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NAS RK is pleased to announce that News of NAS RK. Series of chemistry and technologies
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics to be
accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and the Arts
& Humanities Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The inclusion of
News of NAS RK. Series of chemistry and technologies in the Emerging Sources Citation Index
demonstrates our dedication to providing the most relevant and influential content of chemical
sciences to our community.

KasakcmaH Pecriybniukacbl ¥nmmbiK fbiribiM akademusicbl «KP YFA Xabapnapbi. Xumusi XoHe
MeXHOI02Usi cepusiChbl» FblbIMU XypHarnbiHbIH Web of Science-miH )aHanaHraH Hyckacbl Emerging
Sources Citation Index-me uHOekcmeryee KabbindaHraHbiH xabapnaliObl. byn uHOekcmery
bapbiceiHOa Clarivate Analytics komnaHusicbl XXypHanObl oOaH opi the Science Citation Index
Expanded, the Social Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke
Kabbinday moacerneciH Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, 6acrnawbinap
MeH Mekemerniepae KOHmeHm mepeHOiei MeH canacbiH ycbiHaodbl. KP ¥FA Xabapnapbl. Xumusi
JXKoHe mexHoroausi cepusicbl Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH
€eH e3eKkmi xoHe 6edendi XuMusrnbiK fblibiMOap 6olbiHWa KOHmMeHmke adandbirbiMbi30bl 6inndipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «M3eecmust HAH PK. Cepusi xumuu u mexHosoauui»
6b11 IpuHsIM 0151 uHOeKcuposaHusi 8 Emerging Sources Citation Index, o6HosneHHou eepcuu Web of
Science CodepxaHue 8 amom UHOEeKCUpoB8aHUU Haxo0umcsi 8 cmaduu paccMOMmpPeHUsi KoMraHueu
Clarivate Analytics dns danbHeliwezo npuHamus xypHana 8 the Science Citation Index Expanded,
the Socia1l Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science
rnpednazaem kKadyecmeo 8 enlybuHy KoHmeHma Ornsi uccriedoeameriel, asmopos, uddamernel u
yypexoeHul. BkrroyeHue Usgecmusi HAH PK e Emerging Sources Citation Index demoHcmpupyem
Hawy rnpuesepXeHHOCMb K Hauboriee akmyaribHOMY U 61usimesibHOMY KOHmMeHmMy Mo XUMUu4ecKum
Haykam Os1 Haue2o coobuwecmea.
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S.M. Naurzkulova', M.V. Arapova?, B.K. Massalimova' M.S. Kalmakhanova'

'M.Kh. Dulaty Taraz Regional University, Taraz, Kazakhstan;
*Federal Research Center Boreskov Institute of Catalysis, Novosibirsk, Russia.
E-mail: Simbat_3@mail.ru

INFLUENCE OF THE PREPARATION METHODS ON THE STRUCTURAL AND REDUCIBILITY
PROPERTIES OF NEW Ni CONTAINING COMPOSITES BASED
ON COMPLEX OXIDES FOR FUEL-CELL APPLICATION

Abstract. In this research, influence of the preparation methods on the structural, morphological features
and reducibility properties of the catalyst’s precursors have been investigated. Catalysts precursors with the
general formula [LaMn, B O, /Ln, Zr O,] (1:1 by mass), B =Ni, Ru, Ln = Pr, Sm, Ce were synthesized by
the sequential polymeric (assigned as Sim1), ultrasonic dispersion (assigned as Sim2) and one pot synthesiz
(assigned as Sim3) methods. The prepared catalysts precursors were characterized by N, adsorption/desorption
isotherms (BET), X-ray diffraction (XRD), transmission electron microscopy (TEM), and temperature-
programmed reduction (H,-TPR) techniques. The N, adsorption/desorption isotherms, XRD patterns and high
resolution transmission electron microscopy (TEM) images of the calcined catalysts precursors confirmed
that, ultrasonic dispersion and sequential polymeric methods - lead to the formation of a composite perovskite-
fluorite system with the specific surface area up to 50 m?/g. The sample obtained from one-pot Pechini method
can be described as a mixture of fluorite, Zr oxides and NiO oxide crystallized phases. The H,-TPR analysis
revealed that the Sim1 and Sim2 samples have a similar behavior under reduction, Sim1 being more reactive
in general. The H,-TPR profile for Sim3 looks typical for a mixture of Mn O, and NiO oxides (all reduction
peaks are below 500°C).

Key words: perovskite, fluorite, nanocomposite, biofuel, ethanol steam reforming, hydrogen.

C.M. HaypskyJioa'’, M.B. Apanosa?, b.K. Macaiaumosa'!, C.M. KasimaxaHoBa'

'"M.X. dynaru ateinaarsl Tapas eHipiik yHuBepcuterti, Tapa3s, Kazakcran;
*bopeckoB aTbiHAarbl Karann3 HHCTUTYTHIHBIH (eepalIblK 3epTTey opTaibirbl, HoBocubupcek, Pecei.
E-mail: Simbat_3@mail.ru

OTbIH DJIEMEHTTEPIHJIE KOJJIAHYFA APHAJIFAH KYPIEJI OKCUATEPTE
HETI3IEJTEH 5KAHA Ni KYPAM/IbI KOMIIO3UTTEPAIH KYPBLIBIM/BIK )KOHE
TOTBIKCBI3JAHY KACUETTEPIHE AJIY OJICTEPIHIH OCEPI

Annorauusi. byn 3eprreyne KaTamuzarop IMpeKypcopiiapblH JNaiblHAAY oSIICTEpiHiH KYpPbUIBIMABIK,
MOPQOIOTHSIIBIK €PEeKLIETIKTepi MEH TOTBIKCHI3aHy KacueTTepiHe ocepi 3eprrenai. JKammbl dopmynacst
[LaMn, B O, ./ Ln 7r0O,] (maccacbi 6oitbrama 1: 1), B=Ni, Ru, Ln=Pr, Sm, Ce karanuzarop npexypcopiapbl
carplIbl monuMepaepiey (Siml nen OenrinenHni), yabTpaablObICTHIK Aucteprupiey (Sim2 gen OenrijeHmi)
XKoHE «one pot» cuHTe3 (Sim3 amen OenrineHni) omicTepiMeH cuHTe3nenml. JlaiiblHnanFan karaauzaTopiap
npexypcopnapsl N, agcopouus/necopbuuns uzorepmanapsl (BIT), pentrenaix ¢aszansik (PDPA), memnmip
3JIEKTPOHBI MUKpockonus (MOM) koHe TemmeparypajblK-OaraapiaMaiaHaThiH TOTBIKChI3Aanabpy (H,-
TIIB) omicrepimen 3eprrenai. Kakranran karamuszarop npeKypcopnapbiHbie N, axcopOuus/aecopOuus
nzorepmanapbl, POA nudpakrorpammanapsl )K9HE KOFapbl PYKCATThl AEKTPOHIBI MUKpockonusiaan (II9M)
QIIBIHFaH CYpeTTepi YAbTPaablOBICTHIK IUCTIEPTUPIICY KOHE CAaThUIbI MOJIMMEpJey ofAicTepi MEHIUIKTi OeTi
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50 m?*/r neiiin 0oNaThIH NEPOBCKUT-(GIFOOPUTTI KOMIO3UTTIK )KYHEHIH TY3LIyiHe OKeleTiHiH pactajabl. «One-
pot» oxiciMeH albIHFaH YITiHI QIroopuTt, Zr okcuarepi xoue NiO oKCHIiHIH KpucTanaanFaH (azagapblHbIH
Kocmachl petinje cunarrayra 6onaasl. H -TIIB Tannays! kepceTkenaei, Siml sxone Sim2 ynrinepi cyreriMen
TOTBIKCBI3JAHBIPY KE31HJE YKcac HOTHKE KOPCETTi, aj yKajmbl anFanga Siml ynrici peakTusti. Sim3 yuiH
H,-TIIB npodui Mn O, xone NiO okcuarepiHiH KocmachiHa TOH (OapiblK KajlblHAa KENTipy MIBIHAAPHI
500°C-TaH TeMeH).

Tyiiin ce3nep: nepoBCKUT, PIFOOPUT, HAHOKOMIIO3UT, OMOOTBIH, STAHOJABIH OyJbl aiHAIBIMBI, CYTET.
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BJIMSITHUE METOJOB ITOJTYYEHHUSA HA CTPYKTYPHBIE U BOCCTAHOBUTEJIBHBIE
CBOMCTBA HOBBIX Ni-COAEPXKAIIIUX KOMIIO3UTOB HA OCHOBE CJIOXKHBIX
OKCHIOB AJs1 MTIPUMEHEHUSA B TOIIJIMBHBIX JIEMEHTAX

AHHOTanus1. B 1aHHOM HccnenoBanuy ObIIO U3y4€HO BIMSHUE METOJOB IPUTOTOBIICHHS Ha CTPYKTYPHBIE,
Mopdorornieckue 0COOEHHOCTH M CBOMCTBa BOCCTaHABIMBAEMOCTH NPEANIECTBEHHUKOB KaTajlH3aTOPOB.
[IpenmecTBeHHUKHN KaTanu3aropa ¢ oOmeil Gopmynoi [LaMn]_XBXO3+5/Ln1_ery02] (1:1 mo macce), B =
Ni, Ru, Ln = Pr, Sm, Ce ObuIM CHHTE3MPOBaHbI METOJAMHU ITOCIIEAOBATEILHOTO MOJIMMEPHOTO (OTMEYEHO
Kak Siml), ynbTpa3ByKOBOrO TUCTIEPTUPOBaHUs (OTMEUEHO Kak Sim2) m «one-pot» (oTMeueHo Kak Sim3).
[lonmy4yeHHblEe MpeaIIECTBEHHUKN KaTann3aTopa ObUTH OXapaKTepH30BaHbI METOAaMHU HM30TE€pM ajacopOuuu/
necopouun N, (BOT), pentrenosckoii nudpaxuueit (POA), mpocseunBaroNIel 51€KTPOHHON MUKPOCKONHUEH
(ITSM) u TemnepaTypHO-IIPOrpaMMHUPYEMOI0 BoccTanoBaeHus Bogoponom (H,-TTIB). M3orepmbr ancopOummu/
necopbuun N, nudpaxrorpammbl POA ¥ CHUMKM IOJTy4€HHBIE Ha IPOCBEYMBAIOLIEM OIEKTPOHHOM
MHKpPOCKOIIe BbICOKOTO pasperieHus ([[19M) npokaneHHBIX MPeAIeCTBEHHUKOB KaTaalu3aTopOB MOATBEPINIIN,
YTO YJIBTPa3BYKOBOE AUCIIEPTUPOBAHUE U NIOCIIE0BATEIbHBIE TOJTMMEPHBIC METOABI IPUBOAAT K 00pa30BaHUIO
MEPOBCKUT - (DIIOOPUTHON KOMIIO3UTHOM CHCTEMBI C YIelbHOW mMmoBepxHocThio 70 50 M2/r. OOpasew,
MOJTYYEHHBIH METOIOM «One-pot» , MOKHO OMHUCATh KaK CMECh KPUCTAJUIM30BaHHBIX (pa3 (uitoopuTa, OKCUIOB
Zr u oxcuna NiO. Ananus H-TTIB mokasai, 4ro oOpasipl Siml u Sim2 UMEIOT CXOIHOE MOBEACHUE MPH
BOCCTaHOBIIEHUH, TpudeM Sim1 B nenom 6onee peakrusen. [Ipoduns H -TIIB mis Sim3 BBINIAAMT THIXYHBIM
11 CMECHU OKCHIOB MnXOy u NiO (Bce muku BocctanoBieHus ke 500°C).

KiioueBble ciioBa: MepoBCKUT, GIIOOPHUT, HAHOKOMITO3HUT, OMOTOIUIMBO, MApOBOH PUPOPMHUHT 3TAaHOIA,
BOJOPOLI.

Introduction. Steam reforming is most widely used to generate hydrogen not only with nonrenewable fossil
fuels (coal, natural gas, petroleum) but also with renewable raw materials such as ethanol, methanol and glycerol
[1]. To date, ethanol derived from several biomass resources (corn, sugar, wheat, wood, agricultural waste)
considered as an important raw material for the production of hydrogen and syngas, which are easily stored and
low-toxic [2]. Hydrogen (H,) has been identified as a suitable fuel for sustainable energy production. It can be
used in fuel cells to generate electricity with high efficiency, in addition to producing water as the only product
[3]. To obtain the highest possible hydrogen yield, numerous catalysts including noble metals and non-noble
metals supported on variety of oxides (y-AlO, Si0,, CeO,, ZrO, TiO, etc.) have been developed and used [4].
Noble-metal (Ru, Rh, Pd, Pt) catalysts were reported as excellent catalysts for ethanol steam reforming (ESR)
[4, 5], however, their prices are very high in comparison with non-noble metals. The most cost-effective and
used non-noble metals (Co, Cu, and Ni) have comparable to noble metals activity in the ESR process. Among
the non-noble metals, Ni is the most often used in ESR due to its high activity, efficiency, and inexpensiveness
[6]. The main disadvantage of Ni catalysts is their deactivation by carbon deposition and sintering of the active
phase under process conditions. Many researchers have reported that increasing the stability and activity of
these catalysts can be achieved by using Ni-containing complex oxide precursors (perovskites) [7-9]. On the
other hand, fluorite-like oxide supports (doped ceria-zirconia, etc.) with a high oxygen mobility are well-
known effective catalyst’s supports, especially being modified with rare earth elements (La, Sm, Pr) [2,10-
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12]. Moreover, in connection with the development of an extremely promising green technology of fuel cells
with internal and external reformers of fuels, including bio-renewable ones, researchers are interested in
composite materials based on rare earth oxides as catalyst’s precursors, which performance strongly depends
upon their microstructure [12]. To date, synthesis of such systems is an urgent unsolved problem and requires
a complex approach to be solved. In this work, influence of the preparation methods on the structural features
and reducibility properties of three catalyst’s precursors - complex oxides with the general formula [LaMn, _
B O /Lnl>eryOz] have been investigated for the reaction of steam reforming of ethanol.

X X 3+d

Materials. Synthesisof complex oxidesPr | .Sm  Ce . Zr, . O, (assignedasPSCZ)andLaMn,Ni , Ru O,
(assigned as LMNR) were carried out by the modified Pechini method, that was described in detail [11] work. To
obtain an oxide whose composition corresponds to the desired composite’s formula [Pr, . Sm  .Ce , Zr ,O,+

LaMn ,Ni , Ru  O,](1:1 mass), three synthesis methods were used: sequential polymeric (assigned as Sim1),
ultrasonic dispersion (assigned as Sim2) and one-pot synthesis (assigned as Sim3). Details about preparation
methods was described in our previous work [13].

Methods. The specific surface area of the synthesized samples was measured by the express version of the
BET method for thermal desorption of argon on a SORBI-M device. The phase composition of the samples was
determined by x-ray phase analysis (XRD) using a Bruker Advance D8 diffractometer with CuKa radiation.
Identification of the phases obtained and quantitative calculations were obtained using the ICDD X-ray file
database. The structure of the powders was studied using high resolution transmission electron microscopy
using a JEM-2010 electron microscope (Jeol, Japan) with an accelerating voltage of 200 kV and a resolution
of 1.4 A. Properties of the materials under reducing conditions (H,-TPR) were studied on a flow kinetic setup
with a quartz U-shaped reactor equipped with a Tsvet-500 chromatograph and a thermal conductivity detector.

Results. Structural and morphological features. In our previous [13] work, we reported results of XRD and
BET methods of the complex oxides Pr, .Sm  .Ce , Zr . O, and LaMn  Ni , Ru O, and their composites.

0.15 0.15 03577703572 0.457 770.45

The data are summarized below. Specific surface area of LaMn , Ni , Ru O, has a typical for perovskites
quite low value of 8 m%*g, and grows to 40-60 m?/g for the mixed oxides with addition of high dispersed
Pr, ,Sm, Ce ,.Zr, O, component, which is satisfied values for the application as catalysts precursor.

According to XRD methods results, the complex oxide Pr; Sm  .Ce . Zr O, crystallizes in the structural
type of cubic fluorite (F_, ) with insignificant impurities of tetragonal and monoclinic ZrO, oxides. The pattern
of the LaMn ,Ni , Ru O, oxide corresponds to a perovskite with orthorhombic symmetry LaMnO, . The

XRD of'the [Pr,, Sm  Ce ,Zr . O,+LaMn  Ni  Ru O,]samples indicate formation of perovskite-fluorite
composite system in the cases of ultrasonic dispersion and impregnation of Pr0.15Sm0.15Ce0.35Zr0.3502 with
La-, Mn-, Ni- and Ru-containing polymeric jell synthesis methods. For the sample obtained from ultrasonic
dispersion, more intense and slightly shifted to the smaller angles peaks of perovskite phase can suggest a less
defective perovskite structure in this composite. The TEM images (Fig. 1, a), b)) for these samples confirm
the formation of well-crystallized phases of perovskite and fluorite and show a developed interphase between
them. In the images of Siml1(Fig. 1, a) sample, where the perovskite structure was formed in the presence
of a fluorite phase, nanoscale particles of nickel oxide are observed, which were not found in Sim2 (Fig. 1,
b) sample. The sample obtained from one-pot Pechini method (Fig. 1, ¢)) can be described as a mixture of
crystallized phases - fluorite phase nanoparticles, Zr oxides, NiO oxide, layered particles with perovskite
structure - as well as amorphous phases.
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Figure 1. HR TEM images of a) Sim1, b) Sim2, ¢) Sim3, (P- perovskite, F - fluorite).

Reducibility. LMNR perovskite reduction curve has three main regions. At the temperatures below 300°C,
there are three overlapping peaks correspond to the reduction of Ru** to Ru’, Ni** to Ni** and Mn* to Mn®*".
The broad peak with a maximum at 562°C corresponds to the reduction of Ni** to metallic nickel. The high-
temperature peak at 860°C can be attributed to the Mn*" to Mn?*" reduction. According to the literature, a
complete reduction of Mn?* cation into metallic manganese would not happen in the reduction process under
900°C for manganese oxides [14]. PSCZ pattern shows the reduction profile typical for this type of oxides:
there are broad shoulder at 450° associated with the removal of surface forms of oxygen, and a broad peak at
580° followed by a plateau up to the highest temperatures indicates the reduction of bulk oxygen.

Discussion. Sim1 and Sim2 samples have consimilar behavior under reduction conditions. The ruthenium
reduction begins at a temperature of 202°C. This peak overlaps with peaks of Ni** to Ni** and Mn*" to Mn**
reduction with the maxima at 235°C for Sim1 and 262°C for Sim2, respectively [15]. The high temperature
peaks for Siml and Sim2 samples, as for LMNR, located in the high-temperature area at 775 and 795°C,
respectively, correspond to the typical reduction of Mn** to Mn?" in perovskite structure [16]. The reduction of
Ni?* to metallic nickel occurs in the temperature range 400-500°C as evidenced by the wide peak in this area.
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Figure 2. The H,-TPR profiles of the LMNR and PSCZ, Sim1, Sim2 and Sim3.
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The H,-TPR profile for Sim3 looks typical for a mixture of Mn O, and NiO oxides (all reduction peaks are
below 500°C). There are two overlapped peaks with maxima at 234 and 290°C that can be attributed to the
two-step reduction of MnO,: the first step corresponds to the reduction of MnO, to Mn,O, and the second step
indicates the further reduction of Mn,O, to MnO. This result is in good agreement with the H,-TPR results of
MnO, reported in the literature [17]. At temperature higher than 400 degrees, the behavior is similar to fluorite,
where at these temperatures the reduction plateau corresponds to the reduction of bulk oxygen of the oxide.

Conclusions. In this study, influence of the synthesis methods on the structural, morphological features and
reducibility properties of the catalyst’s precursors have been investigated. Catalysts precursors with the general
formula [LaMn _B O, /Ln _ Zr O,] (1:1 by mass), B = Ni, Ru, Ln = Pr, Sm, Ce were synthesized by three
different methods. It was shown that using two synthesis methods leads to the formation of a nanocomposite
perovskite-fluorite system with cations uniformly distributed within the phases and with a developed interphase
between phases: ultrasonic dispersion of two as-prepared complex oxides and sequential polymeric method
(formation of Ni- and Ru-containing perovskites-structured oxide from a polymer matrix in the presence of
already formed fluorite oxide). The study of the samples under reducing conditions showed that the formation
of active particles of metallic nickel and ruthenium occurs at temperatures below 450°C. The nature of the
reduction curves, as well as the XRD and TEM data of the samples after the reduction treatment show the
formation of finely dispersed Ni and Ru metallic particles firmly bound to the oxide support, which retains the
perovskite structure.
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