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Abstract A series of holmium-doped TiO,-based nano-
sheet (Ho-TNS) photocatalysts with different Ho/Ti molar
ratios were prepared via a simple hydrothermal method.
The photocatalysts were characterized by field-emission
scanning electron microscope, high-resolution transmission
electron microscope, X-ray diffraction (XRD), Raman
Spectroscopy, X-ray photoemission spectroscopy, nitrogen
adsorption—desorption isotherm measurement, ultraviolet—
visible light diffuse reflectance spectra (DRS), and fluo-
rescence spectra (FL). The TEM images of Ho-TNS exhibit
clearly sheet-like structures and existence of the (201)
plane of H,TizO;. The increased (101) peak intensity in
XRD spectrum and the enhanced E, mode (141 cm ™) in
Raman spectrum indicate that Ho doping has obvious
influence on the formation and structure of Ho-TNS, which
can be explained by the formation of Ho—O-Ti bonds. With
the doping ratio (Ho/Ti molar ratio) increasing from 0O to
2.0 %, the absorption edge shifts to a longer wavelength,
and the band-gap of photocatalysts reduces from 3.18 to
3.07 eV. The decline of FL intensity implies that the
photocatalysts with higher Ho content have higher elec-
tron—hole separation efficiency. However, after Ho doping,
the surface structure of specimens is significantly altered,
which will lead to the specific surface areas and adsorption
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capacity decrease. Under the combined effect of the vari-
ables, the photocatalyst with a doping ratio of 1.0 %
reaches the best photoactivity, which is 1.90-fold and
12.38-fold higher compared with undoped TNS and P25
under visible light, respectively. The high photoactivity of
the prepared Ho-TNS indicates that it may be useful for
dealing with wastewater.

Introduction

As one of the photosensitive semiconductors, titanium
dioxide (TiO,) has been widely used in the degradation of
dyes and pollutants in wastewater and air [1]. It has shown
various promising aspects such as its outstanding activity,
chemical stability, low-cost preparation, low toxicity, no
second pollution, and other unique properties [2, 3]. While
the fine TiO, powders have been proved to be an effective
photocatalyst to solve environment problems, some draw-
backs in their practical applications still exist which is
worth further studying. Typical examples include the low
separation and migration efficiency of electron—hole pairs,
the narrow range of absorbing light, and the poor adsorp-
tion capacity toward some organic molecules.

A lot of attempts have been made to prepare TiO,-based
photocatalyst with high separation efficiency of electron—
hole pairs. For example, a series of TiO, nanostructures
(e.g., nanorods [4, 5], nanowires [6], nanotubes [7, 8],
nanosheets [9-11], and nanofibers [12]) have been pre-
pared by morphological control methods. Among these
TiO, nanostructures, nanosheets possess high specific
surface area and small thickness. These characteristics
assure nanosheets’ potential to be exposed to more light
and contact with more dye molecules. Meanwhile, its
separation and migration efficiency of photogenerated
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electron and hole pairs is effectively improved. These
advantages make nanosheets be expected to exhibit high
photoactivity. Hydrothermal method is known as a simple
and convenient way to prepare nanosheets. For example,
Yao et al. [13] has proved that the hydrothermal reaction of
TiO, under high-concentration alkali condition is a trans-
formation from 3D to 2D and eventually 1D, which means
the nanotubes prepared by hydrothermal method are curly
nanosheets. By controlling the hydrothermal reaction
parameters (e.g., reaction time, the alkali species, and
alkali concentration), Chen et al. [9-11] has prepared
uniform, TiO,-based nanosheets (TNS) with higher
photoactivities in degradation of RhB than P25. The
excellent photoactivity of TNS can be attributed to the
large surface area and the fast migration of electron-hole
pairs [9, 10, 14].

However, the prepared TNS also exhibit some short-
comings (e.g., the narrow range of absorbing light and the
low separation efficiency of electron-hole pairs). Various
methods have been attempted to modify the regular TiO,
photocatalyst, such as hybrid compositing [15], ion doping
[16], dye sensitization [17], and metal loading [18], which
can be used to solve the shortcomings of TNS as well. Ions
doping, especially rare earth metal ions doping [19-21],
has been proved to improve the photoactivity of TiO, [22—
24]. This is because rare earth metal ions with incompletely
occupied 4f and empty 5d orbitals often serve as a catalyst
or promote catalysis [25]. Cerium doping TNS (Ce-TNS)
have been prepared in our previous work [26], which
showed significantly enhanced photoactivity under UV
light irradiation. But the visible light photoactivity of Ce-
TNS was reduced because cerium has two kinds of valence
states (Ce**/Ce*™), the doped cerium had trapped a large
part of electrons from RhB. Hence, a certain rare earth
metal with only one valence state, such like holmium (Ho)
et al., may be used as a dopant to enhance the visible light
photoactivity of TNS. Some researches have reported that
Ho doping can effectively improve the UV light photoac-
tivity of TiO, photocatalyst. Cai et al. [27] have proved that
Ho has the ability to improve the photoactivity of TiO, due
to the enhancement of photogenerated electron—hole pair
separation. Research by Zhou et al. [6] shows that Ho-
doped TiO, nanowires exhibit excellent photoactivity due
to the synergetic effects of small crystallite size, large
surface area, and charge imbalance. However, the investi-
gation on Ho doping to improve the visible light photo-
activity of TiO, has rarely been reported, which is still a
tough challenge.

In this work, firstly a series of Ho-doped TiO,-based
nanosheets (Ho-TNS) were prepared by hydrothermal
method under alkaline conditions. Then, the adsorption
capacities and photoactivities of Ho-TNS for the degrada-
tion of RhB were investigated. Moreover, the possible
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electron transfer mechanisms were discussed. And the
investigation on Ho doping in TNS and the effect of Ho
doping on the structure and photocatalytic behavior of TNS
deserve further study.

Experimental
Synthesis of Ho-doped TiO,-based nanosheets

Ho,03 (purchased from National Engineering Research
Centre of Rare Earth Metallurgy and Function Materials,
analytical pure) were dissolved in heated 3 mol/L. HNO;
solution to get 0.1 mol/L Ho nitrate solution, which was
chosen as the Ho precursor. 0.8 g of P25 powders (pur-
chased from Degussa Co., Ltd.) were dispersed in 50 mL
of 10 mol/L NaOH solution. Appropriate amount of Ho
nitrate solution was dropped into the suspension slowly.
After 40-min magnetic stirring, the mixture was transferred
into a Teflon autoclave (100 mL) and heated at 130 °C for
3 h. After the autoclave had been water-cooled to the
ambient temperature, the resultant powders were separated
by high-speed centrifugation and washed by de-ionized
water for several times until the pH value of the rinsed
water reached about seven. Then, the powder was added
into 200 mL of 0.1 mol/L HCI and magnetic stirred for 1 h
to get a complete proton exchange. After the acid treat-
ment, the powders were washed again until pH value of the
rinsed water reached about seven. Finally, the specimens
were put in a drying oven at 70 °C for 12 h. A series of Ho-
TNS were prepared by changing the amount of Ho nitrate
solution added. The specimens were denoted as X % Ho-
TNS according to the Ho/Ti molar ratios (X = 0.1, 0.25,
0.5, 0.75, 1.0, 1.25, and 2.0). As a comparison, undoped
TNS was prepared under the same condition except adding
Ho nitrate solution. NaOH, HNOs3, and HCI were analyti-
cally pure and used without further purification.

Characterizations

The morphological features of the specimens were char-
acterized by field-emission scanning electron microscope
(FESEM, Hitachi S-4800), transmission electron micros-
copy (TEM, JEOL JEM-2010 [HT]), and high-resolution
transmission electron microscopy (HRTEM, JEM-2010
FEF) with an energy dispersive spectroscope (EDS). The
XRD patterns were obtained by a Bruker D8 advance
X-ray diffractometer using monochromatic Cu Ko radia-
tion (1 = 1.5406 A). The accelerating voltage and current
were 40 kV and 40 mA, respectively. The structures of
specimens were measured by Raman spectrometer (Horiba
LabRAM HR), with excitation wavelength of 488 nm and
output power of 5 mW. X-ray photoemission spectroscopy
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Fig. 1 FESEM images of P25 (a), undoped TNS (b), 1.0 % Ho-TNS (c¢), and 2.0 % Ho-TNS (d)

(XPS) measurements were collected on a Thermo VG
Multilab2000 using Al Ko as the excitation source. The
Brunauer-Emmett-Teller specific surface areas (Sggr) of
the specimens were determined by nitrogen adsorption—
desorption isotherm measurements at 77 K on a JW-BK
instrument. Ultraviolet—visible (UV—-vis) light DRS were
collected on a Shimadzu UV-2550 spectrophotometer with
integrating sphere attachment using barium sulfate as a
reference. A Hitachi FL4600 fluorescence spectrometer
(FL) with 500 V voltage and 205 nm excitation wave-
length was used to study the recombination efficiency of
electrons and holes. The record was ranging from 450 to
520 nm.

Photocatalytic performance evaluations

The photoactivities of the specimens were performed under
a 160 W high-pressure mercury lamp with 20 mg/L. RhB
(product of Sinopharm Group Co., Ltd.) as the target pol-
lutant. 0.10 g of specimens were suspended in 100 mL of
aqueous solution of RhB. One hour of adsorption time in
dark condition was allowed before exposure to light irra-
diation, and the residual concentration of RhB was deter-
mined to evaluate the adsorption capacity of specimens.
Water tank was used to slow down the increase of tem-
perature during irradiation. Every 30 min, 1.6 mL of the
suspension was withdrawn, centrifuged and analyzed for

residual RhB concentration by UV—vis absorbance spectra.
Visible light photocatalytic reaction was done under the
same condition with a cutoff filter (1 > 400 nm) covering
the beaker.

Results and discussion
Characterization results

Figure 1 shows the FESEM images of P25 and the pre-
pared specimens. The raw P25 nanoparticles (average
diameter of about 20 nm) can be seen clearly in Fig. la.
However, the unique nanosheet-like structures are obvious
and no P25 nanoparticles are found in Fig. 1b—d, which
demonstrate that after hydrothermal process, raw P25
nanoparticles almost convert to the nanosheet-like struc-
ture. In order to further study the morphological features of
the specimens, TEM and high-resolution TEM images of
prepared specimens are shown in Fig. 2. The result is
according with the FESEM images. The sheet-like struc-
ture can be seen clearly in Fig. 2, and no raw P25 nano-
particles are found in the TEM or HRTEM images. The
inset in Fig. 2f clearly shows that the interplanar distance
between adjacent lattice planes is ca. 0.54 nm, corre-
sponding to the (201) plane of H,Tiz;O; [11]. Some
researches suggest that P25 TiO, powders react with NaOH
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Fig. 2 TEM images and energy
dispersive spectrometer (EDS)
spectra of specimens: a TEM
image of undoped TNS;

b HRTEM image of undoped
TNS; ¢ TEM image of 1.0 %
Ho-TNS; d HRTEM image of
1.0 % Ho-TNS; e TEM image
of 2.0 % Ho-TNS; f HRTEM
image of 2.0 % Ho-TNS; g EDS
spectrum of 2.0 % Ho-TNS;

h EDS spectrum of undoped
TNS
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Fig. 3 XRD patterns of P25, undoped TNS, and Ho-TNS

solution to form a highly disordered phase containing
H,Ti;0; nanocrystals [11, 28]. Under the hydrothermal
conditions, TiO, nanoparticles are stripped into thin
lamellar fragments. After the process of stripping develops
to a certain extent, large amounts of Ti—O bonds are broken
to form H,Ti;O;. The transformation from TiO, to
H,Tiz07 is gradual; it proceeds from surface region and
then extends to center region. So, the Ti—O bonds on the
surface are broken firstly. During the breaking process of
Ti—O bonds, the O atoms are twisted or rotated, creating an
angle between Ti and O atoms. It can lead to the formation
of the lepidocrocite-type layers, which are suggested to be
the construction units in any layered titanate [29]. Then, the
thin lamellar fragments link with each other to form larger
planar nanosheets [11]. The energy dispersive spectrometer
(EDS) was measured in order to find compositional
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differences between Ho-TNS and undoped TNS. Figure 2g
and h shows the EDS spectra of 2.0 % Ho-TNS and
undoped TNS, respectively. The Ti and O elements have
been found in both spectra. However, the Ho element
located at 6.74 keV can be observed clearly in Fig. 2g
only, which can prove the existence of Ho. During the
measurement, lacey support films were used to support
specimens, which are the source of elements C and Cu.

The XRD patterns of P25, undoped TNS, and Ho-TNS
are shown in Fig. 3. The characteristic peaks of anatase and
rutile in the XRD of P25 are clear, strong, symmetric, and
sharp, which means that the TiO, in P25 is mostly crys-
talline in nature. However, the characteristic peaks in the
TNS are obviously broadened, and the intensities are very
weak. It indicates that the crystallinity of TNS stays at a
low level. The differences between P25 and undoped TNS
mean that under the hydrothermal process, the crystallinity
of TiO, was broken, and a highly disordered phase was
formed. In other words, most of P25 powders (crystal) had
been converted to nanosheet structure, which implies the
accomplishment of transformation from P25 (3D) to
nanosheets (2D) [11, 26]. The inset of Fig. 3 shows the
XRD spectra of Ho-TNS with different Ho/Ti ratios. It can
be seen that the XRD spectra of the specimens with dif-
ferent Ho/Ti ratios are similar. However, with increasing
Ho content, there appears to be a corresponding increase in
the intensity of (101) peak. The XRD patterns of Ho-TNS
suggest that Ho doping can affect the transformation from
T102 to HzTi3O7.

Raman Spectroscopy is used to further study the struc-
ture evolution of Ho-TNS. Obvious changes can be
observed at the position of 141 cm ™' in Fig. 4a. The main
E, mode at 141 cm™" is arising from the external vibration
of the anatase structure [30]. The Raman peaks at 271 and
449 cm™' are attributed to the break of symmetry in the
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1 I T
000 025 050 075 100 125 150 1.75 200
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Fig. 4 a Raman spectra of undoped TNS and Ho-TNS; b Raman intensity of E, mode (141 cm™") as a function of doping amount
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bent TiO¢ layers [31] and the presence of the 2D lepido-
crocite-type TiOg octahedral layers [32], respectively.
Figure 4b represents the relative intensity of the main E,
mode (141 cm™') as a function of doping amount. The
relative intensity increases linearly with the Ho doping
ratio increasing from 0 to 2.0 %. The intensity of E, mode
of the 2.0 % Ho-TNS is 3.05 times of that of undoped TNS.
It indicates that Ho doping can affect the transformation
from TiO, to H,TizO5, which is in accordance with XRD
data. We have analyzed the Raman spectra by Lorentzian
and Gaussian multi peak fitting. The results show some
general trends in the behavior of the full width at half
maximum (FWHM) of the main E, mode (141 cm™): with
Ho content increasing, the FWHM decreases from 16.22 to
14.11 cm™". Figure 4a also indicates the weak frequency
shift of the main E, mode. The decrease of FWHM and the
weak frequency shift of the main E, mode suggest that the
Ho doping may influence Ti—O lattice vibration.

@ Springer

X-ray photoemission spectroscopy was carried out to
determine the chemical composition and valence states of
specimens. By assuming that C Is line lies at 284.6 eV, the
calibration of the binding energy was accomplished and the
energy shift corrections due to the steady-state charging
effect were made. The XPS spectra were fitted by the
software of XPS Peak 4.1, and analyzed by performing a
Shirley background subtraction. XPS spectra of 2.0 % Ho-
TNS and undoped TNS are shown in Fig. 5. Figure 5a is
the survey spectrum of 2.0 % Ho-TNS. Figure 5b shows
the Ti 2py, and Ti 2ps,, binding energies: for undoped
TNS, they are 464.1 and 458.2 eV (space 5.9 eV) and for
2.0 % Ho-TNS they are 464.1 and 458.4 eV (space
5.8 eV), which are in excellent agreement with the litera-
ture data for TiO, [33]. This result reveals that Ti mainly
exists as the chemical state of Ti*". Figure 5c shows the
result of the O 1s fit spectra of 2.0 % Ho-TNS which
suggests different oxygen environment. The peak at
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530.1 eV is due to the O>~ ion in the TiO, lattice [34], the
peak at 530.8 eV represents the Ho—O-Ti bond [35], and
the peak at 531.9 eV should be attributed to the surface
hydroxyl group or chemisorbed water molecules on the
titania [36]. During the hydrothermal process, Ho are
mainly located on the surface of TNS and may affect the
transformation from TiO, to H,Ti30; by two approaches.
Firstly, Ho form Ho—O-Ti bonds with the broken Ti—O
bonds, which can affect the twisting or rotation of O atoms.
Secondly, the formed Ho—O-Ti bonds located on the sur-
face can inhibit the further stripping process of TiO,
nanoparticles in center region. Thus, formation of lepido-
crocite-type layers could be retarded. The XPS results
correspond to the XRD and Raman Spectroscopy, which
can explain the effect of Ho doping on the structure evo-
lution of Ho-TNS. The variation of the surface area with
different specimens is depicted in Fig. 6. After Ho doping,
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Fig. 6 Surface area of the specimens as a function of doping amount
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the Sger of specimens have the trend to reduce. The
reduction of Sggr is another evidence to prove this point.
After Ho doping, the transformation from TiO, to H,Tiz0,
is retarded, then the process of thin lamellar fragments to
link with each other forming larger planar nanosheets is
also delayed. The decrease of Sggr can be attributed to the
inhibited formation of TNS. However, due to the small
amount of doping (<1.0 %), Sger do not change much.

Effect of Ho doping on photoelectric property

Figure 7a shows the UV-vis DRS of specimens, which
indicates the influence of Ho doping on the UV-vis
absorption. Comparing with the undoped TNS, a red-shift
of the absorption profile is observed. The absorption edge
shifts to a longer wavelength depending on the content of
Ho. In order to signify the specifications of the specimens,
the spectra in 350-450 nm are enlarged (inset in Fig. 7a).
The results may be attributed to the charge transfer
between 4f electrons of Ho ion and the TiO, conduction (or
valence) band [25]. Moreover, it is noticeable that the light
absorption is higher than that of undoped TNS in the range
of 400—-600 nm, and reinforces with increasing Ho content.
This might be ascribed to the broad absorption band of Ho
ion [25]. Using the Kubelka—Munk function [37], the band-
gap of the TiO, material can be calculated by the absorp-
tion edge position according to the formula E, = 1240/,
where A is the intersection of the tangent along the
absorption edge and wavelength axis. With the doping ratio
increasing from O to 2.0 %, the band-gap of specimens
receives obvious modulation, reducing from 3.18 to
3.07 eV, as shown in Fig. 7b. The ability of response to
irradiation is becoming constantly stronger with increasing
Ho content, which means that the Ho-TNS may release
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Fig. 7 UV-vis diffuse reflectance spectra (DRS) of undoped TNS and Ho-TNS
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Fig. 9 Adsorption capacity of undoped TNS and Ho-TNS under
20 mg/L RhB in dark for 60 min

more electron-hole pairs than undoped TNS under the
same irradiation.

Fluorescence spectra have been widely used to investi-
gate the efficiency of charge carrier trapping, immigration,
transferring, and the fate of electron—hole pairs in semi-
conductor particles [38, 39]. As FL emission mainly results
from the recombination of excited electrons and holes, a
lower FL intensity indicates a lower recombination rate of
electron—hole and higher separation efficiency under the
same test conditions [27]. Figure 8 shows the FL spectra of
undoped TNS and Ho-TNS with different Ho/Ti ratios.
These four FL signals are due to excitonic FL, which
mainly result from surface oxygen vacancies and defects of
the samples. The FL peaks at 451 and 468 nm are attrib-
uted to band edge free excitons, and other two peaks at 483
and 493 nm are attributed to bound excitons [40, 41]. The
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suppression of FL intensity is obtained with the increasing
Ho content. It demonstrates that Ho located on surface may
act as electron-trapped agents and thus promote electron
separation and transfer effects.

From the above results, we can draw a conclusion that
with increasing Ho content, the specimens exhibit higher
electron—hole separation efficiency, and their absorption
edges shift to a longer wavelength. Meanwhile, the for-
mation of TNS is delayed and the Sggr of specimens
decrease. These results imply the existence of an optimal
concentration of Ho to reach the best photoactivity.

Adsorption capacity and photocatalytic performance
evaluations

The adsorption capacities of specimens under 20 mg/L
RhB are shown in Fig. 9. The adsorption capacities drop
rapidly after Ho doping. This phenomenon might be
ascribed to the decrease of Sggr, which may reduce the
opportunities for RhB molecules to contact with speci-
mens. In addition, the formed Ho—O-Ti bonds located on
the surface may change the surface charge distribution.
Thanks to RhB molecules showing electropositivity in
aqueous solution, the enhancement of absorption capacity
of undoped TNS is accomplished via adsorbing opposite
charged molecules. The formed Ho—O-Ti bonds weaken
the electronegativity of specimens, which will lead to the
reduction of adsorption capacities. Both reasons attribute to
Ho doping, suggesting that Ho doping can reduce the
adsorption capacities of specimens and alter the surface
structure of specimens.

Photoactivities of specimens were estimated by measur-
ing the degradation rate of RhB under UV—vis or visible light
irradiation. Figure 10a shows that when the doping ratio is
low (<1.0 %), the UV—vis photoactivity is positively related
to doping ratio, and reaches the maximum with 1.0 % dos-
age. However, the photoactivity decreases rapidly when the
doping ratio is more than 1.0 %. The photocatalytic degra-
dation of RhB is a pseudo-first-order reaction, and its kinetics
equation may be expressed by —In(C/Cy) = Kt, where K is
reaction rate constant, and C, and C, are the concentration of
RhB at the beginning of illumination and the reaction con-
centration at the time ¢, respectively.

The reaction rate constants (K) have been calculated,
and the results are shown in Fig. 10c. The K values indicate
that the photocatalytic degradation rate of the 1.0 % Ho-
doped TNS is 1.67 times of that of undoped TNS and 3.94
times of that of P25, respectively. Moreover, Fig. 10b and
d shows the visible light photoactivity, which exhibits a
very similar change trend with the increasing Ho ion
content. The photocatalytic degradation rate of the 1.0 %
Ho-TNS is 1.90 times of that of undoped TNS and 12.38
times of that of P25, respectively.
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Fig. 10 Photocatalytic degradation of RhB under UV—-vis light (a) and visible light (b); the reaction rate constant (K) values under UV-vis light

(c¢) and visible light (d)

Mechanism discussions

The photoactivities of Ho-TNS may be affected by many
variables, such as Sggr of specimens, the shift of adsorp-
tion edge, photogenerated electron—hole separation, and the
change of adsorption capacity. Now we discuss how Ho
have contributed to these variables and the possible
mechanisms for the enhanced photoactivity of Ho-TNS.
Under the hydrothermal conditions, Ho are mainly located
on the surface of TNS and form Ho—O-Ti bonds. Then, Ho
can impede the formation of nanosheets, which will lead to
the reduction of their Sggr. The formed Ho—O-Ti bonds
will change the charge distribution on the surface of
specimens. Consequently, the adsorption capacities of
specimens decrease rapidly. They would have negative
effect on photoactivities of specimens. However, FL. and
DRS spectra indicate that Ho doping can promote electron
separation effects and red-shift absorption edges. These

phenomena can be explained by electron transfer mecha-
nisms. As self-sensitive dyes, after irradiation, the RhB*
molecules (excited RhB) chemisorbed on the surface of
photocatalysts may inject electrons into the conduction
band of TiO,, which can lead to the visible photoactivity of
undoped TNS, as illustrated in Fig. 11 (pathway I). The
electron transfer mechanisms are different under visible
light and UV light, for electrons cannot be excited from the
valence bands of Ho-TNS into conduction bands directly
merely under visible light irradiation. When visible irra-
diation is imposed, electrons can be excited by visible light
from the valence bands into Ho 4f levels at first which is
located just below Ti 3d levels. Then, they are excited into
conduction bands of Ho-TNS (pathway II). This process
can decrease the band-gap of specimens and lead to the
red-shift of absorption edge, which are in accordance with
the DRS data. In addition, Ho can be used as electron traps
for the reason that the Ho contains incomplete 4f orbitals,
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Fig. 11 The possible electron transfer mechanisms of Ho-TNS

which can trap photogenerated electrons (pathway III).
Because the capacity of Ho 4f level to capture electrons is
relatively weak, the electron transfer between self-sensitive
RhB* and Ho 4f level would not take place, and the high
doping amount (2.0 %) would not cause too much
recombination centers for photogenerated electrons. This
process indicates that Ho doping can promote electron
separation and transfer effects, which are in agreement with
FL spectra. When UV irradiation is imposed, apart from
the existence of the three pathways discussed above,
electrons can also be excited from the valence bands of Ho-
TNS into conduction bands directly (pathway IV). In
summary, the photoactivity of specimens may be affected
by above mentioned variables. The effects of variables play
different roles in photocatalytic process with different Ho
doping ratios. When the doping ratio is low (<1.0 %), the
enhanced electron-hole separation and the red-shift of
adsorption edge play dominant roles, so the photoactivities
of Ho-TNS increase. However, when the doping ratio is
above 1.0 %, the effects of the decreased Sgpr and
adsorption capacities will reduce the photoactivities of
specimens. Thus, the change trend of photoactivity can be
observed in Ho-TNS under UV-vis light and visible light
irradiation.

Conclusions
In our study, Ho-TNS was prepared via a sample hydro-
thermal method using Degussa P25 and Ho nitrate. Ho

doping was conducted in the formation process of TNS and
formed Ho—O-Ti bonds on the surface. Ho doping can

@ Springer

affect the transformation from TiO, to H,TizO; and the
formation of nanosheets. After Ho doping, the specimens
have high electron-hole separation efficiency and their
absorption edges shift to a longer wavelength, band-gap
reduces from 3.18 to 3.07 eV; however, the Sggr and
adsorption of RhB decrease. These phenomena are attrib-
uted to the electron transfer mechanisms and the inhibited
transformation from TiO, to H,TizO5. The specimen with a
doping ratio of 1.0 % (molar ratio) reaches the best
photoactivity for degrading RhB, which is 1.67-fold and
3.94-fold higher compared with undoped TNS and P25
under UV-vis light, and 1.90-fold and 12.38-fold higher
compared with undoped TNS and P25 under visible light,
respectively. With this superiority, the photocatalyst may
have a good application prospect in dealing with dye
wastewater.
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