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ABSTRACT: Ln(IO;); (Ln Ce, Nd, Eu, Gd, Er, Yb)
polycrystals were hydrothermally synthesized using lanthanide
nitrate or lanthanide oxide and iodic acid as precursors. X-ray

diffraction was used to characterize the crystal structures of the
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ultraviolet light irradiation, and the Ln(IO;); products show
excellent photocatalytic properties. To rule out the effect of
photosensitization, 2,4-dichlorophenol was also photodegraded. As
one of the key factors of photocatalysis, ultraviolet—visible diffuse reflectance spectra of the Ln(IO;); samples were also studied,
and all products have strong absorption in the ultraviolet region.
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B INTRODUCTION

In the periodic table, from element 57 (La) to element 71 (Lu),
there are 1S kinds of elements composed of lanthanide (Ln)
elements, also known as rare-earth elements, together with Sc
and Y. The content of Ln elements in the earth’s crust reaches
0.01534, so the rare-earth element is not rare in fact. China is
rich in Ln reserves, and leads the world in this regard. The
outmost two electronic shells of Ln elements are similar, and
the inner 4f electronic shells are different. The outmost
electrons can shield inner electrons, so the 4f electrons have a
very minimal impact on the chemical properties of Ln
compounds. Therefore, the structural, electronic, and energetic
properties of Ln elements are similar, and these metals display a
predominantly trivalent chemistry." Ln-based compounds have
been found to exhibit good efficiency in fields such as
luminescence,” ® proton-conductivity,”® catalysis,” "' and gas
storage.lz’13

Recently, Ln elements have been widely used in photo-
catalytic applications'*™'® as doping ions in traditional
photocatalytic materials like TiO,,'”'® BiOCL' CdS,* etc. In
these photocatalytic systems, Ln elements act as upconverter
that sum the energies of near-infrared (NIR) quanta to emit a
quantum of higher energy. For instance, in Qin’s study,'” the
YF3:Yb3+, Tm?>"/TiO, core/shell nanoparticles absorb NIR
light and emit ultraviolet (UV) light, and TiO, is excited to
generate holes and electrons by UV light. Li et al.'* synthesized
BiOCL:Er**/Yb* polycrystallines in which UV, violet, green,
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red, and NIR upconversion emissions have been observed from
Er’* jon under the 980 nm excitation. Nevertheless, the
photocatalytic properties are very poor, and the efficiencies are
very low. Importantly, Ln compounds can also absorb UV light,
but the photocatalytic properties under UV light still remains
unexplored. Lately, our group has first employed BiOIOj; to dye
photodegradation and reported its excellent photocatalytic
property.”’ Todates have become a kind of promising
photocatalyst and have a promising application. Ln elements,
which are used as luminescent materials, are diversiform and
abundant in the earth. It is very meaningful to study the
properties of Ln elements and make Ln materials widely used
in various domains. We followed our previous research about
BiOIO; to study the photocatalytic properties of Ln iodate
materials to extend Ln elements’ potential usage. To our
knowledge, there have been no reports on directly utilizing Ln
iodate compounds as photocatalytic materials.

We hypothesize that Ln compounds can be used in
photocatalysis. In this study, some Ln(IO;); compounds (Ln
= Ce, Nd, Eu, Gd, Er, Yb) were hydrothermally synthesized and
studied for their photocatalytic properties. Ln(NO,); or Ln,O4
and HIOj;, which are environmentally friendly, were used as the
sources of Ln and 10;, respectively. UV—vis (vis = visible)
diffuse reflectance spectra (DRS) of the Ln(10;); samples were
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Figure 1. XRD patterns of as-prepared and standard Yb(IO;); (a), and other Ln(I10;); products (b).

studied, and all products have strong absorption in the UV
region. We evaluated the photocatalytic efficiency by
decomposing methyl orange (MO) dye under UV irradiation.
To exclude the effect of photosensitization, 2,4-dichlorophenol
(2,4-DCP) was also photodegraded.

B EXPERIMENTAL SECTION

Preparation. The chemicals were analytic reagents without being
purified. In a typical process, 2 mmol of lanthanide nitrate Ln(NO;),
or 1 mmol of lanthanide oxide Ln,O; (Ln = Ce, Nd, Eu, Gd, Er, Yb)
was put into 80 mL of distilled water under magnetic agitation. After
that, 6 mmol (1.056 g) of iodic acid was mixed with the aforesaid
suspension. The mixture was stirred for 1 h to disperse uniformly and
transferred to a 100 mL Teflon-lined stainless-steel autoclave.
Afterward, the reactor was treated and maintained at 230 °C for 24
h, and then it was cooled to room temperature naturally. The final
sample was collected, washed several times with distilled water, and
dried in a desiccator overnight.

Characterization. X-ray powder diffraction (XRD) patterns were
recorded on a X-ray diffractometer (Bruker AXS D8) using Cu Ka
radiation (4 = 1.5418 A) with 20 from 10 to 60°. High-resolution
transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) were performed by JEOL JEM-2100F
(200 kV). The morphologies of the products were observed by
scanning electron microscopy (SEM) on a Hitachi S-4800 microscope.
UV—vis DRS spectra were obtained on a UV—vis spectrophotometer
(Shimadzu UV 2550) over the range of 200—800 nm, and BaSO,, was
used as a reference.

Electronic Band Structure Calculations. Density functional
theory calculations for Yb(IO;); were carried out using generalized
gradient approximation.”> The Perdew—Burke—Ernzerhof exchange-
correlation functional was performed using Vienna ab initio simulation
package.”>**

Photocatalytic Evaluation. The photocatalytic activities of the
Ln(I0;); products were estimated by monitoring the degradation of
MO dye and 2,4-DCP in aqueous solution. A 22 W lamp was used to
provide UV light. In a typical procedure, 0.1 g of Ln(I0;); was
suspended in an MO or 2,4-DCP solution (100 mL, 20 mg/L) under
stirring. The mixture was stirred in the darkness for 1 h to achieve the
equilibrium of the adsorption/desorption. At set intervals, about 5 mL
aliquots from the beaker were taken out for analysis. The
photocatalytic efficiencies were characterized by a PERSEE TU-1810
UV—vis spectrophotometer.

B RESULTS AND DISCUSSION

As shown in Figure la, the diffraction peaks are assigned to
monoclinic Yb(IO;); (space group: P121/n1; a = 8.6664(9) A,
b = 59904(6) A, ¢ = 14.8862(15) A, a = 90.00°,
96.931(2)°, ¥ = 90.00°, ICSD: 416690). No other impurities
are found, and the peaks are sharp, from which we infer that the
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as-prepared product has a high purity and crystallinity. The
lattice spacing of the monoclinic crystal can be calculated by eq
1:

1K K I’ 24l cos f

& asin®p b0 Fsin’f acsin’f (1)
where d is the lattice spacing, {h, k, [} are the Miller index, and
a, b, ¢, and f are the cell parameters. Therefore, the lattice
spacing of crystal facets can be calculated and are marked on
the XRD pattern. XRD patterns of other Ln(IO;); products are
shown in Figure 1b. We can see that the results show that this
series of photocatalysts exhibit almost the same crystal
structure. The XRD peaks are indexed to a monoclinic crystal
system, and the space group of the crystal structure of all
products belongs to P121/n1. Thus, we selected Yb(I0;); as a
typical case to study the properties of Ln(I0;); products.

SEM images (Supporting Information, Figure S1) show that
the as-prepared Ln(IO;); products are composed of particles
that display typically aggregated morphologies with large size.
HRTEM image (Figure 2) reveals that the particles are

Figure 2. Typical HRTEM image of as-prepared Yb(IO;); sample and
its corresponding SAED pattern (inset).

polycrystalline and made up of a lot of small nanocrystals
(indicated by blue circles). The lattice spacing of the
nanocrystals is 0.328 nm, which matches the spacing of the
(212) crystal plane of Yb(IO;);, in agreement with the XRD
results. The corresponding diffraction rings of the SAED
pattern (inset in Figure 2) identify the polycrystalline nature of
the Yb(IO;); product, and the one conspicuous reflection
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Figure 3. (a) UV—vis DRS spectrum and the associated (ahv)? vs (hv) plot (inset) of the Yb(IO,); sample. (b) Calculated electronic band structure
of as-prepared Yb(I10,); product. Horizontal blue dash line represents Fermi level.

observed corresponded to a spacing of about 0.328 nm, which
is attributed to the (212) reflection of Yb(I10;), crystals.

The optical property of the Yb(105); product was studied by
UV—vis DRS spectroscopy (Figure 3a). Pure Yb(IO;); shows
the absorption edge around 300 nm. The band gap can be
calculated from the equation ahv = A(hv — Eg)"/ 225 Wwhere a, 1,
A, and Eg are absorption coeflicient, light frequency, a constant,
and band gap, respectively. From Figure 3b, we can see that the
maximum of the valence band (VB) and the minimum of the
conduction band (CB) lie at the same point. Thus, for
Yb(10,);, n = 1 for direct transition.”® From the (ahv)? versus
hv plot (inset of Figure 3a), the E_ is found to be 4.06 ¢V based
on the x-intercept. The VB potential can be estimated by
empirical formulas 2 and 3.7

Ewp=y—-E+ 0.5E, )

©)

where Eyjp is the VB edge potential, y is the electronegativity of
the material, defined as the geometric mean of the absolute
electronegativity of the component atoms, E° is the energy of
free electrons on the hydrogen scale (4.5 eV), and Ey is the
conduction band edge potential. The y value of Yb(IO;), is
about 6.83 eV, and the Eyy and Ey are calculated to be 4.36
and 0.3 eV, respectively.

The different photocatalytic properties are fundamentally
caused by two factors, light absorption and quantum efficiency.
Figure 4 denotes the UV—vis DRS spectra of the Ln(I10;),
products (see details in Supporting Information, Figure S2).
We can see in the UV region all products have strong
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Figure 4. UV—vis DRS spectra of the Ln(I0;); samples.
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absorption. The absorption spectra of Nd(10;);, Eu(IO3)s, and
Er(I0;); are composed by some sharp peaks at the wavelengths
larger than 350 nm, caused by internal transitions.” The
absorption spectra of Gd(IO;); and Yb(IO;); exhibit clear-cut
absorption edges at about 300 nm. Red shift is observed for
Ce(10;);. The colors of as-prepared Ln(10;); samples are
yellow, violet, light pink, colorless, pink, and colorless,
respectively (Supporting Information, Figure S3), which is
consistent with the absorption results. So we selected UV light
to study the photocatalytic properties of the products.

From Figure Sa, we can see that, in the presence of Yb(10;),,
the absorption maximized at 464 nm decreases step by step
with illumination time and almost utterly vanishes after 1 h.
Figure Sb shows the photocatalytic activities of different
photocatalysts. The variation of MO concentration is expressed
as C/C,, where C and C; stand for the residual and original
concentrations, respectively. For the UV light-active photo-
catalysts, their activity comparison with that of the benchmark
photocatalyst P25 is of significance, so we studied the
photocatalytic property of P25 under the same conditions.
From Figure Sb, we can see that the photolysis of MO is very
low without photocatalysts. In the case of Ln(I0;); (Ln = Ce,
Nd, Eu, Gd, Er, Yb) products and P25, about 74%, 50%, 44%,
73%, 62%, 77%, and 45%, respectively, of MO is decomposed
after irradiation for 1 h.

Most of the as-prepared Ln(I0;); products have better
photocatalytic properties than P2S. Ln(I10;); products display
typically aggregated morphologies, so their specific surface areas
are smaller than P25. So we can obtain higher properties by
improving the surface areas of the products. The highest
activity is obtained over the Yb(IO;); sample, and the
photocatalytic efficiencies of Ce(10;);, Gd(IO;);, and Yb-
(10;); are similar, which are better than those of Nd(1O;),,
Eu(10;);, and Er(I0;);. Because of their similar structural and
electronic properties, the differences of Ln-based iodates may
be derived from their essential attributes. With the increase of
atomic number of Ln elements, proton number and 4f
electrons increase gradually. The shielding effect of 4f electrons
to nuclei is weaker than it is to inner electrons, so the effective
nuclear charge increases. Thus, nucleic attraction for extra-
nuclear electrons is enhanced, and the ionic radii gradually
reduce. The transfer of the electrons that take part in the
photocatalytic reaction is suppressed, which is adverse to the
photocatalytic efficiency. So as the atomic number increases,
the photocatalytic properties of the Ln(I0;); products
deteriorate. But Gd** has a special electronic structure in
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Figure 5. (a) The absorption spectra changes of the MO solution with Yb(IO;); sample under UV light. (b) Photodegradation of MO with time in

the presence of different photocatalysts.

which the 4f electrons are in a half-full state, which is stable and
makes the 4f electrons have a better shielding effect on the
nuclei, so Gd(10;), has better photocatalytic properties.

In addition to the decoloration of MO, we selected 2,4-DCP,
which can not absorb UV—vis light, to further explore the
photocatalytic activities of the Ln(IO;); products. In the
presence of Yb(10;);, the absorption peak of 2,4-DCP solution
at 284 nm decreases with the increase of illumination time
(Figure 6), which can prove the MO photodegradation is not
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Figure 6. Absorption spectra changes of the 2,4-DCP solution with
Yb(I0;); sample under UV light.

caused by the photosensitization process. To evaluate the
photostability of the products, the cyclic tests for the
photodecomposition of MO were carried out, shown in
Supporting Information, Figure S4. The photocatalyst is stable
under repeated applications without exhibiting any significant
loss of activity.

H CONCLUSION

In summary, we have hydrothermally synthesized Ln(10;); (Ln
= Ce, Nd, Eu, Gd, Er, Yb) polycrystals. All the Ln(IO;),
products have strong absorption in the UV region. The as-
prepared Ln(IO;); products exhibit excellent UV light-driven
photocatalytic activities toward the degradation of MO. The
maximum efficiency is achieved over the Yb(10,), sample, and
about 77% of MO is decomposed after irradiation for 1 h. The
properties of Ce(10;);, Gd(10;);, and Yb(10,); are similar,
which are better than those of Nd(IO;);, Eu(IO;); and
Er(10;);. The difference may be caused by their essential
attributes. As one category of novel promising photocatalysts
sensitive to UV light, the Ln-based iodates could be used to
alleviate water pollution in future.
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