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ABSTRACT:
New multicomponent equiatomic rare earth oxides (ME-REOs) containing 3 — 7 rare earth

elements (Ce, Gd, La, Nd, Pr, Sm and Y) in equiatomic proportions are synthesized using

nebulized spray pyrolysis. All the systems crystallized as phase pure fluorite type (Fm3m)
structure in spite of the high chemical complexity. Nominal increase in lattice parameter
compared to CeO; is observed in all ME-REOs. X-ray photoelectron spectroscopy performed on
the ME-REOs confirmed that all the constituent rare earth elements are present in 3+ oxidation
state, except for Ce and Pr which are present in 4+ and in a mixed (3+/4+) oxidation state,
respectively. The presence of Ce*" contributes substantially to the observed stability of the single
phase structure. These new oxide systems have narrow direct band gaps in the range of 1.95 —
2.14 eV and indirect band gaps in the range of 1.40 — 1.64 eV, enabling light absorption over the
entire visible spectral range. Furthermore, the oxygen vacancies concentration rapidly increases
and then saturates with the number of rare earth elements that are incorporated in ME-REOs. The
lowering of the band gap is found to be closely related to the presence of multivalent Pr.
Interestingly, the band gap values are relatively invariant with respect to composition or thermal
treatments. Considering the high level of oxygen vacancies present and the observed low band
gap values, these new material systems can be of importance where the presence of oxygen

vacancies is essential or in applications where narrow band gap is desirable.

Electronic supplementary information. Table containing the details of Rietveld refinements,
table and graphs showing variation of lattice parameters with respect to cationic radii, XRD
patterns and Tauc plots for ME-REO systems without Pr are provided in the supplementary

information file.
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1. INTRODUCTION

Materials shape our world and discoveries of new ones create novel opportunities and
challenges. Recently, a group of researchers' decided to deviate from the conventional binary or
doped oxides and pioneered the field of multicomponent equiatomic oxides (MEQOs). This new
class of materials is also known as entropy stabilized oxides due to the high configurational
entropy of the systems, caused by the presence of multiple cations in equiatomic amounts. These
oxides show interesting transport propertiesz’3 and can be obtained by different synthesis
methods.*” Until the discovery of MEOs, the idea of multicomponent equiatomic systems had
more or less been limited to random solid solutions in metals known as high entropy alloys
(HEAs).® It has been recently shown that the concept of MEOs is not only limited to transition
metal based oxides,1 but can be extended to rare earth based oxides as well.” In these new
multicomponent equiatomic rare earth oxides (ME-REOs), up to seven different rare earth

cations (predominantly in the 3+ oxidation state) can be mixed in equiatomic amounts (unlike

doping) and successfully accommodated into a single-phase fluorite ( Fm3m) type structure.

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

This result is fascinating considering the fact that except for CeO, and PrO,, all the binary oxides
of the remaining constituent rare earth elements have crystal structures other than fluorite.
Furthermore, the oxides of the constituent rare earth elements are not completely miscible (at
equiatomic ratio) according to their binary phase diagrams.® It has also been found that unlike the
entropy dominated structure stabilization, as observed in case of transition metal based MEOs,'
the presence of Ce in 4+ oxidation state determines the stability of single phase in the ME-REOs.
This has been confirmed by the fact that all the ME-REO systems without Ce are not phase pure,
regardless of the thermal treatment performed.” The study’ has not only extended the broad

spectrum of research on multicomponent oxide systems but also added a fresh insight by
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demonstrating that factors other than entropy can be used to stabilize simple structures and
design new multicomponent material systems.

For several decades, rare earths oxides have been known for their interesting optical,
electronic and chemical properties. They have been deployed in a wide range of applications
such as phosphors, sunscreen cosmetics, magneto-optical devices, catalysts, biomarkers,
colorants for special glasses, solid electrolytes, etc.” Each of these fields, in principle, may be
influenced by ME-REOs owing to the cumulative effect of multiple RE cations. Out of the many
rare earth oxides, ceria (CeO,) has been widely studied due to its wide band gap and non-
stoichiometry. The observed non-stoichiometry arises from the presence of oxygen vacancies
making ceria an excellent material for UV light blockers, gas sensors, oxygen storage capacitors,
catalysts and solid oxide fuel cells.”'" Several studies'>"* have also focused on engineering the
band gap of ceria in order to make it active in the visible light range. Making a material
photoactive in the visible region leads to possibilities such as use in photocatalytic
applications.'*"

In this investigation, we follow-up on our previous article on ME-REOs,” introducing high
resolution transmission electron microscopy (HR-TEM) and spectroscopic studies like X-ray
photoelectron spectroscopy (XPS), UV-Vis spectroscopy and Raman spectroscopy in order to
gain a deeper understanding of the structure and properties of these newly discovered materials.

Information about the defect structure of these materials and its effect on their band gap is

extracted from the combined spectroscopic studies.
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2. EXPERIMENTAL SECTION

2.1. Powder synthesis. ME-REOs containing 3 — 7 rare earth cations (Ce, Gd, La, Nd, Pr,
Sm, Y) in equiatomic amounts are synthesized from water-based solutions of rare earth nitrates
using nebulized spray pyrolysis (NSP). CeO, and a binary cation system, (Ceg sPrys)O,, which
are the reference systems, are synthesized using the same technique. The powders are further
calcined at 1000 °C for 1 hour in air to study the effect of thermal treatment on the crystal
structure and the optical properties. The detailed description of the experimental setup and
synthesis procedure are reported in our previous study.’

2.2. Powder characterization. The room temperature X-ray diffraction (XRD) patterns are
recorded using a Bruker D8 Advance diffractometer with Bragg-Brentano geometry equipped
with an X-ray tube with a Cu anode and a Ni filter. The Rietveld refinements are done using
TOPAS 5'° to gain information about the lattice parameters, phase compositions, crystallite sizes
and lattice strains. The detailed description of the refinement parameters are previously

reported.’

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

Specimens for transmission electron microscopy (TEM), from the as-synthesized and
calcined powders, are prepared by directly dispersing the finely ground powders onto a standard
carbon coated copper grid. A Philips Technai F20 ST electron microscope (operating at 200 kV)
is used to examine the specimens.

Oxidation states of all elements in representative samples of as-synthesized and calcined
system, (Cep,Lag2Pro,Smp,Y2)0,5, are determined using XPS, that is performed using a PHI
5000 spectrometer equipped with a monochromatic Al Ko excitation source. A charge
neutralizer with low-energy electrons is used to compensate and minimize charging effects in the

investigated oxides.
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The UV-Vis spectra are recorded in the range from 200 nm to 1200 nm using a Perkin-
Elmer Lambda 900 spectrophotometer. From the obtained spectra, optical band gaps are

determined by applying the Tauc relation:'’
[F(R,)-hv]"" =4-(hv-E,) (1)

where F(R.) is the Kubelka-Munk function, % is the Planck’s constant, v is the vibrational
frequency, 4 is a constant, and E, is the band gap energy. The exponent n denotes the nature of
the optical transitions. The values of n = 2 and n = 2 are used for direct and indirect allowed
transitions, respectively. The band gap (direct and indirect) energy values are calculated from
linear regression at the inflection point of the [F (Rm)-hv]l/ " vs. hv (Tauc) plots. The obtained Av-
intercept values are taken as the band gap values.

The Raman spectra are recorded with a confocal micro-Raman spectrometer, Horiba Jobin
Yuvon HR 800, using a 633 nm He-Ne laser in the range of 300 — 1000 cm™. All the spectra are

the result of 40 accumulations, each lasting 20 s.

3. RESULTS AND DISCUSSION

3.1 XRD and TEM studies. Figure 1 shows the X-ray diffraction (XRD) patterns for the as-
synthesized (Figure 1a) and calcined (Figure 1b) powders. In our previous study,’ the detailed

structural analyses confirmed that the as-synthesized systems with 3 to 6 rare earth cations

crystallize into a single phase fluorite (Fm3m) type structure. The volume-weighted mean
crystallite sizes of the ME-REOs (ranging from 7 nm to 10 nm) are obtained from the Rietveld
analysis of the XRD patterns using TOPAS 5.'® A small amount (~ 3 wt.%) of secondary phase
(LayO3 prototype), alongside the main fluorite type phase, is formed in case of the 7 component

system. The possible reason for formation of the secondary phase can be the sluggish diffusion
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due to the increased number of cations, which are competing for the same position in the crystal
lattice.” An increase in the lattice parameter compared to that of the CeO, (see Supplementary
Information, Table S1) is observed for all the ME-REQOs. The reason for lattice expansion is

closely related to the oxidation state of the constituent cations and hence, explained in section

3.3.
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Figure 1. XRD patterns of (a) as-synthesized, Fm 3m and (b) calcined, la3 ME-REO powders
confirming their phase purity. The ICSD patterns are simulated patterns of Fm 3m (ICSD-
72155) and Ia3 (ICSD-88753) structures.
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Based on the structure, the general formula for ME-REOs is chosen to be (RE)O,.5, where RE
depends on the type and the number of elements (in equiatomic amounts) present in their
alphabetical order. For instance, the sample containing five RE elements, e.g., Ce, La, Pr, Sm,
and Y, is labeled as (Ce,La,Pr,Sm,Y)0,_s indicating that all five cations are present in equiatomic
amounts, i.e., (CegsLag2Pro2Smp2Y02)02.5. The reason for the oxygen non-stoichiometry is
discussed in detail in section 3.2. Upon calcination at 1000 °C, the as-synthesized powders
undergo a lowering of the crystal symmetry from the fluorite ( Fm3m ) to a bixbyite (/a3 ) type

structure (a body centered subgroup of Fm3m). This is evident from the additional
superstructure reflections (like (211), (321), (431), etc.) observed in the XRD patterns (Figure
1b) of the calcined powders. No signature of a secondary/impurity phase is observed in any of
the calcined systems (see Supplementary Information Table S1). The mean crystallite sizes in the
calcined powders are larger than that of the as-synthesized ones, but still remain in the nanometer
range (29 — 34 nm).

HR-TEM imaging is performed on the as-synthesized and calcined (Ce,La,Pr,Sm,Y)O,s
powders, which are taken as representatives for all the systems. Both as-synthesized and calcined
samples are highly crystalline with well-defined lattice fringes that are observed for most of the
particles (Figure 2 (a) and (b)). The lattice parameters of both as-synthesized and calcined
powders obtained from the selected area diffraction (SAED) patterns (Figure 2 (c) and (d)) are in
good agreement with the results obtained from the Rietveld refinements (see Supplementary
Information Table S1). In case of the calcined samples, additional weak diffraction rings

corresponding to the less intense superstructure reflections ((211), (431), etc.) for the lower

symmetry (/a3 ) structure are observed in the SAED pattern (Figure 2d). These weak diffraction

rings are absent in the SAED pattern for as-synthesized powder (Figure 2c), having the higher
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symmetry fluorite (Fm3m) type structure. These results are in good agreement with the

previously discussed XRD results.

©

GI—'/ g (622)> “ .
e A S

(002)/ - T -

(111)__)\ (004) '_ 3 '..

-t Q22— 5 .-
i (2]])_._/

10 1/nm 10 1/nm-

Figure 2. HR-TEM micrographs (a,b) and SAED patterns (c,d) for as-synthesized and calcined
(Ce,La,Pr,Sm,Y)0,.s powders, respectively. The TEM results are in good agreement with the
XRD results.

3.2 XPS studies. The oxidation states of the elements present in the as-synthesized as well as
in the calcined (Ce,La,Pr,Sm,Y)O,s powders are determined using XPS analysis. The XPS
spectra of the calcined (Ce,La,Pr,Sm,Y)0O,.s powder (Figure 3) are identical to those obtained

from the as-synthesized sample, ruling out any change in oxidation states during calcination. In
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the La 3d spectra two doublets, at around 834 and 850 eV, are observed, which indicate the
presence of La’", and is in good agreement with the reported literature results.'”® Two bands
corresponding to 3ds,; and 3d3, are observed in 3d spectra of Sm at around 1080 eV and 1110

eV, respectively. These bands indicate the presence of Sm in 3+ oxidation state."

Ce 3d —— as-synthesized
calcined

92 910 900 890 880
La 3d iy La* F-==
32" '3d5,2 !

865 860 855 850 845 840 835 830 825
Pr 3d ro---- ! peeman ,

Intensity [a.u.]

L 1 L 1 n 1 " 1 L
1120 1110 1100 1090 1080 1070

3+
Y 3d ad Y 3d,,

3/2

162 ‘ 160 I 158 I 156 . 154 l 152
Energy [eV]
Figure 3. XPS spectra of as-synthesized and calcined (Ce,La,Pr,Sm,Y)0,s powders as

representatives of (RE)O,.s systems showing no effect of calcination on the oxidation states of
RE elements.

10
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The 3d spectra of Y are in agreement with those reported in literature” confirming that Y is
present in the 3+ oxidation state. Unlike other lanthanide atoms (present in ME-REOs), Ce and
Pr are often associated with multiple oxidation states (i.e., 3+ and 4+). The reason for this is their
electronic configuration and the related in-situ redox reaction between their 3+ and 4+ oxidation
states.”' In case of Ce, the 4+ (4/°) state is more stable than Ce" (4f'). In ME-REOs, Ce is found
to be present in the 4+ oxidation state. This is because its 3d spectra show three distinct doublets
similar to the ones observed for Ce*" in CeOg.22 Ce*" is found to contribute substantially to the
stabilization of the single phase in ME-REOs. This is evidenced by the fact that the ME-REO
systems without Ce are not phase pure, regardless of the number of RE elements present or the
thermal treatment performed.” However, presence of minor amount of Ce’” cannot be excluded.
In case of Pr (47 6s°), the possibility of a mixed (3+ and 4+) oxidation state is higher than that in
Ce.”! The 3d spectra of Pr in ME-REOs indicate the multivalent state of Pr owing to its close
resemblance to that of Pr6011,23’24 Also the XRD pattern of the pure Pr-oxide (synthesized using
the same method under similar conditions) matched the one of Pr¢O;; closely rather than PrO, or

Pr,0; Additionally, the linear fitting of the variation in the lattice parameters with respect to the

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

average cationic radii (see Supplementary Information, Figure S1 and the related discussion), for
different ME-REOs, indicates the presence of a mixed valence state of Pr (with the ratio of Pr’*
to Pr*" close to that in Pr¢O1;). The presence of higher amount of Pr*" is also in good agreement
with literature® where it is observed that the existence of Pr*" is often favored by the presence
Ce*" and other RE*" cations in the system. The oxidation states of the RE elements in the other
ME-REOs (reported here) are the same as in the (Ce,La,Pr,Sm,Y)0O,, as similar experimental

(synthesis/calcination) conditions are used for all the systems. The presence of the elements in

11
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both 3+ and 4+ oxidation states, justifies the selection of the general non-stoichiometric formula,
(RE)O,.s, for ME-REOs.

3.3. UV-Vis spectroscopy. The ultraviolet-visible (UV-Vis) absorption spectra for all as-
synthesized (RE)O,.s systems (Figure 4a) are similar, exhibiting strong absorption below 650
nm, which is consistent with the dark brown color of the powders (see inset in Figure 4a). On the
other hand, pure CeO,, synthesized under similar conditions as a reference for (RE)O,s, is pale
yellow and exhibits strong absorption only below 450 nm. The absorption spectra for the
calcined systems (Figure 4b) are very similar to those of the as-synthesized ones, indicating that
symmetry lowering has minimal effect on the optical properties of these systems. In both as-
synthesized as well as calcined systems containing Sm and Nd, several distinct absorption bands
in the region from 750 nm to 1100 nm are observed. The prominent absorption bands found at
750 nm, 815 nm and 885 nm are related to the transition from the 4f" ground state to the excited-
state of Nd** ion (419/2 —>4F7/2, 483/2), (419/2 —>4F5/2, 2H9/2), and (419/2 —>4F3/2),26 respectively. The
absorption band in the infrared region (at 1080 nm) is related to the 6H5/2 —>6F9/2 transition of the
Sm®" jon.”” Based on these findings and XPS results, following conclusion regarding the
oxidation states of the RE atoms in the ME-REOs can be drawn: Ce*’, Gd*", La**, Nd*", Sm®",
Y** and Pr in mixed 3+ and 4+ states. The observed oxidation states can explain the expansion of
the crystal lattice of ME-REOs compared to that of ceria as mentioned in section 3.1., i.e., the
substitution of smaller Ce* (0.94 A) by other larger rare earth cations like Gd*" (1.05 A), La’"
(1.16 A), Nd** (1.10 A), etc., in ME-REOs. The linear variation of the lattice parameters as a
function of average cationic radii (see Supplementary Information, Figure S1b and related

discussion), for different ME-REOs, follows the Vegard’s law.?*

12
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Band gap values of ME-REO systems are determined from Tauc plots, [F(Rx)-hV] Vs, hv,
using the procedure described in the experimental section. Figure 4c and 4d display the Tauc
plots only for the as-synthesized and calcined (Ce,La,Pr,Sm,Y)O,s systems (which are the

representative samples).

(@) CeO, (b) —— (Ce,La,Pr,SmY)0,,
e (Ce.LaPr)O,, —— (Ce,La,Nd,Pr,Sm,Y)O,
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8 \_ —— (Ce.LaNd,Pr,SmY)O,, 9
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[72] @]
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Figure 4. UV-Vis absorption spectra of (a) as-synthesized and (b) calcined (RE)O,.s powders
showing strong absorption in the visible light region unlike CeO, powder. Insets in (a) show the
colors of the as-synthesized powders. Tauc plots, [F(Rx)-h " vs. hv, of as-synthesized and
calcined (Ce,La,Pr,Sm,Y)O,s systems with n = 2 for direct band gap (c) and n = 2 for indirect
band gap (d) determination.

The direct band gap values (Figure 4c) are found to be 2.06 eV and 2.03 eV for the as-

synthesized and calcined (Ce,La,Pr,Sm,Y)0,s samples, respectively. The indirect band gap

13
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values (Figure 4d) are even lower: 1.52 eV for the as-synthesized and 1.60 eV for the calcined
powders. As the electronic structure of ME-REOs is unknown, both direct and indirect band gap
values for all the ME-REO systems (as-synthesized and calcined) are calculated and reported in
Table 1. However, for further discussion only the direct band gap values are considered. This
decision is made based on reports pertaining to CeO,, which can be considered as the parent
structure of ME-REOs (owing to their structural similarities). Even though the electronic
structure of CeO; is still being debated and both direct as well as indirect band gap values are

often reported,”~’ it is believed®'** that direct rather than indirect transitions take place in ceria.

Table 1. Summary of direct and indirect band gap energy (E,) values (in eV) of as-synthesized (
Fm3m ) and calcined (/a3 ) (RE)O,.5 powders.

Systems Direct £,  Indirect E,
As-synthesized, Fm3m

CeO, 3.17 2.76
(Ce,La,Pr)Oy.s 1.95 1.42
(Ce,La,Pr,Y)O,5 1.98 1.50
(Ce,La,Pr,Sm)0O,.5 2.14 1.56
(Ce,La,Pr,Sm,Y)0,.s 2.06 1.52
(Ce,La,Nd,Pr,Sm,Y)O,.5 2.12 1.62
(Ce,Gd,La,Nd,Pr,Sm,Y)O,s 2.11 1.64
Calcined, Ia3

(Ce,La,Pr,Sm,Y)0, 2.03 1.60
(Ce,La,Nd,Pr,Sm,Y)0O,.5 2.06 1.56
(Ce,Gd,La,Nd,Pr,Sm,Y)O,s 2.08 1.58

It can be observed from Table 1 that the band gap values are similar for both the as-synthesized
and the calcined ME-REO systems (in the range 1.98 — 2.14 eV) and are also relatively
independent of the number of RE elements. Clearly, the change in the structure during
calcination, i.e., the lowering of symmetry from Fm3m to Ia3 has no significant influence on

the optical response of the (RE)O,.s systems. This offers substantial compositional as well as

14
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structural flexibility without compromising their visible light absorption capabilities, which
could be of importance for their practical applications. The most interesting result is that the
band gap values (both direct and indirect) of ME-REOs are significantly lower when compared
to the band gap values of any of the binary rare earth oxides or even many of the doped rare earth

.. 3033-3
oxides. 3737

3.4. Raman spectroscopy. Oxygen vacancies are frequently associated with band gap
narrowing in many oxides, including CeO,.** Therefore, considering a perfect fluorite structure,
like CeO,, the presence of oxygen defects could be the possible reasons for the observed band
gap narrowing in (RE)O,.5. The formation of oxygen vacancies in ME-REOs can be attributed to

3+/4+

the fact that except for Ce*" and Pr’™*", all other rare earth cations are present in the 3+ oxidation

state. In order to maintain the charge balance, oxygen vacancies (V) are created according to

the following defect formation reaction written in Kroger—Vink notation (M, - RE’" on RE*

site; O, - oxygen on oxygen site, no charge):

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

M,0, —8E% s oM +30) + V) (2)

As all cations are in equiatomic proportions, the concentration of oxygen vacancies is much
higher than in any of the doped or non-stoichiometric binary rare oxides. In order to understand
if the oxygen vacancies could be responsible for this significant band gap lowering, the amounts
of the oxygen vacancies are estimated using the following considerations: (i) the RE* and REY
exclusively form (RE),O; and (RE)O,, respectively, where oxygen stoichiometry (x) in (RE),03
is 1.5 and in (RE)O; is 2; and (ii) (RE)O,s systems contain RE elements in both 3+ and 4+
oxidation states (Ce*", Gd**, La®", Nd**, Pr*”**, Sm**, and Y*"). Thus, the oxygen stoichiometry

in (RE)O,.s can then be expressed as:

15
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x=1.5-[RE*]|+2-[RE*] 3)

where [RE*'] and [RE*"] are the molar fractions of RE cations in 3+ and 4+ oxidation states,
respectively. Therefore, the deviation from stoichiometry, i.e., the amount of oxygen vacancies

(0) can be estimated from:
o0=2—-x 4)

Table 2 gives an overview of the level of oxygen vacancies calculated based on the XPS/UV-
Vis results according to the Equations 3 and 4. From table 2 it is clear that the oxygen defect
concentration increases as the number of RE cations in 3+ oxidation state increases. Therefore,
Raman spectroscopy is performed on the systems for further investigation of the oxygen

vacancies due to its high sensitivity towards lattice defects.

Table 2. Overview of the estimated level of oxygen vacancies () in the as-synthesized powders
based on Equation 3 and 4. The [RE*'] and [RE*'] represent the molar fractions of RE in 3+ and
4+ oxidation states, respectively, and x represents oxygen stoichiometry.

Systems, Fm3m [RE™] [RE"] x &

CeO, 0.00 1.00 2 0

(Ce,Pr)Oy 0.17 0.83 1.92 0.08
(Ce,La,Pr)Oy 0.45 0.55 1.78 0.22
(Ce,La,Pr,Y)O,5 0.50 0.50 1.71 0.29
(Ce,La,Pr,Sm)0O,.5 0.50 050 1.71 0.29
(Ce,La,Pr,Sm,Y)O,.5 0.60 040 1.67 0.33
(Ce,La,Nd,Pr,Sm,Y)0O,.s 0.67 033 1.64 0.36

(Ce,Gd,La,Nd,Pr,Sm,Y)0,5 0.72 028 1.62 0.38

The Raman spectra, obtained using a He-Ne laser source (A = 633 nm), for different ME-REOs

are shown in Figure 5. For CeO; a single sharp band at 464 cm™ is observed. This band is

16
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attributed to the /', symmetric vibration mode of the 8-fold Ce-O bond in the fluorite type
structure. This vibrational mode is often used for comparison of various ceria based or related
systems.38 As mentioned earlier, CeO; can be considered as the parent structure of ME-REOs
((RE)O2.5), wherein all the different RE elements substitute Ce. Thus, the F, band is also
observed in the Raman spectra of the ME-REOs (Figure 5). The frequency of this signal is
expected to be independent of the metal identity and hence, the cation mass.”® However, the
position of the band shows a strong red shift (~15 cm™) for the ME-REOs with respect to CeO,.
Shifting of this F/, band along with broadening is a common feature often related™* to
chemical substitutions, which lead to expansion of the crystal lattices, variation in the M-O bond
lengths and formation of oxygen defects. These reasons are valid for ME-REOs as well. The
lattice parameter for the as-synthesized CeO, is 5.42 A, while for all ME-REOs a relative
expansion of the crystal lattice is observed, as mentioned in Section 3.3. Furthermore, it is
observed that the intensity of the /"5, band is the strongest for pure CeO; and gradually decreases

with addition of more elements, for all ME-REOs, which is in good agreement with the results

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

reported in literature.*”*' The intensity lowering of the band is mainly related to the formation of
multicomponent solid solution (consisting of various rare earth elements) in ME-REOs, which
leads to symmetry breaking of the ceria lattice and hence, affects /', symmetric vibration mode.
Except for CeO,, an additional broad band centered ~570 cm’! is observed for all the other
systems. This band (¥, in Figure 5) is related to the oxygen vacancies present in the
systems.'**** The ratio of the integral intensity of the band corresponding to the oxygen
vacancies (IIy,), to the integral intensity corresponding to the F», band (I/Ir») portrays the

19,32

relative oxygen vacancies concentration. In some cases, instead of a single broad band ~570

cm” two separate bands (at ~550 cm™ and ~600 cm™) are observed which are also related to the

17
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defect states. In that case, summation of the integral intensities of both defect bands are used
instead of the single 11y, to calculate the relative oxygen vacancies concentration.'® Although this
ratio, Ily,/Ilr», does not provide a quantitative information about the amount of oxygen
vacancies, it is often used as a reliable tool to compare the amount of oxygen defects present in

different systems.'”**

Ce,Gd,La,Nd,Pr,Sm,Y)0,
(Ce,La,Nd,Pr,Sm,Y)O,

(Ce,La,Pr,Sm,Y)O,

Counts [a.u.]

(Ce,La,Pr,Sm)O

~ (CePro]

CeO,
400 600 800 1000

Raman shift (cm™)

Figure 5. Raman spectra of pure CeO, and different ME-REOs obtained using a He-Ne laser (A
= 633 nm). The F,, vibration mode for ceria lies at 465 cm’' whereas for the ME-REOs a red
shift (~15 cm™) is observed. An additional broad band (~570 cm™) is observed for all the ME-
REOs, which is related to the oxygen vacancies (Vo) present in the structure.

Figure 6 displays the amount of oxygen vacancies (J) calculated from the charge balance
approach (see Table 2 and Equation 4) as well as the relative oxygen vacancies concentration
(Ilyy/IlF>4) obtained from the Raman spectra for different ME-REOs. The relative oxygen
vacancies concentration obtained from Raman spectroscopy shows a rapid increase with the

increase in the number of elements. It then saturates when the number of elements becomes

18


http://dx.doi.org/10.1039/c7dt02077e

Page 19 of 27 Dalton Transactions
View Article Online
DOI: 10.1039/C7DT02077E

higher than 6. This variation follows a trend similar to the variation of amount of the oxygen

vacancies (0) calculated from the charge balance equation using the XPS and the UV-Vis data.

0.40

035 .4‘ 410
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[}
Relative oxygen vacancies concentration (”v/”ng)

Figure 6. Comparison of the amount of oxygen vacancies (0) calculated from the charge balance
equation (see Equation 4) and the relative oxygen vacancies concentration estimated from the
Raman spectra (/Iy,/Ilr,), as a function of number of cations in ME-REOs, where 1C = CeO,,
2C = (Ce,Pr)Oy,5, 3C = (Ce,La,Pr)O,5, 4C = (Ce,La,Pr,Sm)0O,, 5C = (Ce,La,Pr,Sm,Y)0,5, 6C
= (Ce,La,Nd,Pr,Sm,Y)0, and 7C = (Ce,Gd,La,Nd,Pr,Sm,Y)O,.s.

3.5. Possible reasons for the band gap narrowing. The narrowing of the band gap, in

4345

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

several systems, is often related to the formation of intermediate energy states due to the
presence of point defects, like oxygen vacancies. The same is likely true for ME-REOs,
especially considering the high amount of oxygen vacancies present in these systems.
Interestingly, the change in the band gap values in ME-REOs is not directly related to the change
in the amount of oxygen vacancies (compare Table 1 and 2). Furthermore, in oxide systems, like
CeO; or TiO,, where oxygen vacancies are often identified as the reason for the band gap

narrowing, a decrease of band gap energy by only 0.32 eV*® or 0.30 eV,* respectively, is

observed. However, considering CeO; as the parent structure of ME-REOs, the extent of the
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band gap narrowing in ME-REOs is more than 1 eV, which indicates that some additional factors
other than oxygen vacancies are likely involved in the band gap narrowing.

The presence of certain multivalent elements is known to have a strong impact on the band
gap, and hence, the light absorption behavior, in some systems, like Cu doped ZnO'* and Pr
doped CeO,.2! In case of ME-REOs the presence of Pr in a multivalent state can be one of the
reasons for the observed band gap narrowing. To ensure the validity of this reasoning three
different ME-REO systems without Pr (i.e., (Ce,La,Sm)O,; (Ce,La,Sm,Y)O,s and
(Ce,La,Nd,SmY)O,.5) are synthesized. The XRD analysis (see Supplementary Information
Figure S2-a and related discussion) show that these systems are phase pure and also have a
fluorite type of structure just like the ME-REOs with Pr. However, the band gap values (see
Supplementary Information Figure S2b) of these three ME-REO systems (without Pr) are in the
range of 2.90 — 3.05 eV, i.e., around 1 eV higher than the ME-REO systems with Pr. The band
gap values of these three systems are also close to that of CeO; (3.2 eV) and the small difference
in the values (0.30 — 0.15 eV) is related to the oxygen defects present in the systems. Hence, it is
concluded that Pr plays a dominant role in the band gap narrowing of ME-REOs.

Based on these results, a possible schematic of the band structure of ME-REOs (Figure 7) is
discussed in the following lines. In rare earth oxides, most of the RE elements have their O 2p
and RE 5d energy levels at relatively similar positions. However, the position of occupied and
unoccupied RE 4f energy bands, which are located in between O 2p and RE 5d energy bands,
plays a crucial role in determining the type of electronic transition and, therefore, the band gap
value. In most of the RE sesquioxides, the band gap values are related to electronic transitions
from O 2p to RE 5d or 5d + 4funoccupica €nergy bands (as in La,Oz or Sm,0Os3, respectively) 47, as

shown in Figure 7, case I. The 5d + 4finoccupicd 15 relevant for those lanthanides whose unoccupied

20
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4f bands fall into the 5d energy band.*” The electronic transitions in case of CeO, occurs from O
2p to Ce 4f energy level (see Figure 7, case II) and these transition are activated due to the
inherent oxygen vacancies present in ceria.'”*® In ME-REOs without Pr, the electronic
transitions are possibly very similar to that in ceria, while the presence of oxygen vacancies
might have narrowed down the gap between the O 2p and Ce 4f energy level (see Figure 7, case
III). In Pr substituted CeO, systems, it is believed that an additional Pr 4f'band, between the O 2p
and Ce 4f; is present.”” The same is likely to be true for ME-REOs with Pr. Thus, the band gap of
~2 eV in ME-REQOs with Pr can be related to the electronic transition between the O 2p to Pr 4f,

which lies ~1 eV* below the Ce 4f energy band (see Figure 7, case IV).

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

Figure 7. Schematic of band structures of Ln,Os; where Ln = Gd3+, La3+, Sm3+, etc. (case I),
CeO; (case II), ME-REOs without Pr (case III) and ME-REOs with Pr (case 1V), depicting the
possible mechanism for band gap narrowing.

4. CONCLUSIONS

In this work, newly discovered multicomponent equiatomic rare oxides (ME-REOs) are
investigated using a combination of diffraction and spectroscopic techniques. The results show
that while Ce has a strong impact on the crystal structure and phase purity of the ME-REOs, their

optical properties are related to the presence of multivalent Pr. The band gap energies of ME-

21


http://dx.doi.org/10.1039/c7dt02077e

Published on 21 August 2017. Downloaded by Fudan University on 26/08/2017 03:52:54.

Dalton Transactions Page 22 of 27
View Article Online
DOI: 10.1039/C7DT02077E

REOs containing Pr are in the range of 1.95 —2.14 eV, enabling light absorption over the entire
visible spectral range. The presence of rare earth (RE) cations in oxidation states other than 4+
results in the formation of oxygen vacancies in the ME-REOs, which is confirmed by Raman
spectroscopy. A combination of Ce and Pr in the ME-REO systems helps to achieve both phase
purity and lower band gap, which are largely independent of the other RE cations present. This
provides great flexibility for engineering the amount of defects (oxygen vacancies) or/and allows
element based property tuning (by adding the required cations) without compromising the phase
purity or the visible light absorbing capability of ME-REOs. Further studies on ME-REOs are
likely to focus on visible light absorption and oxygen vacancy related research and applications.
In parallel, theoretical studies to model the electronic structure of these new oxides will be very

helpful.
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Phase pure multinary rare earth oxides, containing multivalent praseodymium, have narrow band

gap and high level of oxygen vacancies.
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