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EnekTpompoBiiHI BJaCTUBOCTI TBEPANX PO3YUNHIB
NaS—2mFe2—mNb:c(PO4)3 (.CL‘ =0+ 195)

3 sukxopucmarHam memody meepdodasnozo CUHME3Y OMPUMAHO PAJ MBEPIUT PO3UUHIE 3G-
2anvn020 ckaady Nag_o,Fea ,Nb,(POy4)s (x = 0-+1,5), wo nanesrcamsv do cnoayk cimelicmaa
NASICON. Jlan odepotcanux 3pasxis y memnepamypHomy inmepsani 323-833 K docaidoceno
3ANEAHCHICTNG EAEKMPONPOSIOHICTD—Mmemnepamypa. Busasaeno 30iavuenha enepaii axmueanii
EACKMPONPOGIOHOCTNG 31 BMEHUEHHAM KIALKOCMI HAMPI0 6 cnoayyi (memnepamyphul inmep-
6an 393-663 K). Bcmanogaeno HAABHICTG NEGHOT MEHCT KiAbKOCTNE HAMPII0 8 KPUCTNAATHHOMY
Kapract, wo 3a0e3newye MakCuUMaIbHE 3HAYEHHA 10HHOT NPOBIdHOCMI.

Karouwost caosa: NASICON, dbocdaru, Teeprodasunii cuaTe3, €IeKTPOIPOBIIHICTL, 10HHA
ITPOBITHICTB.

3a ocTaHHI JIeCITUPIUYsT CTPIMKO 3pic iHTepec 10 I0HOMPOBITHIX CKJIATHOOKCUIHUX CIIOJIYK,
[0 3YMOBJIEHO 1X HMPAKTHYHUM BHKODUCTAHHSAM Yy HAJUBHUX OaTapesx Ta K eJeKTPOIHUX Ma-
TepiajiB Il MOPTATUBHUX JZKEPeJ CTPpyMy. 30KpeMa, 3HAUHI IIepCIIeKTHBU Y IbOMY BiIHOIIEHH]
MmaroTh docdarn 3 amonnumu migrparkamu Ty NASICON ({[M2(POy4)3|"™ }3e0, M — mouti-
BAJIEHTHI METaJIn), 10 MICTSTh y CBOEMY CKJaJi KaTioHu JiTiio 9u Harpio. Taxi crosmykun mo-
KYTb OTHOYACHO MOETHYBATH JIBi BaXK/IMBI BJIACTUBOCTI — BUCOKY 10HHY IPOBIIHICTD Ta JIabiIb-
HICTb KPUCTAJIYHOI IPATKK JIO 3MIHHUX CTYIEHIB OKUCHEHHsI noJtiBajieHTHOro Mertany |1, 2]. Ca-
Me 3a3HadeHl XapaKTePUCTUKU 3yMOBJIIOIOTH 3HAUHI ITEPCIEKTHBU BUKOPUCTAHHS CIOJYK THILY
NASICON sk karomHoro 4m aHojgHOro Marepiany, samnpukiaan NagVa(POyg)s [3-5] abo
LiTia(POy4)s3 [6], y Tomy gmcsti Jyisi aBTOHOMHUX JKepeJl CTPYMy, 1[0 BUKOPUCTOBYIOTH TBEpP/Ii
eJIEKTPOJIITH Ta MOYKYTb IPAIIOBATH [IPH I IBUIEHUX Temieparypax [7]. Bizomo, mo ogxnm 3 Ba-
2KeJIiB BILJIUBY HA TEXHITHO BarkKJIMBI XapaKTEPUCTUKHU TAKUX MaTepiaJsiiB € mpoliecu i3o- abo rere-
POBAJIEHTHOT'O 3aMillleHHS TIO3UITI IMOJIiBaJIEHTHUX METaJIiB Y aHIOHHIH i IrpaTIi, 1Mo TPpU3BOIUTH
JI0 yTBOPEHHS TBEPIUX PO3UUHIB, dIK Ie BilOyBaETHCA Y BUMAIKY €JIEKTPOXIMITHO aKTUBHUX CIIO-
JIYK Na1+3Ti2_xFex(PO4)3 (l‘ = 0%0,8) [8], NaxVQ(PO4)3 (l‘ = 0+4,0) [9]7 Nang_xFex(PO4)3
($ =0= 0,5) [10], Lil’g_;_mTiLg_xFexCao’l(PO4)3 (l’ =0+ 0,4) Ta Li1+2xTig_mCam(PO4)3 (m =
= 0,1 +0,5) [6]. Oquak BUABICHHS B3a€MO3B sI3KIB MizK BMICTOM JIy?KHOIO METAJLy Ta €JIEKTPO-
MPOBITHUMU BJIACTUBOCTSIMU JIJIsT CKJIJIHO3aMINeHnx (ocdaTiB BCTAHOBJIEH] JTAJIEKO HE MTOBHOO
MipOIO0, IO IOTPEOYE MOJAIBIINX JOCIIZKEHD Y 1IbOMY HAIIPIMKY.

Y nasniit poboTi HABEIEHO PE3YJIBTATU JOC/IIIXKEHD 3a/I€2KHOCTI €JIEKTPOIIPOBITHUX BJIACTUBOC-
Teil BiJl TeMIepaTypu Ta CKIAJY JIst 130CTPYKTYPHUX TBepAux po3unHiB Nas_o,Fea_;Nb, (POy)s3
(x = 0+ 1,5), axi wHamexkars ;10 crnoayk cimeiicrBa NASICON.
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Puc. 1. Cxema ycTaHOBKM /i1 BUMIDIOBAHHS 3aJI€2KHOCT] €JIEKTPOIIPOBIAHOCTI BiJl TeMIiepaTypu Ipu MOCTIHHOMY
crpymi: I — crabisizoBaHe IKepesio MOCTIHOTO CTpyMy; 2 — peryasTop Hanpyru; 8 — Bosabr™merp M1108; 4 —

nepeMuKad “Hampyra’—‘3emss’; 5§ — 3pa3ok; 6 — 30Ha HaArpiBy medi; 7 — Tepmomnapa; 8 — MimiBosbTMeTp M254;

9 — crpymoninsoay; 10 — mincumosad crpyMmy (npucrpiit @136); 11 — gaT4duK IpUHOMY CHIHAJILY

Cunres TBepaux poszunHiB Nag_o,Fea ;Nb,(POy)s (z = 0; 0,4; 0,9; 1,0; 1,5) 3xiiicHioBasin
MEeTOJIOM TBepAoda3Hol B3AEMO/IIl BiIIOBIIHO 10 CXEMHU:

(3 — Qx)NaQCO;), + (2 — SC)F6203 + zNbyOs + 6NH,HsPO, =
— 9Nag_s,Fes_ ,Nb, (POy)3 + 6NH; 1 +(3 — 22)COs 1 +9H,0 1 (2 =0+ L,5).

Pospaxosani napaykku Buxinnux pearenris (NagCO3 “a. 1. a.”, Fea O3 “0. c. 1.”, NboOj5 “o. ¢. u.”,
NH4HoPOy “u. j1. a”) peresbHO nepeTupasin B araToBiil ¢TI Ta HoeTaHo ciikaau B My hesbHii
Iledi 3a YMOB TeMIlepaTypHOro pexkuMy B iHTepBasi 1073-1373 K 3 mpoMiKHOIO IEPETTIXTOBKOIO
mic/ist KoyKHOTo erarry. OuTuMasibHl TeMIEpaTypPHI PEKUMU Ta, Iac TEPMOOOPOOKHM J1JTsT yTBOPEHHS
CIIOJIYK PI3HOTO CKJIajly HaBeJIeHO y Haimifi nomepesniii pobori [11].

MouodasnicTb OTpUMAHUX TBEPAUX POIUMHIB OYJIO I ATBEPZKEHO METOIOM ITOPOIITKOBOI DEHT-
rerorpadii (peHTreHOrpaMu 3alHUCaHo 3 BUKOpUcTaHHsM Judpakromerpa Shimadzu XRD-6000
3 rpadiTOBUM MOHOXPOMATOPOM, MeToj, 20 MOKPOKOBOro cKanyBaHHs 3 Kpokom 0,02° Ta exc-
HO3UIEI0 B To4uni 2 ¢, y jianazoni kyris 20 5-80°). Immekcarisi peHTTeHOrpaM BUSABUJIA, M0
cuHTe30BaHi 3a JaHux yMoB TBepi posunnu Nag_o,Fes ;Nb,(POy4)s (z = 0; 0,4; 0,9; 1,0) € i30-
crpykTypHi 10 a-mopudikarii NagFeq(POy)s (MonokiiHHA cuHroHis, npocroposa rpymna C2/c),
a Po3paxoBaHi mapaMeTpH IX KPUCTATITHIAX I'PATOK 3HAXOAAThCA B Mexkax: a = 1,492+ 1,515 HuM,
b= 0,861+ 0,871 um, ¢ = 0,878 = 0,887 uMm, B = 124,1 = 125,6°. 3a JaHUMU HOPOLIKOBOI PEHT-
rerorpadii ozmepxxana crosyka FegsNby 5(POy)s kpucrasmisyerbcst B rekcaronasbHiit CHHIOHIT
(mpocroposa rpyta R 3¢) 3 mapamerpamu ejiemerTapHol komipku a = 0,8633(2), ¢ = 2,213(1) am.

Bumipu 3asmeKHOCTI  €/IeKTPOIPOBIIHICTL—TeMIEpPaTypa i cepil KepaMidHMX 3pa3KiB
nposommwin B Jiamazoni rTemreparyp 323-833 K. 3 miero meror orpumani docdaru
Nag_o,Fea_Nb,(POy)s (z = 0; 0,4; 1,0; 0,9; 1,5) 3anpecoByBaiu B Tabiaerku (miamerp 5 MM,
ToBuMHA 1-3 MM), siKi cmikaju 5 roj| B i3oTrepMiuHumX ymoBax mpu remueparypi Big 1073 mo
1423 K 3ajekH0 Bij TeMrepaTypH IUIaBJIeHHS CHOJIyKd. [IpoBigHiCTh BUMIpIOBAIN TIPU MOCTiii-
HOMYy cTpyMmi Ta Hanpy3si 30 B 3 kpokom mizBuinennst remreparypu 10-20 K. Cxemy ycraHoBKu
300pazkeHo Ha puc. 1.

[Ipu obpaxyHKy OTpUMAHMX €KCIIEPUMEHTAJbHUX PE3YyJIbTATIB IMPUIMAJIOCH, IO s Kepa-
MIYHUX 3pa3KiB y CyMapHy eJIEKTPOIPOBLIHICTE (o) 3/i#iCHIOITL BHECOK JIEKIJIbKA TUIIB HOCITB
3apsiy (€JIeKTPOHU, TMO3UTHBHO 3aps/KeHl IpKH, 10HN):

oc=o01+02+03+...+ 0y, Je op=(n;-zi-e)
(n — KIBKICTh 3apsiZKEHUX YACTUHOK B OJUHHUIN 06’eMy, 1m0 GepyTh y4acTh y HPOBIIHOCTI Ta

MalOTh IBUJKICTb Jipeiidy v; z — BajJeHTHICTb YaCTUHKU; € — 3apsl eJIEKTPOHA; [ — PYXO-
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Puc. 2. Banexuicrs lgo (Om™ ' em™ ') — 1000/T (K) s NagFea(POy)s (1), NagoFer ¢Nbo4(PO4)s (2),
Na172F6171Nb079(PO4)3 (3), NaFer(PO4)3 (4), Feo,sNbLs(PO4)3 (5)

MicTb HOCIIB 3apsany (u = v/FE, E — HaupyKeHiCTb eJIeKTPHIHOrO MOJIsA)), a YaCTHHA 3araJbHOl
€JIEKTPOITPOBITHOCTI 0OYMOBJIEHA PYXOM HOCIIB 3apsiy %:
t; =

(t; — uumciio nepenocy); t1+to+t3+.....+t; =1

)
o
Y By3bKOMY iHTEpBAJ TEMIIEPATYP PYXJHUBICTH HOCITB 3aps/ly 3MIHIOETHCA HeicTOTHO. EiekTpo-
IIPOBIJIHICTh HacaMIIEpe]] BU3HAYAETHCS KOHIIEHTPAIIEI0 HOCIIB 3apsiy, a TeMIepaTypHa 3aJe-
JKHICTB € yHKI€eo enepril akrusarii (AE;):

—AE : Q
0 =00€exp ———, y HEPIIOMY HAOJIUKEHHI lgog=—— +1gog
kT T
(Q — mpomnopriiitauit exeprii aktusarii koedimient npu AE, u — const).
OTpuMmaHi ekcriepuMeHTaIbHI pe3y/IbTaTh HaBeIeHo B KoopauHarax 1go — 1000/T ua puc. 2
Ta y3arajbHeHo B Tabj. 1. s mociimkenunx 3pa3kiB y TemmeparypHoMmy iHTepBati 393—-663 K
3HaueHHs g o 3pocrae JiiHiliHO (puc. 3), a po3paxoBaHi 3HAYEHHsI €HEPril aKTUBAIIil 301/IbIITYIO-

ThCsI 31 3MEHIIEHHSIM KIJIBKOCTI HATPito B CKJal croayku (aus. Tabu. 1). Takoxk npubsimsno Ha

Tabauys 1. Pe3ynbraTy BUMIDIOBaHb 3aJI€2KHOCTI €JIEKTPOIIPOBIAHOCTI BiJl TEMIIEPATYpU Ta €HEPTist aKTUBAIT J1J1st

docdaris Nag_2,Fea_;Nb, (PO4)s (z = 0; 0,4; 0,9; 1,05 1,5)

Temmeparypunmit EnekrponposinxicTs, Ewnepria
Croyka . -1 1

inTepsan, K Om™ -cm akTuBaii, eB

NagFes(PO4)s 393 — 663 1-107°—=3-107° 0,22
663 — 883 ~8.107°

Nag 2Fe1 6Nbo 4(PO4)3 393 — 663 1-107% —=3.10°° 0,23
663 — 883 ~8-107°

Nay 2Fe1,1Nbo o (PO4)3 393 — 663 4.107"° -5 2.107° 0,31
663 — 883 ~2.107°

NaFeNb(PO4)3 393 — 663 2.107"° - 2.107% 0,33
663 — 883 ~5-1078

Feo 5sNb1 5(PO4)3 393 — 663 3-10"% =2.107" 0,38
663 — 883 2.107"° - 6-1077
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Puc. 3. Ipsivosiniiini gismkn va rpadiky lgo (O™ -ev™ ) — 1000/T (K) B miamasoni remmneparyp 393-663 K
JJIsL NagFeg(PO4)3 (Z), Na1,2Fe171Nb0,9(PO4)3 (2), NaFer(PO4)3 (3), Feo,sNbl,s(PO4)3 (4)

0 0,5 1,0 1,5 2,0 2,5 3,0
Kinpkicts HaTpio B crosyri

Puc. 4. BanexHicTs enekTponpoigHocTi Bij BMmicTy HaTpilo B ckianai TBepporo posumHy Nag(Fe/Nb)o(PO4)s
(z =0+ 3) npm 563 K

JIBa TIOPSIJIKA 3POCTAIOTH abCOMIOTHI 3HAYCHHST eJIeKTPOIPOBiaHOCT] (muB. Tabi. 1). Ak Bugwo i3
rpadika lgo — 1000/T (aus. puc. 3), 3MiHa eHepril akTUBAIIl Ta €JEKTPOIPOBLIHICT KOPEJIIOE
3 KIIBKICTIO PYyXJIMBUX KATIOHIB HATPIO B cKial criotyku. OcranHe o/{HO3HAYHO BKA3y€ Ha B3a-
€MO3B 130K MixK abCOJTIOTHUM 3HAYEHHSIM €JIEKTPOIPOBIIHOCTI Ta BHECKOM Y HBOT'O 10HHOI CKJIa-
nosoi. [Ipu Temmeparypi Bure 663 K ais Bcix Na-BMiCHUX CIOIYK MPOBIAHICTD 3aJIANIAETHCS
OPaKTUYIHO He3MIHHOIO (iuB. puc. 2, Tabs. 1). Ile € moka3oMm TOro, mo BHECOK 10HHOI CKJIaJ0-
BOI B 3araJibHy IIPOBIIHICTD BXK€ € CTAJUM. 1ake MPUIYIIEHHs IIiITBEPIKYE TOI (HaKT, M0 T
Feo5Nby 5(POy4)3 mposignicTs poJ0BIKy€e 3pOCTATH 33 PAXyHOK IHIMHX CKJIQIOBUX (€JIE€KTPOHH,
[O3UTHUBHO 3apsi/zKeHl 1ipku), a juisi Na-BMICHUX CIIOJIYK Ii€fi BHECOK € HeiCTOTHUM HODPIBHSIHO
3 HasSBHOIO 10HHOIO ITPOBIJIHICTIO.

[HmM mikaBuM GaKkTOM € Te, IO 3POCTaHHS eJeKTPOIPOBIAHOCTI KOPEIe 3 KiJIbKICTIO Ka-
TioHiB HATPIIO JuiIe [t TBepAux posunHiB Nas_o,FeoNb, (POy4)s 3z = 0,4+1,5 (puc. 4). s
dbocdaris Nag_o,Fea Nb,(POy4)s3 3 2 < 0,4 npu Temueparypi uite 663 K esekrpornposignicts
3MIHIOETBCA HEICTOTHO.
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OTke, IPOBEJIEH] JOC/TIIPKEHHsI BKa3yIOTh Ha HAasIBHICTH ITEBHOI MexKi KiJIbKOCTI HATpilo B
anionnit miarparii NASICON-ro Tumy, mo 3abe3nedye MakcuMaIbHe 3HAYEHHsT 10HHOT TTPOBi/I-

HOCTI.
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SJIeKTpOHpOBO,Z[HbIe CBOIiCTBa TBepAbIX pacTBOPOB
Na3_2mFe2_mwa(PO4)3 (CL‘ =0+ 1,5)

C ucnoavaosanuem memoda meepdodazrozo cunmesda noayier pad Meepdur pacmeopos obuwie-
20 cocmasa Nag_o,Feo_;Nb, (POy4)s (x = 0+ 1,5), npunadaesicawux x cemeticmey NASICON.
s noaywennur 06pa3uos 6 memnepamyprom unmepsanse 323-833 K uccaedosara zasucumocmo
2NEKMPONPOBOTHOCTND—MEMNEPAMYPA. BuiABAeHO Yseauverue IHEP2UL AKMUBAUUY IAEKMPONDOGO-
OHOCTU MO MEPE YMEHBULEHUSA KOAUYECTNEA HAMPUS 6 COCOUHEHUL (MeMNEPamyphulli uHMepean
393-663 K). Yemanosaeno npucymemeue onpedeaeHHoll 2paHuybl KOAUMECTEE HAMPUS 6 KpPU-
CMANAUMECKOM KAPKACE, KOMOPOE ONPEICAAETN, MAKCUMAADHOE 3HAUEHUE UOHHOT NPOGOIUMOCTIU.

Katroueswie caosa: NASICON, docdarsl, TBepodasHblil CHHTES, 3JIEKTPOIIPOBOJHOCTD, HOHHAST
MPOBOMMOCTb.
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Conductive properties of solid solutions Nag_s,Fes_,Nb,(POy);
(x =0-+1.5)

Solid solutions of the NASICON-type with the general formula Nag_o,Feo_;Nb,(POy4)s (z =
=0+ 1.5) have been obtained by the solid state synthesis. The dependence of the conductivity on
the temperature (temperature range 323-833 K) of the synthesized compounds has been established.
In the temperature range 393-663 K, the conductivity activation energy increases with decreasing
the amount of sodium in the composition of the solid solution. The presence of a sodium content
limit in the framework has been established to define the mazimum value of ionic conductivity.

Keywords: NASICON, phosphates, solid state synthesis, conductivity, ionic conductivity.
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