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Materials based on ceria are of interest due to the fact that they have a large oxygen storage capacity and high mobility of
oxygen, which can offer high catalytic activity and electrical conductivity. It is well known that the copper or manganese
doping of ceria leads to a synergistic effect — a decrease in temperature of the catalytic reaction and the activation energy,
but, unfortunately, the solid solutions Cu-Mn-(Zr)-Ce-O could not be presented earlier. So, a series of Cu-Mn-Zr-Ce-O solid
solutions was synthesized by co-precipitation method with sonication. The crystallite size of all samples is about 7-9 nm,
and does not depend on the Cu/Mn ratio. The variation in the lattice parameter corresponds to the Vegard’s law and can be
described by the semiempirical equation for ceria based solid solutions: Cu-Mn-Ce-O is clear correlated to the equation,
but Cu-Mn-Zr-Ce-O is not. Pore size distributions in the range of 2-25 nm for Cu-Mn-Ce-O systems and 2-40 nm for
Cu-Mn-Zr-Ce-O systems were observed. Thereby the preparing of homogeneous solid solutions gives the better textural
property, thermal stability, catalytic and other properties as compared to domain- or phase-segregated nonhomogeneous ones.
Therefore, this method allowed creating such homogeneous solid solutions, giving the better properties for their application.
These systems can be applied in catalysis as a support or in IT-SOFC as an electrolyte.
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Matepuasbl Ha OCHOBe JVIOKCUJIA Liepysl IPECTaBIIAIOT MHTEPeC B CBA3M C TeM, YTO OHM 00/IaIaloT OOJIBIINM 3aIIaCOM KIC-
JIOpOZa U ero BBICOKOJI IOJIBVDKHOCTBIO, B CBOI0 OYePENb 3TO MOXKET 00eCIIeYTh BBICOKYIO KaTaIUTUYECKYI0 aKTUBHOCTD
U 97IEKTPOTIPOBOJIHOCTD. XOPOIIIO M3BECTHO, YTO AOIMPOBAHIE AMOKCHU/IA LiepIs MeIbIO MM MapraHijeM IPUBOANT K CUHEp-
TeTUYeCKOMY 9P PeKTy — CHIDKEHUIO TeMIIepaTyphbl KaTaIUTUIeCKON peakIMu U S9HEPIUU aKTMBALUY IIPOLiecca, OffHAKO,
TBepyble pacTBOpbl Cu-Mn-(Zr)-Ce-O He ObUIM IpefiCTaB/IeHbI paHee B uTeparype. TakumM 06pa3oM, cepus TaKUX TBEPAbIX
PacTBOPOB OblIa CUHTE3MPOBAHA METOLOM COOCAXK/IEHNA C OTHOBPEMEHHBIM JICII0/Ib30BaHVIEeM Y/IbTPa3ByKOBOII 00pabOTKIL.
PasmMep kpucTa/mmToB BceX 06pas1ioB COCTABIAI OKOJIO 7 — 9 HM I He 3aBuces oT oTHouenys Cu/Mn. Vi3smeHeHue mapame-
Tpa KPUCTA/UINYIECKOIT PeIIeTKM COOTBETCTBYeT 3aKOHY Berapyia 1 MO>KeT OBITh OIMCAHO IIOJTYSMIIVPUYECKUM YPaBHEHUEM
I/ TBEPABIX PacCTBOPOB Ha OCHOBe AMoKcypa nepus: cucrema Cu-Mn-Ce-O Xopolno Koppenmpyer ¢ ypaBHEHMEM, a CU-
crema Cu-Mn-Zr-Ce-O Het. Pacnipenenenne nop mo pasmepam 6bu10 B uanaszone 2 —25 uM s marepuana Cu-Mn-Ce-O
u 2-40 uM ma Matepuana Cu-Mn-Zr-Ce-O. Takum 06pa3omM, HOTydeHe TOMOTeHHBIX TBEPAbIX paCTBOPOB JACT JIyYIINe
TEKCTYpHBIE CBOJICTBA, TEPMUYECKYIO CTAaOVIBHOCTD, KaTaJIUTUYECKUe CBOJICTBA, 9MEKTPOIPOBOZHOCTb M JPYIMe IIpe-
UMYIIeCTBA, 10 CPaBHEHNIO C HEOTHOPORHBIMIY C BK/IIOYEHVIEM M CeTperupoBaHueM Apyrux ¢as Wi JOMEHHBIX CTPYKTYP.
[ToaToMy IpeIO>KeHHBII TOAXO, O3BOJIII CO3JaTh TaKye MaTepyaJbl C yIy4dIIeHHBIMI XapaKTepUCTUKaMU /LA UX JJa/ib-
HeJIIIero NpyMeHeHNA. DTI CUCTeMbI MOT'YT OBbITD MCIIO/Ib30BAaHBI B KaueCTBe HOCKUTeNIel KaTaM3aTOPOB WM STeKTPOIUTA
CpelHeTeMIIepaTypHbBIX TBEPAOOKCUTHBIX TOIIVBHBIX 9/IeMEHTOB.

KnroueBbie cmoBa: AVOKCU nepuns, TBeprII?I PpacTBOP, ME3ONIOPDBI, HAHOYACTUILBI.
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1. Introduction

Materials based on ceria are of interest due to the fact
that they have a large oxygen storage capacity (OSC) and
high mobility of oxygen, which can offer high catalytic
activity and electrical conductivity. Thus, for the effective
implementation of the process the crystal structure with a
sufficiently high oxygen vacancy defect concentration is
required. The reason is the oxygen donation of ceria caused
by partial Ce**/Ce** reduction on the particle surface.

It is well known that the copper or manganese doping of
ceria leads to a synergistic effect — a decrease in temperature
of the catalytic reaction and the activation energy, but,
unfortunately, the solid solutions Cu-Mn-(Zr)-Ce-O could
not be presented earlier. For example, copper or manganese
is deposited by impregnation method, resulting in Cu-CeO,
or Mn-CeO,, respectively, but no uniform solid solution
was obtained, and an additional phase was [1-4]. The only
article, where the authors attempted to obtain solid solutions
Cu-Mn-Ce-O (Cu/Mn=1, Cu+Mn/Ce=3:17; 3:7; 4:6) by
hydrothermal method, was published [5], but the system
was studied by XRD to be concluded on the formation of a
solid solution, but according to the XPS data metal content of
copper and manganese in the surface layer was significant, but
it is known that the solubility of Mn or Cu in the ceria lattice
is less than 10 mol.%, so its single phase catalyst for organic
compound oxidation (Cu,,.Mn_.Ce,  O,) is to doubt.

It is known that the sonochemical method [6, 7] has been
proved to be useful method to obtain solid solutions and
provide optimizing the phase, composition and morphology
of nanoparticles. Ultrasonic waves radiate through the
precursor solution. It causes alternating high-low pressure in
the solution and leads to the formation, growth, and implosive
collapse of bubbles in the reaction mixture. The collapse of
bubbles with short lifetime produces intense local heating.
According to the hot spot theory, very high temperatures
(>5000°C) and pressures of roughly 1000 atm are obtained
upon the collapse of a bubble, so these critical conditions
provide the enough energy for the formation of the certain
phase. In this work, Cu-Mn-Zr-Ce-O solid solutions were
synthesized by co-precipitation method with sonication, and
structural and morphological properties were studied.

2. Material and methods

Ce(NO,),-6H,0, ZrO(NO,),-7H,0, Cu(NO,),-3H,0,
Mn(NO,),-4H,0 (Acros Organics) were used as metal
precursors. Appropriate amounts of salts were dissolved
in concentrated nitric acid (68%) with the concentration
of salts of 0.667 M. After dissolution of salts, this mixture
was added to distillate water, giving concentration of 0.1 M.
Then, the co-precipitation was carried out by the addition
of 2.5 M KOH solution up to pH 11. Ultrasonic processing
(35 kHz, 150 W) was used during all process at 30°C under
stirring. The resulting precipitates were filtered, washed with
distilled water-ethanol solution (H,O0/CH,OH=9 vol.),
dried at 150°C for 12 h, and calcined in static air by heating
at a rate of 4°C/min from room temperature to 500°C and
kept at 500°C for 1 h in the muffle furnace.

All powders were characterized by XRD (Rigaku MiniFlex
600, CuKa radiation); particle size (d, ) measurements were
made by applying the Scherrer equation to the full-width at
half maximum after accounting for instrumental broadening
using germanium as reference; d, . was calculated not on a
separate peak, but was on all planes during the fitting of the
spectrum; quantitative phase analysis was calculated by the
Rietveld method. Nitrogen adsorption-desorption method
(TriStar 3000 Micromeritics), TEM (Omega Leo-912AB),
TG-DSC (Netzsch STA449F3) were also used.

3. Results and discussion

The XRD patterns of the samples are shown in Fig. la.
All samples present the characteristic peaks of pure cubic
fluorite structure of ceria (JCPDS-34-0394), and no other
phases (diffraction peaks) of MnO_, CuO_, and CuMnO,_
were detected (Fig. 1b), indicating the fine dispersion of
dopants and formation of Cu-Mn-(Zr)-Ce-O solid solution.
It is known that the solubility limit of Mn and Cu in ceria is
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Fig. 1. (Color online) XRD patterns of powders with CuK_ radiation
(a), delineated area (b) — no additional Cu-O or Mn-O phases;

the change in the lattice parameter in CuMn , Ce O, (c) or
CuMn, Zr  Ce, O, (d) systems.
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less than 10 mol.% and highly depends on the preparation
procedure [8, 9]. The crystallite size and lattice parameter of
solid solutions are presented in Table 1. The crystallite size
of all samples is about 7-9 nm, and did not depend on the
Cu/Mn ratio. According to TEM, all powders consisted of
particle aggregates (Fig. 2); individual particles were about
4 -9 nm, which corresponds to the crystallite size, calculated
by Scherrer equation. Doping ceria induces uniform strain
in the lattice because the material is elastically deformed.

This effect causes the lattice plane spacing to change and
the diffraction peaks to shift to new 20 positions. This shift
is indicative of a change in the lattice parameter (Table 1,
Fig. 1c and 1d). This corresponds to the increase of the
cell parameter (a) with the increase of Cu/Mn ratio, and
in the Zr-doped systems the lattice parameter is smaller,
and all of this directly related to the ionic radii: the ionic
radii of Cu?" and Mn**-Mn*" (because these ions dominated
in solid solutions in according to previous investigations,

Table 1. Main characteristics of ceria-based powders (Cu Mn_, Ce O, or CuMn , Zr Ce O,).

No Sample dypp DM Lattice parameter, A | S, m?/g | Cumulative volume of pores, cm’/g
0 CeO, [10] 14 5.4094 53 0.1070
1 Cu,Mn, Ce,,0, 9 5.4013 91 0.3185
2 Cu, ,Mn, . Ce, O, 7 5.4021 84 0.2469
3 Cu,,,Mn,, Ce O, 7 5.4019 91 0.2837
4 Cu, Mn,,Ce,,O, 8 5.4061 94 0.2532
5 Cu, Mn, Ce, O, 9 5.4064 79 02127
6 Cu, MnCe,,0, 12 5.4103 55 0.1858
7 CuyMn, Zr  Ce O, 7 5.3816 75 0.3291
8 Cu, ,Mn, Zr, Ce, O, 6 53781 67 0.1863
9 Cu,,,Mn,, Zr, Ce, O, 7 53788 71 0.2501
10 Cu, Mn,,Zr, Ce, O, 7 5.3832 36 0.1140
11 Cu, Mn, Zr, Ce, O, 8 5.3845 31 0.0868
12 Cu, Mn Zr, Ce, O, 8 5.3886 40 0.1159

Cuy,0sMng 92Ce.90;

Fig. 2. TEM microphotos of obtained powders.
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and may exist Cu* and Mn*, but their part is less than
10%, Mn**/Mn* ~70/30) are 0.73 A, 0.58 A, and 0.53 A,
respectively, and Zr*" is 0.84 A, which is smaller than that
of Ce* (0.97 A). Lattice parameter dependence on nominal
metal content was approximately linear, i.e. corresponds to
the Vegard’s law. The variation in the lattice parameter (a, A)
of the fluorite cubic structure can be described by the two
equations: based on the ion-packing model (equation 1)
[11], or the most used semiempirical equation for ceria
based solid solutions (equation 2) [12]:

a=0.9971x {%x Zj:(rMi—rCe—O.ZSrO+0.25rV)ml. +
. M
+$x (ree+ 1o )}
a=5413+¥[022(n, 1., )+ 0.0015AZ, |m, )

wherer,, 7, 1., and r, are the ionic radii of dopant, cerium,
oxygen, and oxygen vacancy, respectively; AZ — charge
differences between dopant and cerium cations; m — mole
percent of the dopant. As can be seen, the eq. 1 is poor
described the lattice parameter dependence, but eq. 2 is more
suitable for this behavior. Unfortunately, for Cu-Mn-Zr-Ce-O
solid solution cell parameter is not correlated with any
equation, so the contribution of surface lattice relaxations
to the variations of the lattice parameters cannot be
excluded. The lattice parameter of sample 6 is higher than
pure ceria (sample 0, [10]), because in according to a full
height approximation of the spectrum the copper oxides
can be probably found in the form of amorphous state, but
is less than bulk ceria lattice parameter in eq. 2 (5.413 A).
Nevertheless, it is known that the preparing of homogeneous
solid solutions gives the better textural property, thermal
stability, catalytic properties and others compared to domain-
or phase-segregated nonhomogeneous ones. SAED method
(Fig. 2, inset) also confirmed the formation of the only phase
of fluorite structure solid solution. According to TG-DSC,
these solid solutions are stable up to 1400°C.

All samples have IV type adsorption curves with a
hysteresis loop (Fig. 3), indicating the presence of mesopores
in the systems. There was the increase of specific surface
(Table 1) with increasing content of manganese or the decrease
with adding zirconium. The hysteresis loops correspond to the
type of H2. Pore size distributions present in Fig. 4: polymodal
pore size distributions observed in the range of 225 nm for
Cu-Mn-Ce-O systems and 2-40 nm for Cu-Mn-Zr-Ce-O.
Apparently, individual or connected cylindrical and bottle-
shaped pores may be present, formed between aggregates
and agglomerates, and pores with predominantly diameter
of 2-6 nm are formed by small-angle particle boundaries.
No micropores (<2 nm, according to t-plot method) were
observed in all samples, and no regularity in the change of
Cu/Mn ratio was too. Unfortunately, this method did not
allow creating narrow monomodal pore size distribution
as in our earlier work [13, 14], but it may be done by using
acetylacetone.

Fig. 3. (Color online) Adsorption-desorption isotherms (sample
number corresponds to Table 1).
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Fig. 4. (Color online) Pore size distributions.
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4. Conclusions

Mesoporous Cu-Mn-Zr-Ce-O oxides with the crystallite
size about 7 - 9 nm, not depending on the Cu/Mn ratio, were
prepared via the co-precipitation method with sonication.
Both Cu and Mn enter in ceria lattice to form solid solution.
The semiempirical equation for ceria based solid solutions
is clear described the lattice parameter dependence in
Cu-Mn-Ce-O system, but in Cu-Mn-Zr-Ce-O system is not.
Therefore, this method allowed creating such homogeneous
solid solutions, giving the better properties for their
application. These systems can be applied in catalysis as a
support or in IT-SOFC as an electrolyte.
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