 TiO,. After the introduction of the
transition metal elements into the TNW matrix, the doping of V, Cr, Ni and Zn
further enhance the RhB adsorption to 15-22 mg/g, while the addition of Mn, Fe, Co

and Cu decrease the uptakes to 2-6 mg/g.
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Fig. 4. Adsorption kinetics of RhB by P25, pristine and transition-metal doped
TNWs: (a) uptakes along the adsorption time and (b) liner plot using the
pseudo-second-order model. (c) The intra-particle diffusion model.

In order to further elucidate the adsorption mechanisms and determine the
rate-limiting step, the intra-particle diffusion model was employed to analyze the
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adsorption kinetic data [49]:

q =kt +C (Eq. 3)
where k; is the intra-particle diffusion rate constant and C; indicates the boundary
layer effect of the adsorption. The plot of ¢ versus ¢/ generally consists of the initial
portion and the second portion, which are indicators of the boundary layer effect and
intra-particle diffusion, respectively. Previous studies revealed a multi-linearity plot
including two or more stages through the adsorption process [50]: Stage I is the
external adsorption from the bulk solution to the absorbent surface, which can be
instantaneous; Stage II is the gradual adsorption stage, which can be ascribed to the
dye diffusion from the absorbent surface to intra-particle active sites, which is
controlled by the intra-particle diffusion; Stage III is the final equilibrium stage
when the intra-particle diffusion starts to slow down due to saturation of the
adsorption sites [51]. The adsorption kinetics using the intra-particle diffusion model
(g: vs. 12 plot) are displayed along the experimental data in Fig. 4¢c, and the fitted
parameters for each stage are summarized in Table 2. A good correlation of rate data
in this model helps to justify the adsorption mechanisms, and the linear plot of the
Stage II allows obtaining the value of ks and C4. Generally, the smaller value of C4
for Stage II, the greater contribution from intra-particle diffusion, and the adsorption
becomes solely governed by intra-particle diffusion if Cs is equal to zero [52]. As
illustrated, the samples with enhanced adsorption capacity, including the pristine
TNWs, V-TNW, Cr-TNW, Ni-TNW and Zn-TNW, exhibit C4 values in the range of

5-7 mg/g, which are much smaller than the values of 69.1 mg/g [29] and 150-335
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mg/g [53] reported in the literature. Therefore, the intra-particle diffusion is the
rate-limiting-step that controls the adsorption rates. Moreover, the g vs. 2 plot in
Fig. 4c reveals that Stage III of the pristine TNW, V-TNW and Cr-TNW samples is
less obvious than that of the Ni-TNW and Zn-TNW samples, indicating an
intra-particle diffusion controlled period for the pristine TNW and the V and Cr
doped samples. This can be explained by the pore size distribution patterns of these
samples shown in Fig. 3b, that the pristine and V and Cr doped TNWs retain a
higher ratio of the mesopores of 3-4.5 nm than the Ni and Zn doped samples. The
higher ratio of small mesopores results in a tighter pore structure, which contribute
to a longer intra-particle diffusion period in these samples [50].

3.3.2. Adsorption Isotherms of RhB on Ion-exchanged TNWs

The equilibrium adsorption isotherm can be obtained by plotting the equilibrium
adsorption amount (g.) along the adsorbate concentration (Ce) by using RhB aqueous
solutions with different initial concentrations. The proper modeling of the adsorption
1sotherms can help to elucidate the interactions between pollutant and adsorbent [52].
The common two-parameter Langmuir and Freundlich models are used to describe
the adsorption isotherms of dyes on the catalysts in this work [28, 54]:

The Langmuir equation basically assumes a homogeneous adsorbent surface where

monolayer adsorption occurs:

C. L L& (Eq. 4)
—¢ — q.
qe QmaxKL Qmax

where Omax 1s the maximum adsorption corresponding to monolayer coverage (mg/g)
and K is the Langmuir equilibrium constant (L/mg).
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The Freundlich equation is a purely empirical expression, which implies a
heterogeneous adsorption and:

lnquanF+%lnCe (Eq.5)
where Kr is the Freundlich constant, and n represents the adsorption intensity. The
fitted adsorption parameters and R? values using the two models are summarized and
compared in Table S2. Based on the fitted parameters, the isotherms are better
depicted by the Langmuir model with higher R? values, implying the Langmuir-type
adsorption between RhB molecules over the TNW-based photocatalysts. The only
exceptions are found for Mn-TNW and Cu-TNW, whose R? values of the Freundlich
model are higher than that of the Langmuir model, which may be due to the large
error caused by the low adsorption capacity of the two catalysts. Therefore, the
Langmuir model was chosen to describe the adsorption isotherms in the present
work, and Fig. 5 depicted the equilibrium adsorption characteristics of RhB of the
pristine and transition-metal doped TN'W photocatalysts. The equilibrium adsorption
capacity (ge) increases with an initial steep slope followed by slight elevation, and
finally reached a plateau stage with the increase of equilibrium concentration (C).
The explicit L-shape isotherms suggest that there is no strong competition between
the solvent and the RhB to occupy the adsorbent active sites [55, 56].
The calculated maximum adsorption capacities (Omax) for different samples using the
Langmuir isotherm model are displayed in Fig. 5b. The pristine TNWs exhibit a
Omax of 15.92 mg/g for RhB, and the introduction of transition metal elements

changed the Omax in different ways, which are well in line with the observation in the
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previous tests. The V, Cr, Ni and Zn doped TNWs present an increased Qmax of 30-37
mg/g, while the Mn, Fe, Co and Cu doped samples show a decreased Qmax of 4-7
mg/g. The specific surface area of the photocatalysts (yellow stars) are also plotted
along the calculated Omax in Fig. Sb. The samples with high adsorption capacities,
including the pristine TNW, V-TNW, Cr-TNW, Ni-TNW and Zn-TNW, generally
show a higher specific surface area than the samples with low adsorption capacities,

namely the Mn-TNW, Fe-TNW, Co-TNW and Cu-TNW.
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Fig. 5. (a) Adsorption isotherms and (b) the calculated maximum adsorption capacity
(Omax) of the pristine and transition-metal doped TNWs at 25 °C. Solid squares and
lines correspond to experimental values and fitted curves obtained by Langmuir

model, respectively. The specific surface area values are also presented along Omax.
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Table 2. Kinetic parameters for adsorption of RhB over the samples using different adsorption models.

finetie Parameters P25 TNW  V-TNW  Cr-TNW  Mn-TNW  Fe-TNW Co-TNW Ni-TNW Cu-TNW  Zn-TNW
models
Pseudo-first- k1 (/min) 0.064 0.111 0.064 0.066 0.045 0.166 0.058 0.082 0.171 0.099
order kinetic gecal (Mg/g) 1.516 7916 18.630 18.620 3.454 3.452 5.332 15.660 2.158 14.520
model R? 0.743 0.506 0.835 0.860 0.376 0.153 0.470 0.912 0.245 0.811
Pseudo-secon k> (g/mg/min) 0.049 0.011 0.004 0.004 0.008 0.022 0.007 0.007 0.057 0.010
d-order ge, cal (Mg/L) 1.729 9.268 21.739 21.645 4.505 4.184 6.821 17.575 2.478 15.748
kinetic model R? 0.972 0.996  0.998 0.998 0.932 0.931 0.963 1.000 0.994 0.999
Experimental  ge exp(mg/g) 1.495 8.653 19.734 19.913 3.985 4.169 6.326 16.407 2.341 14.786
k3 0.285 1.928  3.480 3.461 0.746 0.931 1.121 3.056 0.591 3.188
Intra-particle k4 0.125 0.336 1.487 1.610 0.062 0.108 0.155 1.436 0.010 1.037
diffusion Cy 0.505 4990 6.421 5.992 1.850 2.588 3.025 5.475 1.848 7.042
model ks 0.072 0.364 0.860 0.832 0.377 0.235 0.462 0.477 0.100 0.344

Cs 0.844 4.848 10.607 10.870 0.141 1.454 1.098 11.369 1.333 11.407
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3.4. Photocatalytic Activity

A photocatalytic reaction is initiated by the adsorption of photon with energy equal or
greater than the bandgap of the semiconductor, generating the excited electrons (e”) to
the empty conduction band (CB) and the positively charged vacancy holes (h") in the
valence band (VB) [1, 37]. Therefore, a proper bandgap energy is essential for the
high catalytic activity of a photocatalyst. However, the wide bandgap (3.0-3.2 eV) of
the pristine TiO> limits light absorption and photocatalytic efficiency. The intrinsic
doping of oxygen vacancies and Ti’" centers as well as the extrinsic doping of
transition metal elements with 3d electrons are efficient ways to create additional
energy states below the CB of TiO» to narrow the energy bandgap [56]. The
observations in the present work will show that the introduction of transition metal

cations via ion-exchange can tune the bandgap of TNWs in both ways.
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Fig. 6. (a) Transformed Kubelka—Munk function vs. the photon energy derived from
the UV—vis diffuse reflectance spectra on the P25, pristine and transition-metal doped
TNWs. (b) The summary of the indirect bandgap energy of the different samples

along with the [Ti**]/[Ti*'] ratio calculated from the XPS data.
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The bandgap energy of the P25, pristine and transition-metal doped TNWs are
displayed in Fig. 6 and summarized in Table 1. The indirect band gap energy of the
pristine TNW is 2.92 eV, which is smaller than the reported value of the protonated
titanate nanotubes (3.2 eV) [17]. This may suggest that the TNWs prepared by the
alkali-free hydrothermal method contain high density of defects due to the amorphous
nature, which creates significant intermediate energy states between the conduction
and valence bands, and therefore, narrow the bandgap energy [57, 58]. The varied
band gap energy helps to explain the photocatalytic activities of the TNWs doped by
different transition metal elements. On the one hand, the V-TNW sample exhibits the
lowest indirect bandgap energy of 2.69 eV, followed by the Cr-TNW, Ni-TNW and
Zn-TNW with the bandgap energies of 2.87, 2.98 and 3.03 eV, respectively. The
narrow band gap energy promotes the light adsorption efficiency, which enhances the
photocatalytic activity for the degradation of RhB. On the other hand, the Mn, Fe, Co
and Cu doped TNWs exhibit higher band gap energies of 3.35, 3.12, 3.22 and 3.14 eV,
respectively, resulting in a limited utilization of the photon energy. Especially, the
Mn-TNW sample shows the highest bandgap energy of 3.35 eV, which is quite close
to the energy of the incident photon of 3.48 eV (A = 356 nm). Therefore, Mn-TNW
showed negligible photocatalytic activity towards the degradation of RhB in Fig. 1a.
The narrow bandgap energy alone cannot guarantee excellent photocatalytic activity,
but the microstructures such as defect density, porosity and crystallinity can also
influence the photocatalytic performance of the samples. As illustrated in Fig. SS and

Table S3 in the supporting information, the transition-metal doped anatase TiO:
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nanowires also exhibit low bandgap energies of 2.81-3.04 eV, indicating the efficient
adsorption of UV light over these samples. However, the photocatalytic degradation
results shown in Fig. S1 reveal the poor photocatalytic activity of these samples. That
is because the anatase TiO» nanowires were obtained by thermally annealing the
TNWs, during which the amorphous TNWs transformed to anatase TiO: crystals, and
the mesoporous networks and interlayer structures were destroyed, as shown in Fig.
S6. With the decreased surface area and destruction of the interlayer structures, the
RhB molecules cannot be sufficiently adsorbed on the surface of the photocatalysts,
and therefore, the overall RhB degradation efficiency of is compromised. It’s also
worth noting that RhB is an organic dye that possesses sensitization properties, which
may further improve the photocatalytic performance by enhancing the excitation
efficiency and expanding the light absorption from UV region to visible light with
lower reduction potentials in the excited states than the pristine photocatalysts [59-62].
The effects of sensitization by different organic dyes as well as the photocatalytic
performance of the modified TNW and TiO> photocatalysts in the visible light region

will be investigated in our future studies.
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Fig. 7. Deconvoluted (a)-(h) Ti 2p and (i)-(p) O 1s XPS spectra of the V, Cr, Mn, Fe,
Co, Ni, Cu, Zn doped TNWs along the experimental data marked in red circle. O% OP,
O and O° represent the lattice oxygen (Ti-O-Ti), surface labile oxygen (-OH),
superoxide radicals (O2*") and surface adsorbed water oxygen (H20), respectively.

The deconvoluted Ti 2p and O 1s XPS spectra of the transition-metal doped TNWs

are displayed in Fig. 7 and the calculated ratios of different species are summarized in
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Table 1. The experimental data marked in Fig. 7a-h exhibit typical doublet features of
the Ti 2p spectra, which can be deconvoluted into the Ti*" (Ti 2ps. at ~458.5 eV and
2p1n at ~464.2 eV) and Ti** (Ti 2psn at ~456 eV and 2p1, at ~462 eV), respectively.
The deconvoluted Ti 2p spectra of pristine TNW and anatase TiO» nanowires are
displayed and compared with the spectrum of V-TNW in Fig. S7. Although the Ti 2p
spectra of TNWs (Fig. S7a) exhibit a typical four-peak feature, close examination of
the binding energies reveals that the additional peaks result from the satellite signals
rather than the Ti** species, and experimental evidence support such conclusions in
two ways. On the one hand, the first Ti 2p3/2 peak of the pristine TNW is located at
~458.4 eV, which corresponds to Ti*", rather than Ti*" of ~456 eV. On the other hand,
the difference in binding energies (ABE) between the first two Ti 2p3/2 peaks of the
pristine TNW is 2.7 eV, which is much larger than the ABE of 1.8 eV between the Ti*"
and Ti*" peaks of the V-TNW sample shown in Fig. S7c. Therefore, the additional Ti
2p3/2 peak at 461.7 eV is assigned to the satellite peak, which agrees with the reports
by Oku et. al. [63] and our previous observations [30]. Moreover, the valence states of
the Ti ions were further examined by the electron energy loss spectroscopy (EELS)
with the Ls> energy loss near edge fine structure (ELNES) of titanium over the
selected samples displayed and compared in Fig. 8. As shown, the EELS spectra of
the Ti L2 3-edge for the pristine TNW and Mn-TNW exhibit distinct four-peak feature,
indicating that the Ti*' species dominate the surface of the catalysts. The Ti L23-edge
of the Cu-TNW sample shows a broadened doublet-peak feature (Fig. 8c), which

reveals the increase in the surface Ti*" ratio. For the Cr-TNW (Fig. 8d) and V-TNW
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(Fig. 8e) catalysts, no splitting of the L, and L3 peaks into a doublet is resolved,
indicating a domination of Ti*" at the surface region [64]. The evolution in the Ti
L, 3-edge spectra of the selected samples agree well with the change in the [Ti*"]/[Ti*']
ratio determined by the XPS analysis, as marked in Fig. 8. The confirmed exclusion
of Ti** in the pristine TNWs indicate that the Ti*" species in the transition-metal
doped TNWs result from partial reduction of Ti*" in the TNW lattice. Liu et. al. [6]
reported that the introduction of La can substitute the surface Ti atom of the TiOo,
which leads to the generation of oxygen vacancies and Ti*" for charge balance.
Therefore, the doping of transition metal cations of V°*, Cr’*, Ni*" and Zn*' also

results in the partial reduction of Ti** to Ti** to promote the photocatalytic reactivity.
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Fig. 8. The EELS spectra of the Ti L>3-edge for the (a) pristine TNW, (b) Mn-TNW,
(c) Cu-TNW, (d) Cr-TNW and (e) V-TNW.
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The Ti* and Ti*" contents on the surface of the samples were calculated according to
the deconvoluted peak areas. As displayed in Table 1, the V-TNW, Cr-TNW,
Ni-TNW and Zn-TNW samples exhibit high surface Ti** concentrations of 39, 32.6,
22.8, 16.4 at.%, respectively, which are higher than the Mn, Fe, Co and Cu doped
samples of 8.4, 9.6, 8.7 and 10.5 at.%, respectively. The calculated surface Ti**
concentrations using the XPS data are highly in line with the bandgap energy obtained
from the UV-vis spectroscopy. As illustrated in Fig. 6b, the samples with higher
[Ti**]/[Ti*'] ratios exhibit lower bandgap energy, resulting from the additional energy
states generated by the Ti** centers below the CB.

The deconvoluted O 1s spectra of the pristine and the transition-metal doped TNWs
are displayed in Fig. S8 and Fig. 7i-p, respectively, which can be assigned to four
oxygen species [65, 66]: (1) lattice oxygen from Ti—O in the TiO» crystal lattice
(526.5-528.3 eV, O%), (i1) surface labile oxygen from the Ti—OH groups (529.7-529.9
eV, OP), (iii) superoxide radicals O>*~ (531.1 eV, OY), and (iv) surface adsorbed
molecular water (above 532 eV, 0%). The ratios of different species are calculated
according to the deconvoluted peak areas, as summarized in Table 1. The most
important oxygen species for photocatalytic degradation of RhB is the superoxide
radical (O"). She et. al. [65] reported that the superoxide radical groups can serve as
the electron carriers, which facilitate the separation of the electron-hole pairs, and
therefore enhance the photocatalytic performance of the TiO> photocatalysts. In the
present work, based on the deconvoluted XPS spectra, the concentration of the

superoxide radicals varied according to the transition metal dopants. The pristine
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TNWs exhibit the highest superoxide radical ratio of 26.5% (Fig. S8), and the V, Cr,
Ni and Zn doped TNWs show higher concentrations of superoxide radicals of

13.0-17.5% than the Mn, Fe, Co and Cu doped samples of 4.2-5.6%.

(i) Zn-TNW

(h) Cu-TNW

(g) Ni-TNW

(f) Co-TNW

(e) Fe-TNW
(d) Mn-TNW

Intensity (a.u.)

(b) V-TNW

g,=2.0172 .

(a) TNW
11

] 1

0,=2.00577 W._ g,=19997

3250 | 33I00 | 33ISO | 3f-1|00 34[50 | 35[00I 35]50 | 3600
Gauss
Fig. 9. The EPR spectra of the pristine and transition-metal doped TNWs.
The presence of abundant superoxide radical groups on the V-TNW, Cr-TNW,
Ni-TNW and Zn-TNW samples was also supported by the electron paramagnetic
resonance (EPR) spectra displayed in Fig. 9. The pristine TNW, V-TNW, Cr-TNW,
Ni-TNW and Zn-TNW exhibit doublet resonance with anisotropic g-tensors of gx =

1.9997, gy = 2.0057, g, = 2.0172, indicating the existence of the superoxide radical

centers on the surface of these photocatalysts [12, 67]. Especially, Carter et. al. [68]
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reported superoxide radicals (O2¢") stabilized at the surface oxygen vacancies on the
thermally reduced P25 TiO; polycrystalline, which are featured with similar doublet
resonance envelopes and g-tensors as well as the observation over the pristine and the
V, Cr, Ni and Zn doped TNWs. The superoxide radicals (O2*") can be produced by the
O> molecules adsorbed on the surface of TiO» activated by the photo-induced
electrons and the free electrons located on the oxygen vacancies [11]. The superoxide
radical groups are strong oxidizing agents which can facilitate the charge carrier
separation and promote the oxidation of organic substances [69]. Moreover, the O
does not adsorb on a perfect neutral TiO> surface but requires excess negative charge
to form the O-Ti bonds, which can be provided by subsurface oxygen vacancies.
Therefore, the strong EPR resonance also reflects the abundant oxygen vacancy
defects over the V, Cr, Ni and Zn doped samples. The silent EPR signals from the Mn,
Fe and Co doped samples can be ascribed to the annihilation of defects in the
materials due to the increased crystallinity. The Cu-TNW samples showed weak EPR
signals, which agrees with the relatively lower crystallinity (93%) than the Mn, Fe
and Co doped samples (96-99%). Moreover, detailed comparison of the photocatalytic
degradation performance of the transition-metal doped TNWs in Fig. 1a shows the
better photocatalytic activity of the Cu-TNW than the other three samples with high
crystallinity. Meanwhile, the EPR spectra of the TNW and anatase TiO2 nanowires as
well as the commercial P25 powders are compared in Fig. S9. The diminished EPR
signals of the anatase TiO2 nanomaterials indicated the extinction of the superoxide

radicals during the thermal annealing, which helps to explain the compromised
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photocatalytic activity for RhB degradation of the anatase based photocatalysts in Fig.
S1. Therefore, the observations above demonstrate that the defective structures are
important to the TNW-based photocatalysts, which not only helps to narrow the
bandgap to enhance the light adsorption ability, but also generates abundant
superoxide radical species to facilitate the photocatalyst reactions. It should also be
noted that the abundant surface superoxide radicals alone cannot guarantee a high
overall RhB removal efficiency of the photocatalyst [70, 71]. For example, the
pristine TNW with the highest superoxide radical ratio of 26.5% exhibited a lower
performance than the V, Cr, Ni and Zn doped TNWSs with a relatively lower O™
concentrations of 13.0-17.5%. That is partially because the pristine TNWs lack the
large mesopores of 5-20 nm brought by the ion-exchange process, which plays
important roles in developing the advanced porosity networks with the inherit
mesopores of 3-4.5 nm. Therefore, the effects of transition metal ion-exchange are
complicated, and the multiple synergies result in the improved adsorption properties
and photocatalytic performance of the V, Cr, Ni and Zn doped TNWs.

3.5. Catalyst Stability

Finally, the photocatalytic stability of the pristine and the V, Cr, Ni and Zn doped
TNWs were evaluated through simultaneous adsorption and photocatalytic
degradation of RhB under UV irradiation continuously for 5 cycles. As presented in
Fig. 10, the initial concentration of RhB was 5 mg/L, and RhB was replenished at the
end of each cycle (every 60 min) to keep the nominal concentration at 5 mg/L.

Detailed stability testing procedures are presented in Table S1 in the supporting
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information. In line with the sequential adsorption and photocatalytic degradation
results are shown in Fig. 1, the transition-metal doped photocatalysts showed an
enhanced removal efficiency of RhB compared to the pristine TNWs in Cycle 1. In
the subsequent testing cycles, however, the residue RhB concentration in the V-TNW
catalyzed suspension kept increasing, indicating the decreased RhB removal
efficiency and the poor photocatalytic stability of the V-TNW photocatalysts. For the
other samples, although an increase in the residue RhB concentration was also
observed, high RhB removal efficiency can be maintained after 5 continuous testing
cycles. The RhB concentration profiles of the Cr-TNW, Ni-TNW and Zn-TNW did
not reach the plateau limits at the end of the 4™ and 5™ cycles, suggesting that higher
RhB degradation efficiency can be achieved with extended irradiation time. The
decreased RhB removal efficiency of the photocatalyst may result from the saturated
adsorption of the dye molecules over the active sites of the photocatalysts, which can
be supported by the deepening pink color of the catalyst powders along the testing
cycles. As demonstrated in the adsorption kinetic studies, the diffusion of RhB
molecules in the TNW based photocatalysts is controlled by the intra-particle
diffusion, and the RhB removal efficiency of these samples strongly depends on the
mesopores of 3-4.5 nm. Therefore, the RhB molecules adsorbed and saturated on the
active sites on the mesoporous TNW-based photocatalysts during the extended testing
cycles, which not only slows down the intra-particle diffusion, but also compromised
the light utilization efficiency of the photocatalysts. Therefore, a longer irradiation

time is needed to achieve the complete degradation of the RhB in the solution.
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Fig. 10. Stability tests of the pristine and V, Cr, Ni and Zn doped TNW photocatalysts
for simultaneous adsorption and photocatalytic degradation of RhB for 5 cycles. RhB
was replenished every 60 min to keep the nominal RhB concentration at 5 mg/L.

The FTIR spectra of the transition metal ion-exchanged TNW samples before and
after the RhB adsorption and photocatalytic degradation tests are summarized and
displayed in Fig. 11a and b, respectively. The strong absorption band centered at 490
cm ! can be assigned to the Ti—O-Ti stretching vibration [72, 73], and the presence of
a binding vibration of H,O (or H30") at 1620 cm™! and a broad vibration band of O-H
groups at 2500-3500 cm™' demonstrate the existence of large amounts of water and
hydroxy groups in all the TNW-based photocatalysts [74-77]. Meanwhile, close
scrutiny of Fig. 11a reveals the presence of an absorption band centered at 905 cm™! in
the FTIR spectra of the pristine TNW and the V, Cr, Ni and Zn ion-exchanged

samples. The absorption band can be assigned to the symmetric Ti—O> stretching
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vibration [67], indicating the existence of superoxide radicals in these samples, which

agrees with the results of XPS. Furthermore, new vibration bands emerged at

1150-1200 and 2800-2950 cm™ in the samples after the RhB adsorption and

photocatalytic degradation tests, which can be assigned to the C-H and C-O stretching

modes originated from the residue RhB at the surface of the photocatalysts [78-83].

Especially, the intensities of these vibration bands are stronger in the spectra of the

Mn, Fe, Co and Cu ion-exchanged sample than the other samples, which may result

from the higher amount of residue RhB due to the lower photocatalytic activity over

these samples.
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Fig. 11. FTIR spectra of the pristine and transition metal ion-exchanged TNWs (a)

before and (b) after the RhB adsorption and photocatalytic degradation tests.
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4.

Ion-Exchange Assisted Microstructure Engineering

Based on the photocatalytic activity evaluation, adsorption kinetics, and material

characterization, the enhanced removal efficiency of RhB by the transition-metal (V,

Cr, Ni and Zn) doped TNWs can be elucidated as follows, and the proposed

mechanisms of microstructure engineering of TNWs by the ion-exchange assisted

transition-metal doping are illustrated in Fig. 12.

1)

2)

3)

4)

The pristine TNWs prepared by the alkali-free hydrothermal method are of poor
crystallinity with abundant ion-exchangeable sites, surface defects and superoxide
radicals, as well as high surface area with small mesopores of ~3.6-4.5 nm.

Upon the introduction of transition metal elements via ion-exchange, large
mesopores of 5-20 nm are generated, which facilitate the mass transfer of the dye
molecules from the bulk solution into the catalyst. Meanwhile, the V, Cr, Ni and
Zn doped TNWs also maintain the original small mesopores of ~3.6-4.5 nm and
active sites, resulting in the enhanced overall adsorption capacity of the catalysts.
Besides the modifications in the microstructures, the V, Cr, Ni and Zn dopant
atoms also substitute for the surface Ti atoms in the TNW framework and
generate oxygen vacancies and Ti*" for charge balance. The intrinsic oxygen
vacancies and Ti*" centers together with the extrinsic transition metal atoms with
3d electrons generate the additional energy states below the CB, which narrows
the energy bandgap and enhances the light utilization efficiency.

By combining the well-developed porosity networks, high surface area, abundant

surface superoxide radicals, and improved light absorption with reduced energy
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bandgap, the V, Cr, Ni and Zn doped TNWs catalysts exhibit excellent

photocatalytic efficiency to remove RhB from aqueous solutions.
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Fig. 12. Schematic illustration of the proposed reaction mechanisms of the

photocatalytic degradation of RhB by the transition-metal doped TNW photocatalysts.

5. Conclusion

In summary, a series of transition-metal doped titanate nanowires were prepared via a
facile ion-exchange process over pristine protonated titanate nanostructures and were
evaluated for the degradation of RhB in aqueous solutions under UV irradiation.
Based on the RhB removal efficiencies, the eight dopant elements tested are
categorized into three groups: i) V, Cr, Ni and Zn with enhanced adsorption capacity

and excellent photocatalytic activity; ii) Fe, Co and Cu with decreased adsorption
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capacity but moderate photocatalytic activity; and iii) Mn with negligible adsorption
capacity and poor photocatalytic activity. The varied RhB removal efficiencies result
from the microstructure modifications associated with the changes of porosity and
electronic properties due to the transition-metal intercalations in the TNW matrix. The
enhanced RhB adsorption capacity of the V, Cr, Ni and Zn doped catalysts are
attributed to the newly developed large mesopores of ~5-20 nm while inheriting the
small mesopores of ~3.6-4.5 nm from the pristine TNWs. The combination of the
large and small mesopores enables the efficient mass transfer and the high surface
area, which are absent in the Mn, Fe, Co and Cu doped catalysts due to the large-size
ion intercalation induced destruction of the layered structures and mesopores.
Meanwhile, the incorporation of V, Cr, Ni and Zn cations results in the reduction of
Ti*' to Ti*"ions in the TNW matrix. The newly formed Ti** centers together with the
oxygen vacancies and superoxide radicals from the pristine TNWs help to narrow the
optical bandgaps, improve the light adsorption, and enhance the photocatalytic
reactivity of the transition-metal doped TNW photocatalysts. Therefore, the present
work sheds light on the development of highly efficient titanate-based photocatalysts

through rational microstructure engineering for the wastewater treatment.
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