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In this presented work, pure and holmium, niobium, and holmium—niobium co-doped titanium dioxide
nanopowders were synthesized by the sol-gel method. Their morphological, structural, optical, and pho-
tocatalytic properties were analyzed by scanning electron microscopy, X-ray diffraction, and UV—visible
spectrophotometer. The photocatalytic activities of the synthesized nanopowders were examined using
ultraviolet light. The results have shown that doping both with a single (holmium, niobium) or two
types of elements (holmium-niobium) have significantly changed the properties of titanium dioxide. It
was concluded that, compared with others, the holmium-niobium co-doped sample has the smallest
crystal size. Other values, such as forbidden band gap and kinetic constants, are in the range of the
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data obtained for single-element doping.
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1. Introduction

Rapid developments in industry and technology
cause an increase in the consumption of natural re-
sources and environmental pollution. This wild con-
sumption and pollution seriously harm both the en-
vironment and human health. As specified in the
United Nations’ 2018 World Water Development
Report, over 2 billion people do not have access
to clean drinking water and sanitation. Due to the
rapidly increasing population, as well as the de-
crease in natural water resources and the increase
in water pollution, the demand for water will in-
crease by about a third by 2050 [1]. Therefore,
new wastewater treatment methods have been de-
veloped, such as membrane filtration [2], sludge sed-
imentation [3|, ozonation [4], centrifugation [5], and
photocatalysis [6]. Among the cleaning methods,
photocatalysis is known to be an environmentally
friendly, low-cost, widely used, and reusable pro-
cess. Since the publication of a pioneering article
on water photoelectrolysis by ultraviolet (UV) light
using a titanium dioxide (TiO3) photoanode [7],
metal oxide semiconductors have been used widely
as photocatalysts. Apart from TiOs, many metal
oxide semiconductors, such as ZnO, CdO, SnOs,
CuO, BiVOy,, etc. have been used tremendously in
the last semicentennial. Among these semiconduc-
tors, TiO; is one of the most common n-type semi-
conductors and has widespread applications from
photocatalysis to solar cells and sensors [8-11]. Al-
though it attracts attention with its stability, low
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cost, non-toxicity, and converting harmful organic
compounds in water to harmless compounds under
UV light, it has disadvantages such as relatively
large band gap energy (3.2 eV) and high rate of
electron and hole (e~ /h™) recombination [12-14]. In
order to overcome these shortcomings, some strate-
gies have been developed, such as dye sensitization
of TiOq, heterojunction with different semiconduc-
tors, defect formation in TiOs, and doping of TiO4
with various materials [15].

Doping with metals or nonmetals has been
deemed an important approach that enhances the
structural, morphological, and optical properties of
the material and, as a consequence, its photocat-
alytic properties. There are two main factors that
affect the doping: (i) capturing of photogenerated
e~ /h* pairs to form the radicals (ii) acting as a trap
to decrease the recombination rate. Extensive liter-
ature has been developed on metals or nonmetals
doping into TiO3. Among the metals, transition
metals have been used extensively in the doping of
TiO5 due to their photocatalytic activity enhancing
properties. With transition metal doping, the con-
duction band of titanium overlaps with the d levels
of the transition metals, and the band edge of TiO4
is redshifted [16]. Also, charge carrier recombina-
tion is suppressed with transition metal doping to
TiO;. Devi et al. doped Mn, Zn, and Ni into TiOs
and investigated the photocatalytic performances
of the doped catalysts using the decomposition of
aniline blue under both UV and solar light [17].
Considering these doped catalysts, it was seen that


http://doi.org/10.12693/APhysPolA.143.75
mailto:teomanozturk@selcuk.edu.tr

Y. Karaduman et al.

Mn-doped TiO; displayed the best performance due
to its synergetic effect, smaller crystallite size, and
electron trapping properties. Chauhan et al. [18] en-
hanced the photocatalytic efficiency of titania with
Mn dopant and also measured the band gap of the
doped nanoparticles as 2.95 eV. Sood et al. [19] fab-
ricated Fe-doped TiO, nanoparticles by ultrasonic-
assisted hydrothermal routine and applied them
as potent photocatalysts in the decomposition of
paranitrophenol. Barakat and co-workers [20] ex-
amined the UV degradation of 2-chlorophenol us-
ing cobalt (Co) doped TiOy nanoparticle catalysts,
which were produced by a sol-gel procedure. Ma
et al. [21] produced vanadium (V) doped TiO4 cat-
alysts via solution combustion synthesis. The effects
of different concentrations of V doping on the pho-
tocatalytic properties were scrutinized by photocat-
alytic decomposition of methyl orange under visi-
ble light illumination. Alim and his co-workers [22]
reported the photocatalytic efficiency of tantalum
(Ta) doped TiO4 annealed at different temperatures
(1373 and 1673 K) in reducing rhodamine B (RhB)
and methylene blue (MB) under a solar simulator.
The photocatalytic activity of the material annealed
at a low temperature is higher than that of the
material annealed at a high temperature. Among
the transition metals, niobium (Nb) provides bet-
ter photocatalytic performance to TiO2 and affects
its crystal structure, morphology, and optical band
gap energy [23]|. In an important study, Joshi and
co-workers [24] deposited Nb™>-doped TiOs films
on glass substrates and analyzed the effect of Nb
doping on the characteristic properties. They con-
cluded that crystal size diminishes as the concen-
tration of dopant increases. The photocatalytic effi-
ciency of the pure and doped thin films was also
observed under UV irradiation, and the highest
photodegradation has been measured for 12 at.%
of Nb:TiOs thin films. Kong et al. produced Nb-
doped TiO5 microspheres and examined the pho-
tocatalytic performances of the microspheres with
different Nb dopant concentrations [25]. These pho-
tocatalysts exhibited better results for the degrada-
tion of gaseous acetaldehyde under visible light but
worse under UV light. More recently, Nb(z)/TiOq
nanocomposites were obtained by using different
molar ratios of Nb, and the reduction of red phe-
nol with these nanocomposites was studied using
ultraviolet—visible (UV-Vis) light illumination by
Almulhem and co-workers [26].

Another notable type of doping is the lan-
thanides, which were used because of their unique
4f electron configuration. With this unique elec-
tron structure, f orbitals of the lanthanides as-
semble complexes with Lewis bases [27]. In litera-
ture, numerous works state that the doping of TiO9
with lanthanides delays the recombination rate
of the photogenerated e~ /h™ pairs. For example,
Spadavecchia et al. [28] produced nanostructured
Pr3t-doped TiO, samples employing classical sol—
gel routine and investigated their electrochemical
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properties. The results showed that doping the ti-
tania with Pr3* has reduced the charge recombi-
nation rates. Li et al. [29] applied the solvothermal
method to prepare five kinds of rare earth elements
(Eu®t, Pr3t, Nd3*, Gd®T, and Y3*)-doped titania
nanocomposites. The morphology, phase structure,
surface distribution, and optical features of the com-
posite structures have been presented. When the
photocatalytic activity of the nanocomposites was
examined through the decomposition of partially
hydrolysis polyacrylamide, it was observed that the
doped ones exhibited better photocatalytic activ-
ity than the pure TiO5. Stengl et al. [30] obtained
lanthanide-doped titania nanoparticles using a se-
ries of rare earth elements (La, Ce, Pr, Nd, Sm, Eu,
Dy, Gd) via homogeneous hydrolysis. The photo-
catalytic properties of the nanoparticles have been
examined by monitoring the decomposition of Or-
ange II under UV or visible-light illumination, and
it was found that Nd gave the best results. In an-
other study, reported in 2016, Pr-doped TiO5 pho-
tocatalysts were used to evaluate the degradation
efficiency under UV light employing azo dyes [31].
In this study, the mineral form of bentonite clay was
used to expand the surface area of the Pr-doped
TiOs composite photocatalysts. In the study re-
ported in 2020 by Ameen and Arif [32], holmium
(Ho®**) doped TiO; solid lasing active materials at
different concentrations were fabricated using the
sol-gel method. The calcined temperature of the
pure and doped titania nanostructures was set to
500°C, and thus, the X-ray diffraction (XRD) anal-
yses exposed the anatase phase of the specimens.
In this study [32], it was stated that the grain size
of doped titania varies more randomly compared
to the pure samples according to XRD results. It
has been suggested that the produced materials
can be used in laser applications. Shi et al. [33]
used tetra-n-butyl titanate as a precursor and pro-
duced the pure and Ho?*t-doped TiO» nanoparticles
via sol-gel routine. It was stated that the addition
of Ho?t to the structure has reduced the crystal-
lite size, expanded the crystalline TiO matrix, and
hence helped to improve the photocatalytic activ-
ity of TiOy. The optimum Ho?* concentration was
obtained as 0.3%, and a blue shift and two peaks
at 450 and 540 nm have been observed in the ab-
sorption measurement. Very recently, TiO5 and Ho-
doped TiOs nanoparticle studies were performed
to investigate the photocatalytic activity using the
photodegradation of safranin O dye. Also examined
were DNA binding potential as well as antibacterial
and antioxidant activities, and it was observed that
the Ho-doped TiO2 sample gave better results than
the pure one [34].

Although doping the TiO5 with a single-type ele-
ment reduces the recombination of photogenerated
e~ /ht pairs, it causes some problems, such as loss
of thermal stability and dopants in the preparation
process. Therefore, over the past decade, scientists
have turned their attention to doping TiOs with two
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or more types of elements. Some works stated that
doping TiOy with two or more types of elements
improves both the recombination rate and the op-
tical response of a material more efficiently com-
pared to a single element [35-40]. For example, pure
and Fe, Ho, and Fe-Ho co-doped TiO, nanopar-
ticles were produced and investigated by Shi and
co-workers [35]. It was concluded that Fe3* doping
has expanded the absorption range and increased
the number of photogenerated e~ /h™ pairs. Ho3"
doping has limited the increase of grain size, led to
crystal growth and matrix degradation, and delayed
the recombination of photogenerated e~ and h¥
pairs. It was also stated that the photocatalytic ac-
tivity of co-doped TiO, has significantly improved
due to the synergistic effect of doping materials. In
another important study, Peng et al. [41] investi-
gated pure and Sm, C, and mixed phase Sm- and
C-doped TiOs nanoparticles, which were produced
using a facile sol-gel procedure. In their study, the
absorption region of Sm and C-doped TiOs was
shifted to the visible-light region, and the grain
size decreased. Also, the synergistic effects of the
nanopowders (NPs) enhanced the photocatalytic
activity, which was evaluated via the decomposition
of MB. The best photocatalytic activity results were
observed for Sm—C co-doped TiO5 NPs. In the work
presented by Ma and co-workers [42], pristine, Sm,
and Sm-N co-doped TiOs photocatalysts were ob-
tained via the coprecipitation method, and the ex-
perimental characterizations were performed. These
results showed that Sm doping inhibited the crys-
tal size expansion and conversion from anatase to
rutile. They also investigated the photocatalytic ef-
ficiencies of the photocatalysts for the decomposi-
tion of salicylic acid using visible light and stated
that Sm—N co-doped TiOs exhibited the best per-
formance. In another notable work, Wang et al. [43]
synthesized Y and Eu co-doped TiOs nanoparticles
through a sol-gel procedure and investigated their
photocatalytic activities by monitoring the degra-
dation of MB under UV light irradiation. Very re-
cently, the high photocatalytic efficiency of Nd, Nd—
Y, and Nd-Sm co-doped TiO5 nanoparticle photo-
catalysts was confirmed by implementing the de-
composition of azo dye Orange G [44]. The stability
and recyclability of all photocatalysts used in this
study were investigated, and it was found that the
best stability was shown by Nd-Y co-doped TiO4
nanoparticles.

In the literature, there are scarce reports of
the doping of TiOs photocatalysts along with lan-
thanide and transition metal. According to the in-
formation we have obtained from the literature sur-
vey, no previous research has investigated the mor-
phological, structural, optical, as well as photocat-
alytic properties of Ho-Nb co-doped TiO4 NPs. For
this purpose, pure and Ho (1 M%), Nb (1 M%), and
(1 M%) Ho-Nb (1 M%) co-doped TiO2 NPs were
prepared by the sol-gel method. Analytical tools
were implemented, such as XRD, scanning electron
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microscopy (SEM), and UV-Vis spectrophotometer
analyses, respectively. The photocatalytic activity
of the photocatalysts was also evaluated by observ-
ing the degradation of MB solution under UV light
illumination. The effect of co-doping was analyzed
by comparing the results which were obtained for
pure and single-element (Ho, Nb) doped TiO5 sam-
ples separately. According to the results, Ho-doped
TiO, sample showed the best photocatalytic activ-
ity among the used photocatalysts.

2. Experimental procedure

2.1. Materials

Titanium tetraisopropoxide (98%) was purchased
from Across. Holmium (III) nitrate pentahydrate
(99.9%), niobium (V) chloride (99%), and methy-
lene blue were supplied from Sigma-Aldrich. Abso-
lute ethanol (99.8%) was supplied from Honeywell.
Acetic acid (glacial) was ensured from Merck. All
chemical materials and reagents were used as re-
ceived, without further purification.

2.2. Preparation of nanopowders

Pure and Ho (1 M%), Nb (1 M%), and Ho-Nb
(1 M%) co-doped samples were fabricated by the
sol-gel method [45], which is given in the following
steps:

1. Titanium tetraisopropoxide (TTIP) (3.4 ml)
was solvated in 16 ml of absolute ethanol un-
der stirring at 500 rpm for 20 min.

. Taking 16.6 ml of ethanol (95%), it was mixed
with 6 ml of acetic acid and subsequently
added very slowly to the solution given in the
first step.

. The final solution was stirred for 2 h to ob-
tain gel formation and then aged for 2 days in
a dark, closed place.

. It was dried at 353 K and grounded in
an agate mortar.

. TiO2 powder was calcinated in the oven for
3 h.

In order to obtain doped powders, Ho and Nb were
added to the mixture given in the second step.

2.3. Photocatalytic characterization steps

The photocatalytic characterization steps can be
summarized as follows:

1. Aliquot 366 ul of MB was added into 25 ml of
deionized water and stirred for 30 min in dark
condition.

. Some amount of solution was taken from the
beaker and poured into a quartz cuvette. Its
absorbance peak was measured by a UV spec-
trometer (JASCO V-670).

. After weighing 10 mg of photocatalyst, it was
added to the dye solution and placed in the
photoreactor.
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Fig. 1.

. Stirring of the solution was carried out for
30 min in a dark medium to establish the
adsorption-desorption equilibrium.

5. Some amount of the suspension was taken by
pipette from the beaker, and then TiOs pow-
der was removed from MB solution by cen-
trifuging it for 2 min.

. The absorbance of the centrifuged liquid was
measured again using the spectrophotometer
(In this stage, the peaks of two curves over-
lapped each other as expected.).

. The solution in a quartz tube was poured into
the sample suspension, and the catalyst was
dispersed by a vortex machine to obtain a ho-
mogenous solution.

. The sample solution was added to the main
suspension and stirred under UV light for
10 min.

. The steps from 5 to 8 were repeated with reg-
ular time intervals of 10 min.

3. Results and discussion

3.1. Morphologies of the nanopowders

In Fig. 1, the SEM pictures of the pure and doped
TiO4 NPs are shown. It is obvious that doping has
changed the morphological structure of all samples.
It is noticeable that both Ho and Ho—Nb co-doped
samples have a larger surface area, which absorbs
photons than other samples.
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SEM pictures of (a) pure and (b) Ho, (c) Nb, (d) Ho-Nb co-doped TiO2 NPs.

3.2. XRD analyses of the nanopowders

XRD analysis was applied to reveal the crystal
structures, phases, and crystal sizes of the pure and
Ho, Nb, and Ho—Nb co-doped TiOs NPs. XRD pat-
terns of the specimens are presented in Fig. 2. When
the diffraction patterns were examined, it was con-
cluded that the peaks which occur at 25.49°, 38.07°,
48.24°, 54.17°, 55.23°, 62.88° belong to the anatase
phase of TiOs. In the XRD patterns, no peak cor-
responding to the elements of doping was encoun-
tered. This result can be attributed to the dop-
ing concentration being smaller than the detection
level of the XRD detector. On the other hand, the
change in the width and sharpness of the peaks re-
veals the presence of dopants in the crystal struc-
ture. The crystal size of all the samples has been
evaluated using the Scherrer equation to be around
10-22 nm [46]. From Table I, it can be deduced
that while the crystal size decreases with Ho dop-
ing, it significantly increases with Nb doping. Fur-
thermore, it is interesting that with the addition of
both dopants to the structure, there is a remarkable
decrease in the crystal size.

3.3. Optical properties of the nanopowders

The optical features of the synthesized NPs were
determined by observing the change of the ab-
sorbance curves of the pure and doped samples in
the range of 300700 nm through the UV-Vis spec-
trophotometer. When the results were interpreted,
it was concluded that the existence of dopants in
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Fig. 2. XRD spectra of the pure and doped sam-

ples. Black, red, blue, and green lines show pure and
Ho, Nb, and Ho—Nb co-doped TiO2, respectively.

TABLE I

Crystal parameters of the pure and doped samples.

Doping 20 8 (FWHM) | Crystal
percentage | [Degree] [rad] size [nm]
(OM %) Pure 25.4956 | 0.009721 |14.46138497
(IM %) Ho 25.48688 | 0.010078 |13.94946128
(IM %) Nb 25.4963 0.00643 | 21.86186987
(IM %) Ho-Nb | 25.46627 | 0.012461 |11.28103014

co-doped

the TiOs structure changes the absorption proper-
ties noticeably. Furthermore, E, (forbidden band
gap) of samples have been calculated with the well-
known Tauc equation [47], using the data which
were obtained from the absorbance spectrum

(ahv)"™ = A(hw — E,), (1)
where « is the absorption coefficient, h is the
Planck’s constant, v is the frequency of the inci-
dent photon, and A is the constant. Here, n hinges
on the optical transition type of a material (which is
equal to 1/2 for TiOg, which has a direct pass band
gap [48, 49]). In addition, the product of h and v
gives the energy of the incident photon (hv).

In Fig. 3b, a variation of (ahv)® vs hv is pre-
sented. The values of E, have been calculated from
the point where the lines drawn from the linear part
of the curves intersect with the x coordinate. The
results show that doping reduces the band gap val-
ues considerably. In other words, the inclusion of
dopants in the structure has expanded the optical
absorption range of the semiconductor.

3.4. Photocatalytic properties of the nanopowders

The photocatalytic activities of pure and Ho,
Nb, and Ho—Nb co-doped powders have been de-
termined by measuring the concentration of MB
solution observed by a UV-Vis spectrophotometry.
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Fig. 3. (a) UV-Vis absorption spectra of (a) the

pure and doped TiO2 powders. (b) Band gap energy
values determined from absorbtion values (black,
red, blue, and green colored curves show pure and
Ho, Nb, and Ho—Nb co-doped TiOg, respectively.).

As shown in Fig. 4, the curves given for 0 and 30 min
represent the absorbance values of MB in dark con-
ditions. The other curves show the degradation of
MB solution subjected to 6 times 10 min UV illu-
mination. As expected, the absorbance values taken
at the beginning and after 30 min almost overlap
with each other for all samples. Furthermore, all
absorbance peak values diminish with time. Com-
paring the peaks of the curves after 60 min illumi-
nation, one can say that all doped samples degraded
the MB faster than the pure one.

Detailed analysis of the photocatalytic efficiency
of the produced photocatalysts might be performed
by using the relations depicted below

degradation of MB = (1 - ?) x 100%,  (2)

0
—In (g;) = kt. (3)

Here (2) shows the percentage degradation of MB
and Cy and C; are concentrations at the be-
ginning and after illumination, respectively [50].
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Fig. 4. Degradation of MB with time. (a) Pure, (b) holmium, (c¢) niobium, (d) holmium-niobium co-doped
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Fig. 5. (a) Change of C;/Cy with time; (b) variation of —In(C;/Cy) with time; (c) kinetic values of the pure
) b

and the doped powders (black, red, blue, and green lines show pure and Ho, Nb, and Ho—Nb co-doped TiOx,

respectively).

The kinetics of MB degradation can be obtained
from (3), which is a pseudo-first-order equation [51].
As seen in (3), k is the pseudo-first-order rate
constant which expresses the linear relation of
—In(C;/Cy) with time ¢t in agreement with the
Langmuir-Hinshelwood [52-54] model.

The photocatalytic efficiencies of the pure and
Ho, Nb, and Ho—Nb co-doped TiOs NPs were cal-
culated by using (2) and can be given as 53.78%,
58.12%, 54.61%, and 56.85%, respectively. Here, it
can be easily seen that all results obtained for doped
samples exceed those obtained for the pure one.
As expected, C;/Cy ratio values decrease exponen-
tially with illumination time, as given in Fig. 5a.

80

The variation of —In(C;/Cp) with time is given
in Fig. 5b. The slope of the lines offers the kinetic
constant of photocatalysts, which were depicted as
column graphs in Fig. bc. From the results one
can say doping has improved the k values for all
samples. This improvement is more striking for the
holmium-doped sample. Furthermore, the kinetic
value of the co-doped sample is slightly higher than
those calculated for the niobium-doped sample.

As the holmium-doped sample showed the best
photocatalytic performance (Fig. 5), it was specifi-
cally selected as a catalyst for the recycling reusabil-
ity experiment [55, 56]. After each run, the pho-
tocatalyst was centrifuged, washed, and dried, and



Investigation of Structural, Optical and Photocatalytic Properties. . .

1.00 1st cycle 2nd cycle 3rd cycle
—
0.95 -
0.90 4
O 0.85+
iy
0.80 4
0.75 4
N\
0 30 60 120 150 210 240 270
t [min]
Fig. 6. Recycling test of Ho doped TiO2 photocat-
alysts.

then added to a new MB solution. The recycling
results of the photocatalytic degradation of MB by
using Ho-doped TiOy NPs are shown in Fig. 6. The
results demonstrated that the photocatalytic activ-
ity of Ho-doped TiO2 NPs decreased by about 13%
after three successful cycles. It is considered that
the loss of the amount of the photocatalyst during
the centrifugation caused the reduction of the pho-
tocatalytic activity [57]. Therefore, it was concluded
that Ho-doped TiOy NPs are stable and reusable.

4. Conclusions

The pure and Ho, Nb, and Ho—Nb doped TiO,
NPs were fabricated via a facile sol-gel method. The
morphological, structural, and optical properties of
powders were analyzed by SEM, XRD, and UV-Vis
spectrophotometer. When the XRD patterns of the
pure and doped powders were examined, it was de-
duced that all the peaks correspond to the anatase
phase of TiOs. Peaks belonging to dopants were not
encountered. However, a change in the width and
the height of the peaks has indicated that dopants
have been incorporated into the structure. When
the crystal sizes of the materials are compared with
each other, it can be concluded that the crystals
of Nb-doped material are the biggest and those of
Ho-Nb co-doped material the smallest ones. In ad-
dition, the materials having the smallest and the
largest forbidden band gaps were Nb- and Ho-doped
ones, respectively. Doping increased the photocat-
alytic efficiency of all materials under UV irradi-
ation. Compared with others, this increase is most
considerable in the Ho-doped sample. The recycling
photocatalytic performance of the holmium-doped
sample were also examined. Calculations have indi-
cated that the catalyst remains stable and reusable
after three cycles.

From the overall results, one can conclude that
doping has strongly changed all the properties of
TiOs. It is noteworthy that there is a remarkable
decrease in the crystal size when TiOs is co-doped
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by Ho and Nb. On the other hand, other characteris-
tic values obtained for co-doped powder were mostly
placed between the single-element-doped ones.
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