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CUHTE3 CKNIAAHUX OKCUAIB KOBAJIbTY-HEOAUMY
3 FTETEPOKOMNNEKCIB TA IXHSl KATANITUYHA AKTUBHICTb

NPU PO3KNALI NEPOKCUAY BOAHKO

JI. 1. Cnrocapuyx’, /1. 1. JKenesnoea, C. B. Kynewos,
O. O. Pozosuos, O. K. Tpynosa, b. C. Xomenko

Incmumym 3azanvHoi ma Heopeaniunoi ximii im. B. I. Bepnaocvkoeo HAH Ykpainu
npocn. Axademixa Ilannadina,32/34, Kuie 03142, Ykpaina
‘e-mail: I.sliusarchuk@yahoo.com

CuHresoBaHo HOBi retepometaniuni komriekcu Co(II) Ta Nd(III) i3 kapboHOBMMM KMiC-
noTamu (OypIITIHOBOIO, IABIEBOIO) 1 AlleTM/IALIeTOHOM Y IIPUCYTHOCTI peHaHTpOIIHY ab0
a,o-pumipuyy. JJocmimkeHo ixHi TepMivHi BTacTUMBOCTI Ta 3AaTHICTD YTBOPIOBATY CKJIa/[HI
OKCYIVI TIPY TEPMOZJECTPYKLii. Y mpoljeci TepMoIi3y reTepOKOMIUIEKCiB OTpUMaHO KOOaIb-
Tat Heopumy NdCoO,, 1o mifTBepIkeHO pesynbTaTamMu peHTreHopasosoro ananisy. [Ipo-
BEJIEHO OLIiHKY CEPENHBOTO PO3MIpY 3€peH KPUCTAITiB CK/IaJHUX OKCUJIB i3 BUKOPMUCTAH-
HaM popmynu Illepepa. [loBeneHo, o koOanIbTaT HEOAVMY Ma€e CepefHiil po3Mip YacTIHOK
~ 33 HM, He3aJIeXKHO BiJl KOMIUIEKCHOTO IIPEKYPCOPa, 3 IKOTO BiH yTBOPUBCSA IIPY TEPMOJTi3i.
JfocmimKeHo KaTamiT4IHy Jiko KOOasbTaTiB HEOMMY B peaKliii pO3K/agy IepOKCUY BOJHIO.
IToxasaHo, 1110 y BCiX TPpOBeJEHNX JOCiIaX Y peakliii po3Kaaly IepOKCHUy BOJHIO BCi 3pas-
KM CK/IAJJHUX OKCHJiB BUABJIAIOTD JOCUTD BUCOKY KaTaTiTUYHY aKTUBHICTb.

KnrouoBi cmoBa: HeouM, KOOAIbT, CKJIQJIHNIT OKCHUJL, KaTaTiTMYHA aKTUBHICTD, IEPOKCUT
BOJHIO.

BCTYII. OcranHiMu pokaMM BifI3Ha4al0Th
3HayHe IOTipIIEeHHA €KOJIOTiYHOI CUTyalil B
pes3ynbTaTi TEXHOT€HHOIO BIUIMBY Ha JIOBKi/I-
na. Cepen, pisHUX BUJIIB 3a0pyAHIOIOUNX pe-
YOBMH JIETKI OPTaHiyHi CIIOTYKM BUK/INKAKOTh
0cO6/MBe 3aHEIIOKOEHHA Y 3B'A3KY 3 IXHDBOIO
BJICOKOIO TOKCMYHICTIO Ta JIETKiCTIO IIOIINPEH-
Hs Ha Be/MuKi Bigcrani B armocdepi. OpauM i3
METOJIB HelTpaisalil WKIJIMBUX PEYOBUH,
1110 MICTATHCA B ra30BUX BUKUJAX IIPOMMUCTIO-

BUX ITiIIIPMEMCTB Ta aBTOTPAHCIIOPTY i, HACaM-
nepeq, B atMocepi Meramnosicis, € IXHE IIOBHe
OKJVICHEHHA JI0 IIOKCUJY BYIJIELIX0 Ta BOAM Ha
reTeporeHHux Kartamisaropax [1]. Hait6inpi
AKTUBHVMM KaTa/li3aTopamMu I LIbOTO IIPO-
1IeCy € OmaropopHi MeTanu, aje iXHs BMCOKa
BapTICTb CTUMYIIIOE NOWIYKM JelleBIINX Ka-
TAITUYHNUX CUCTEM HAa OCHOBI OKCUJIB IIepe-
xigHux MetaniB. CKIaJHI OKCUIY € IepCIeK-
TUBHUMM (YHKI[IOHAIBHMMIU MarepiazaMu
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3aBJAKM BENUKIN KiIBKOCTI MOXIMBUX Bapi-
alliil AKICHOTO CK/Iajy, CIIBBiJHOIIEHHA ele-
MEHTIB, CIIOCO0OiB IPUTOTYBAaHHS.

OpHak MacKMBHI OKCUIY MalOThb HEBENMKY
IUIONLY TIOBEPXHI, fKa, AK IPaBUJIO, HE Iepe-
BUIIYE KiZIbKOX M?/T, 110 Pi3KO 0OMeXXye IXHIO
edeKTUBHICTD SIK KaTasi3aTopiB [Isl TOBHOTO
OKJVCHEHHA. BopgHOvYac OTpMMaHHA BUCOKO-
IUCIIEPCHUX OKCUJIIB 3a JOIIOMOIOKI Tpaju-
LifHAX TEXHOJIOIIN € eHePrOBUTPATHUM IIPO-
11eCOM i OiIbILIICTD IUX MaTepiaTiB CXMIbHI 10
arperarii 3a Temneparyp karanisy. Edexrus-
HUM CII0OCOOOM BUPpILIEHHSA LMX NpobrieM €
HaHOCTPYKTYpPyBaHHA aKTMBHOTO KOMIIOHEH-
Ty IIJIAXOM HaHECEHHS Ha iHePTHY MaTPUILIO 3
PO3BIMHEHOI0 MMTOMOIO TTOBepxXHeto [2-5]. []s
OTPMMaHHA BJCOKOAMCIIEPCHUX MaTepiaiB
0y/0 3aIIpOIIOHOBAHO BUKOPUCTOBYBATY SK
CIONTYKU-TIPEKYPCOPU — He COJI, a IOJTiAflepHi
MeTajioKoMIIeKcy. Taki momisgepHi npekyp-
COpM TIEPETBOPIOIOTHCA HAa OKCUIYM METAJIiB y
M'SIKIIINX YMOBaX, HiXK HeopraHiusi coni. Kpim
1IbOT0O, BX/IMBA IlepeBara IOiAlepHUX IIpe-
KYpCOPiB IIO/IATA€ B TOMY, IO IIPY OKMCHEHHI
BOHU Ofipa3y YTBOPIOIOTb HEBENNKi OKCUJHI
K/IaCTePU, PYX/IMBICTh AKUX CYTTEBO 3HIDKEHA
i ToMy BOHM HabaraTo Bakue arperyiorh.

Ax BUXifHI reTepoMeTaniyHi KOMILIEKCH,
TaK 1 Oflep>KaHi 3 HMX HAaHOK/IACTEpU Ta IIPO-
AYKTM IXHBOTO TEPMIYHOTO PO3K/Ialy BiIKpu-
BalOThb IEPCIIEKTUBY CTBOPEHHA HOBUX KaTa-
Ji3aTOPiB [Is1 OPraHiYHOTO CUHTE3Y [6].

CkmagHOOKCHHI a3y Ha OCHOBI JTaHTaHi-
fiiB Ta 3d-meTanis saranpHoi opmymu LnMO
MaloTh YHiKanbHi ¢i3nko-XiMiyHi BracTuso-
cti. Tomy momyk i po3po6ieHHs eheKTUBHNUX,
HACKIZIbKI 11€ MOXX/IMBO, IIPOCTUX i 3 BUCOKUM
BUXO/IOM METOJiB CMHTE3y TaKMX reTepoMeTa-
MIYHMX CIIONYK € HOCUTDb aKTYaJIbHOK IIPOO-
JIEMOIO.

Meroto 1ji€l pobotu 6yno pospobka cro-
coby CMHTe3y reTepoMeTa/iYHMX KOMIUIEK-
ciB (TMK) Co(II) i Nd(III) 3 BuKopucTaHHAM
aleTMIaleTOHy abo 1aBieBoi (OypIITHHOBOI)
KICTIOTH B CObBATO-CUCTEMAX Pi3HOTO CKJIa-
Iy Ta OTPMMAaHHA CKIAJHUX OKCUZIB IpM iX-
HbOMY TEPMiYHOMY PO3K/Iali; BUBYEHHS KaTa-
JMITUYHUX BIACTUBOCTEN OflEp)KaHMX 3PaA3KiB
CKJIIA[IHUX OKCHUMIB INpU [NOCTifPKEHHI IXHbOI
aKTUBHOCTI y peaklil po3Kiajy IepOKCULY
BOJIHIO.

EKCIIEPVIMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. JIna cuHTe3y reTepoMeTaniyHux
OKCAJIAaTHOTO, CYKIMHATHOTO 1 aleTmiane-
TOHATHOTO KOMIUIEKCiB KOOanbTy i Heomu-
My 3 (EeHaHTPOTIHOM YU Q,Q'-AUITipUAVIOM
Oyl10 BMKOPMCTAHO HACTYIHi peakTVUBMU:
Nd(NO,),-6H,0, Co(NO,),,6H,O  mapku
«X.4.», II[aBjieBa i OypIITMHOBA KMUCIIOTU Map-
KU «4.71.a.», PEHAaHTPOTIH MAapKM «X.4.», alle-
TunanetoH (nepernanmii, t =137 °C). Posun-
HU COJIeil HeoOXiTHOI KOHIeHTpalil rOTyBaIn
3a TOYHO B3ATOI HaBaXKu. Kooppamuaniitni
CIIONYKM CHHTE30BAaHO 3 BOJHO-CIIMPTOBUX
PO34MHIB.

[ mocrifKeHHA cKIany Ta OymoBu ofep-
YKaHUX IPOAYKTiB OyI0 BUKOPVUCTAHO eJie-
MEHTHUI, peHTreHoda3oBmit i TepMorpasiMe-
TPUYHUII aHAIi3N.

BmicT mertanmiB y KoMIleKcax BU3HA4a/lIN
METOZIOM aJCOpOLifHOI CHeKTpOoCKomil Ha
aTOMHO-ab6CcopOIiliHOMY crieKTpodoTOMeTpi
¢ipmu Perkin Elmer-200. Bmict xap6ony, rif-
pOreHy, HiTPOreHy BM3HA4Yaay METO[OM ejle-
MeHTHOro Mikpoananisy Ha C-, H-, N-anari-
zatopi Perkin Elmer - 2400.

HocnimkenHsa ($a3oBOro CKIafy CIONYK,
Oflep)KaHUX Yy IIpoleci TepMoOni3y rerepo-
MeTaNiYHUX MPeKypcopiB, Oy/I0 HMPOBELEHO
3a JIOIIOMOTOI0 PeHTreHO(a30BOTO aHaJIi3y
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(P®A) Ha npudpaxromerpi «JPOH - 3M» i3
CuK -sunpominennsam (A = 1,54 A) meTozom
OpOUIKY. 3/IOMKY pEHTIeHOTrpaM 3[liiiCHIO-
Ba/mu 3 GOKyCyBaHHAM 3a cxeMolo bpera -
bpenrano B inTepBani KyriB 10-90° i3 kpo-
koM 0,05° Ta excnosuuiero 3 c. Cuma ctpymy
aHOJy peHTreHiBcbKol TpyOku — 20 MA, Ha-
npyra — 30 kB. [Toxnbka npumany ckaajana
0,01%.

InenTndikanito ¢asoBoro ckmapy 1mpo-
NYKTiB CUHTe3y 3[iJICHIOBAaIM 3a JOIIOMO-
rol0 KOMII'IOTepHOro 3abesmeuyeHHs Match!
Crystal Impact ver. 3.3 [7] i3 6a3amu maHmx
ICDD PDF-2 ta COD (Crystallography Open
Database).

Cepenniit po3mip 4YacTMHOK d po3paxo-
ByBamm y mporpami Match! Crystal Impact
ver. 3.3, 3a popmyroro (1) Hlepepa [8]:

d = K-A/(f-cosb), (1)

e d — cepenHiit po3mip vacTok, HM; K — 6e3-
po3MipHuIi KoedinieHT popmu yacTok (cTama
Illepepa); A — BOB>KMHA XBUIi PEHTTEHiBCHKO-
ro BUMpoMiHoBaHHA, A; f — mupuHa pedrek-
Cy Ha HaNiBBMCOTi PEeHTI€HIBCHKOIO iKYy, 0 —
KyT Judpakiii.

[TapameTpy KpucTanigyHOI I'PaTKu po3pa-
XOBYBam 3a goromoroto mporpamu Unit Cell
[9]. s xinbkicHOrO aHam3y (BMicT ¢as) Bu-
KOPVUCTOBYBa/I)i IpOrpaMHe 3abesIedeHHs
Full Prof Suite, B ocHOBi anropurmy pospa-
XYHKIB AKOro € MmeToz, PitBenppa.

TepmorpaBiMeTpu4Hi BUMIipM IPOBOAVIN
Ha fepuarorpagi Q-1500D cucremn E Pau-
lik, J. Paulik, L. Erdey B inTepBani temnepatyp
20-800 °C 3i mBupkicTio Harpiy 5 °C/xB.

CuHTe3 reTepoMeTaNTiYHNX KOMIIIEKCIiB 3a-
ranpHoro ckmapy [Co,Nd,(R),-2Phen]-4H,O
(R=C,0,; C,H,O,) npoBoaunu 3a HaCTYITHU-
MU METO[VIKAaMIL.

https://ucj.org.ua

Cunmes [Co,Nd,(C,0,).-2Phen]-4H,0. o
10 mn tenmux (t = 50°C) posunnis Co(NO,) -
6H,0 i Nd(NO,),-6H,0O i3 xoHueHTpamiamm
0,15 MOIB/1 KOXXHOTO IIpM IepeMillyBaHHI
npwBamy 20 MJI €TaHOJIBHOTO PO3UYNHY de-
HauTponiny (C=0,15 monb/m) i 10 M 10% po3-
YIHY 1aBneBoi kucnotu. Konrpomosam pH
posunny (pH~5) pomaBanHAM 10% posumuy
NH,OH. Ocap cBiT110-110MapaH4€Boro Kompo-
Py, AIKMII BUIIAJIaB, 3a/IMIIanu Ha KoOy, dinb-
TPyBa/lM i BUCYUIYBaaM O IIOCTIIHOI Macu
3a KIMHaTHOI TeMIeparypu. Buxify mpogykry
cranoBus 40%.

HOna [Co,Nd,(C0,),-2Phen]-4H,0 (C,,Co,
H,,Nd N O,) snaiifeno (pospaxosaHo) (%):
Nd - 22,56 (22,53), Co - 9,20 (9,21), C - 31,95
(31,92), H - 1,88 (1,87), N - 4,34 (4,38).

Curmes  [Co,Nd (C H,O,).2Phen]-4H 0.
Ho 10 wmn Temwmux (t=50°C) posumHiB
Co(NO,),-6H,0 i Nd(NO,),-6H,0 i3 koHI1ieH-
Tpaniamu 0,15 MOJIb/ KOXXHOTO IIpM IE€peMi-
nryBaHHI gonuBany 20 MJI €TaHOIBHOIO PO3-
uyyHy ¢eranTporniny (C=0,15 monb/n) i 10 mn
10% TernIoro po3unHy Oy pLITMHOBOI KUCTIOTH.
Konrpomosanmu pH posunny (pH~5) moma-
BaHHAM 10% posunny NH,OH. Ocap sckpa-
BO-IIOMapaH4Y€BOIO KOJIbOPY, AKUI BUIA/IaB,
3ajmmanm Ha fo6y, GinbTpyBanm i BUCyIIyBa-
7V 10 MOCTIiiTHOI MacK 3a KIMHATHOI TeMIlepa-
Typu. Buxig npopykry cranosus 50%.

Ina [Co,Nd,(C,H,0,).-2Phen]-4H O
(C,,Co,H,Nd N,O,,) sHaiineno (pospaxopa-
HO) (%): Nd - 22,29 (20,31), Co - 8,20 (8,30),
C - 37,25 (37,24), H - 3,13 (3,10), N - 3,93
(3,95).

Cunmes CoNd(AA) -2a,a'-dipy. lo mipuro-
toBanux i3 Co(NO,),-6H,0 i Nd(NO,),-6H,O
Ta alleTWIALIETOHY TeIUIMX PO3YMHIB alleTH-
naneronaTHux kommnekciB Nd(AA),-3H,0,
Co(AA),2H,O (t~50 °C) y mmctunboBaHiit
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BOJI, AKi MICTMIM €KBIMOJIAPHI KiJIbKOCTI
anermnaneToHaris (o 0,003 Mosb/), moCTy-
II0BO IOAaBaly PO3YMH O, -OUIIPUIAWIY B
€TWIOBOMY CIIMPTi Ta PETEIbHO IepeMilllyBa-
7V TPOTATOM 3 rof,. 114 BUJiNIeHHA KOMIIIEK-
cy CoNd(AA).2a,a’-dipy B TBepmomy cTaHi
[0 JIOTO pO34MHYy flofaBany 1o Kpanaax 10%
posunn NH,OH no pocaruennsa pH~6. Ocan
IIOMapaH4Y€BO-4YEPBOHOTO KONIbOPY, AKUI BU-
IajaBs, 3aMam Ha o0y, moTiM inbTpy-
Bamu i Bucymysamu. Ilicna 7ioro oumieHnA
LIIAXOM IIepeKpUCTai3alii 3 eTaHOIy, KOMII-
JIeKC CYIIMINM 3a KIMHATHOI TeMIIepaTypu [0
IIOCTINHOI Baru. Buxim NpomyKTy CTaHOBUB
40%.

HIna CoNd(AA),-2a,a’-dipy (C,CoH, Nd
N,O,,) sHaiineno (pospaxosano) (%): Nd -
14,30 (14,25), Co - 5,78 (5,83), C - 53,50
(53,47), H - 5,07 (5,05), N - 5,56 (5,54).

CuHTe30BaHi reTepoMeTaliyHi aleTuIa-
1eToHaTHi komivtekcu Ha ocHoBi Co(II) Ta
Nd(III) 3 o,a'-gumipuanaOM MaroTh CKIaf,
aHasnorivamit fo rerepoxomivtekcis Co(Il) i
La(III), onucannx y [10].

I3 MeTO0 BM3HAYEHHs KiHLEBMUX IPOAYK-
TiB PO3K/IaZy CMHTE€30BaHUX reTepoMeTasliy-
HUX KOMIUIEKCIiB Ta mepebiry iXHboI TepMofie-
cTpykuii 6yn0o mpoBeneHo aydepeHIiaTbHNI
TepMiuHMII Ta peHTreHO(ha30BUIl aHAJII3N.
TepMopecTpyKIlifo KOMIIIEKCIB BUBYaIM Me-
TOJIOM TepMOI'paBiMeTpii y MOBITPAHIN aTMOC-
¢epi. Tepmorpamu reTepoKOMIIIEKCiB HaBefje-
HO Ha puc.l. TepMiuHuil poskIaj CUHTE30Ba-
HJX reTepOKOMIIIEKCIB Ji/ie IIOCTaLiMHO 1 Ma€e
6araTocTymningyacTuii xapakrep (Ta6mn. 1).

Ilepmi  crapii  poskmagy — KOMIUIEK-
ciB [Co,Nd,(C,0,).-2Phen]-4H O i
[Co,Nd,(C,H,O,).-2Phen]-4H.O B ob6mnacri
temreparyp 90 °C-150 °C rta 180 °C-250 °C
IIOB’s13aHi 3 BifillleI/IEHHAM MOJIEKY/ KPUCTa-

Mi3aniitHol BOM Ta MOJIEKYN (eHaHTPOTiHYy
BifmoBigHO (Tabn. 1) 1 CympOBOMXKYIOTHCS
eHpotepmiuHumu edexramu (puc. 1, xpu-
Bi DTA (1 ta 3)). B obnacti Temneparyp Bix
400 °C mo 700 °C BinbyBaeTbcs iHTEHCHBHMI
PO3K/IaJy KOMIUIEKCIB, 3YMOBJIEHUII PYIIHY-
BaHHAM OpraHiYHOI YacCTUHM, IO CYIpoO-
BOIDKYETbCA  €K30TepMiuHMMM  edeKTaMIL.
ITpu ppomy 3a t>600 °C 3sMeHIIEHHA Macyu
3pa3KiB He CIOCTepiraeMo. 3arajbHa BTpara
Macl BUXiJJHUX 3pa3KiB cTaHOBUTD 69,0% ma
[Co,Nd,(C,0,),-2Phen]-4H,O Ta 72,2% nnsa
[Co,Nd (C,H,0,).-2Phen]-4H O, mo Bignosi-
Jla€ TIOBHOMY PO3KJIaJly BUXiJHUX TeTepOoMe-
Ta/IiYHUX CIIO/IYK [0 CKIaJHUX OKCHJIIB.

Am, %

100 -
80 -
60 {
10

20 1

400 600 800
t, °C

Puc. 1 - JlepuBarorpaMu KOMIIEKCIB
[Co,Nd,(C,H,0,).-2Phen]-4H,O
(1), CoNd(AA),-2a,a'dipy (2),
[Co,Nd,(C,0,).-2Phen]-4H,0 (3).

Fig. 1 - Derivatograms of complexes
[Co,Nd,(C,H,0,).-2Phen]-4H O (1),
CoNd(AA),2a,a'dipy (2),
[Co,Nd,(C,0,),-2Phen]-4H,0 (3).
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Tepmiuna CTilIKicTD

KOOPAVHALIITHIX

Tabnuns 1.

CHOTYK [Co,Nd,(C,0,).-2Phen]-4H,0O,

[Co,Nd,(C,H,0,).-2Phen]-4H,0 ta CoNd(AA),-2a,a'dipy.

Thermal stability of coordination

Table 1.

compounds  [Co,Nd,(C,0,).-2Phen]-4H,0,

[Co,Nd,(C,H,0,).-2Phen]-4H,0 and CoNd(AA)_-2a,a'dipy.

npotec, °C
JleconbBaTallis
— posKknap
H0 Phen (a,a'-dipy)
° o) . o) . o)
= E = 3 = 5
) @ ) @ o) 0
s o s o i o)
KOMIIJIEKCHA CIIOTyKa = g = g e %
© | 3| & 9 S8 P | B E
o 5| & o 5| & o 5| &
[Co,Nd(C,0,),-2Phen]-4H,O  90-150 53 56 182-250 27,7 28,2 415-720 352 344
250-400 25,0
[Co,Nd,(C,H,O,).-2Phen]-4H,O 60-100 4,4 51 180-250 26,0 254 400-590 16.8 40,9
CoNd(AA)5-2a,a'-dipy - - 200-280 33,5 30,9 >340 48,0 49,0

Amnaznisyouy [jaHi, OTpMMaHi TepMOIpaBi-
METPUYHUM METONOM M/ T'eTEPOKOMIUIEKCY
CoNd(AA),2a,a'-dipy, cnmin BigmiTuTy, Imo
IIpY JIOTO HArpiBaHHI CIIOCTEPIraeTbcs €HJO-
edexr Ha kpusiit DTA(2) B iHTepBani Temne-
patyp 200 °C-280 °C, mjo Bignosifae mpole-
Cy BifllleIIeHHA KOOPAVHOBAaHMUX MOJIEKYI
a,a'-gumipuyty. TakoxX y 11iil TeMIlepaTypHii
o67acTi y reTepoKOMIUIeKCi BOgHOYAC Biffoy-
BAETHCA Ki/IbKa IPOLECIB, 10 IIePEKPUBAOTh-
csi: Jioro nepebynoBa CIiIbHO 3 Cy6riMaliero
Ta nomimepusaniero. [Jokasom 1boro € Tpo-
XU 3aBUIEHA BeIMYMHA BTPATV Macy Ha Wi
CTajili TepMOJIi3y NOPIBHAHO 3 PO3PaXYHKO-
BJMM TEOPETUYHUM BMiCTOM KOOPJAMHOBAaHOIO
a,a-pumipuanmny (s CoNd(AA),-2a,a'-dipy -
33,5%/30,9%,). Iloganpiine migBUIIEHHS TeM-
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neparypu nosHap 310 °C go 550 °C mpusso-
IUTH IO TPOLECiB, AKi JYTh i3 piskuM 30i1b-
IIeHHSAM IIBUAKOCTI 3MEHIIeHHS Macu, IO
BI[IIIOBiflae PO3K/Iajly OpPraHiuHOI YaCTUHMU
TeTEPOKOMIUIEKCY i CYNPOBOIKYETHCA €K30-
eexToM. 3arasbHa BTpara Macu KOMIUIEKCY
CoNd(AA),2a,a’-dipy cknmanae 81,5%.

KonTtpons ¢asoBoro ckmagy oTpuma-
HJ/X OKCUJHUX IIOPOUIKiB  3[iJICHIOBA/IN
3a JIOIIOMOrOl pPeHTreHo(a3oBOro aHa-
misy. Ha puc. 2 HaBemeHo pmdpakrorpa-
MU 3pasKiB OKCHJHMX IIOpONIKiB, Ofep-
JKaHUX LUIAXOM HarpiBaHHA TeTepPOKOMII-
nekciB  [Co,Nd (C,0,).-2Phen]-4H,O  (npu
1000 °C), [Co,Nd,(C,H,0,).-2Phen]-4H O i
CoNd(AA),2a,a’-dipy 3a 800 °C ympomoBsx
OHi€ET TOMMHMN.
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Puc. 2 - [InudpaxTorpamu 3paskis, OTPMMAHUX IUIIXOM HarpiBaHHs KOMIUIEKCIB
[Co,Nd,(C,0,).-2Phen]-4H,0 3a temneparypu 1000 °C (a), [Co,Nd,(C H,O,).-2Phen]-4H,O 3a
temmnepatypu 800 °C (6), CoONd(AA),-2a,a'-dipy 3a Temmnepatypu 800 °C ().

Fig. 2 — X-ray powder diffraction patterns of samples obtained by thermolysis of
[Co,Nd,(C,0,).-2Phen]-4H,0 at 1000 °C (a), [Co,Nd,(C,H,0,).-2Phen]-4H,O at 800 °C (6),

CoNd(AA),-2a,a'-dipy at 800 °C (s).

[IokasaHo, 1m0 MiclAA HarpiBaHHA KOMII-
nekcy [Co,Nd,(C,H,O,).-2Phen]-4H O yTBO-
proerbecsa  ckmapumit okcup NdCoO,, saxwii
KPUCTATi3yeTbcsl B KyOiuHill CMHTOHII, 1[0
Bignosigae xaprui Ne 00-025-1064 (ICDD
PDF-2). ITpu npoMy 3adikcoBaHo miku 3i 3Ha-
yeHHsamu 20: 23,40, 33,74, 41,42, 48,32, 54,52,
59,94, 70,58°. 3pa3ok oTpuMaHO 6e3 CTOPOH-
HiX ()a30BMX BK/IIOYEHb.

Insa  3paskiB, oOfepKaHUX i3 rerepo-
xommekcie  [Co,Nd,(C,0O,).-2Phen]-4H,O i

4774 74

NdCo(AA),-2a,a’-dipy, oxpim ocHoBHOI dasu
NdCoO,, sadikcopano mai 3a iHTeHCUBHICTIO
niknu Nd,O,. Ha pudpakrorpamax npucyrhi
niku 3i sHaveHHsAMu 20: 26,92, 29,75, 30,77,
40,54, 47,53, 53,63, 57,08°. Kaprka B 6a3i ma-
Hux ICDD PDEF-2 — Ne 00-041-1089 Bimmosi-
[a€ OKCUJY HEOZUMY Nd203, SAIKUI KpUCTai-
3Y€TbCA B IeKCaroHaJIbHil CMHIOHil.

Ina cknagnoro okcupy NdCoO, pospaxo-
BAaHO PO3Mip YaCTMHOK Ta IIapaMeTpu KpUCTa-
nigHOI rpatku (Tabm. 2).
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Tabnuu 2.

CepepHili po3mip 9acTMHOK Ta mapameTpu Kpucraniynoi rpatku NdCoO,, onep:kanoro mic-

s HaI‘piBaHH}I CUHTE€30BaHMX KOMIIIEKCIB.

Table 2.

The average particles size and the unit cell parameters of NdCoO, obtained after heating the

synthesized complexes.

3pasoK, 3 IKOTO OTPUMAaHO d, um (cepenne a, A v, A3
NdCOO3 SHaeHH) Excm. *JTiT. Excm. *JIiT.
[Coszz(C‘*IggOO(;)é'CZ)Phen]'4H20 2?572:;12)’9 7,533 7,546 427,43 429,69
[C°2Nd2(c(28‘85'3g‘ en]-4H,0 28(232‘7359)5 7 7,530 7,546 427,00 429,69
C"Nd(f("é%z)sfg)’“v'dipy s s 7546 42907 42969

*kaprtka Ne 00-025-1064, 6a3a ganux ICDD PDF

[Tapamerp a Ta 00’eM eleMeHTapHOI KO-
mipku ofiepsxanoro NdCoO, nopiBHsAHO 3 i0-
BIJHMKOBVMM JaHMMM € TpOXN MEHIINM, IO
MOXK€ BKa3yBaTy Ha IIi/IbHilllE yIIaKyBaHHA
YaCTUHOK, TOOTO 3pa3ok MaTuMe OilbLIy I10-
my nurtoMoi nosepxHi (M*/r). CriBBigHOIIEH-
Ha ¢as NdCoO,/Nd,O, micna repmoobpodka
miss CoNd(AA),2a,a’-dipy ~ 68,9/31,1%; nna
[Co,Nd,(C,0,),-2Phen]-4H,0 ~ 50/50%; npu
TEepMOPO3KIIaii [Co,Nd,(C,H,0,),-2Phen]-
4H,0 yrBoproerbca NdCoO, ~ 100%.

ITokasaHo, WO OIIBII YMCTUIT CKJIATHMIL
OKCHJT YTBOPIOETbCA IpPM TEPMOJIi3i KOMII-
nekcy [Co,Nd (C,H,O,),-2Phen]-4H,O Ta 3a
6111 HM3BKOI TEMIIEPATY P, HDK IIPU TepMO-
Mi3i OKCaZaTHOTO reTepoKOMIIEKCY. e Mox-
Ha IOACHUTM PISHUMM CTafiAMU PO3KIALy
IMX KOMIIIEKCiB. OKca/llaTHMII IeTepOKOMII-
JIEKC PO3K/IaJlA€TbCA Yepes3 CTaflil0 YTBOPEH-
Hs KapOOHATiB, a CYKUVMHATHMII KOMIUIEKC —
yepes CTajil0 BifleIUIeHHA aHTiApuay, fAka
BiflbyBaeThCA 3a HIDKYOI TeMIlepaTypu. Y BH-
IaZiKy TEpMOJIi3y aljeTU/IAalleTOHaTHOTO TeTe-
POKOMIITIEKCY YTBOPIOETHCA CKIATHNUII OKCUT
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(kob6anpraT HeomuMYy) i3 HOMILIKAMM OKCUIY
HeonuMy. Lle BinOyBaeTbCs 3a paXyHOK TOTO,
mo 3a Temneparypu 200-270 °C npoxopuTb
YJacTKOBa Cy6}IiMaI_IiH YTBOPEHOTO aljeTHIalle-
TOHATy KoOanbTy. Pas3oBmil CKIafl CKIATHUX
OKCUJIB, OTPMMAaHMX IIiC/IA HAarpiBaHHA BCIX
TDOCHIDKYBAaHUX TeTePOMETANMIYHUX CIONYK,
Bignosigae popmyni NdCoO.,.

KaTanmiTyni BIacTMBOCTI CHHTE30BaHMX
3pasKiB CK/IQJHUX OKCUZIB BUBYAIU IIpU JO-
CIIJPKEHHI IXHbOI aKTMBHOCTI B peaklii pos-
K/Ialy BOJHOTO PO3YMHY IEPOKCUY BOJHIO
BOJIIOMOMETPUYHMM METO[OM 33 HOPMa/IbHUX
yMoB. Metop 6a3yeTbcs Ha BU3HAYeHH] 00'eMy
rasy, AKMUii BUGUIAETbCA B PeAKIii yepes MeBHi
IIPOMDKKM 4acy. Y BOJHIX pO34YMHAX IIEPOKCUT
BOJIHIO CIIOHTaHHO PO3K/IA/IA€ETbCA 3 BUJi/IEH-
HSAM KJICHIO 32 CyMapHUM PiBHAHHAM (2):

2H 0, —-»2H,0+0,T (2)

3a 3BMYAIHMX YMOB HIBUAKICTb peakKl1lii po3-
kmamy H O, myxe mana [11]. Ila peakuis mpu-
CKOPIOETBCSI B IIPUCYTHOCTI 6araTbox pedo-
BUH: i0HIB MeTasiB, MeTanis (Pt, Pb, Ag, Co, Ni
Ta iH.), OKCMJIIB MeTaJIiB, aKTVBOBAHOTO BYT/I/IAL.
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Byrno 3i6pano yctaHOBKY (puc. 3), nopibuy
IO TaKol, AKYy BMKOPUCTOBYIOTb IIPM HOCIIi-
IPKEHHI KIHETUKM peaKIjii pO3KIafy IepOKCH-
Iy BOJHIO.

HEHUEN

C

Puc. 3 - Cxema BOMIOMOMETPUYHOI YCTaHOB-
KM U1 BUBYEHHsA KiHETVKM Ppeaklil posKmagy
NEPOKCUAY BOAHIO: 1 — peakliilHa €MKiCTb, 2 —
Milllajika, 3 — po3pilbHa JiliKa, 4, 5 — Kpanu, 6 -
OropeTKa, 7 — CK/ISTHKA.

Fig. 3 - Scheme of a volumetric installation for
studying the kinetics of the reaction decomposi-
tion of hydrogen peroxide: 1 - reaction vessel, 2 -
stirrer, 3 — separating funnel, 4, 5 - taps, 6 — burette,
7 - beaker.

BoHa ckmagaerbca 3 peakniifiHOI €MKOCTI,
pO3MillleHOI B Te€pMOCTaTi, BUPiBHIOBAJIbHOI
iKY 1 6IopeTKu. 3a JOIIOMOTr0I0 OI0PETKY BU-
3HAYaITh 00'€M KICHIO, 1[0 BU/IIAETHCS.

Po6ounit po3unH epoKcuy BOSHIO TOTY-
B/l PO3BEJEHHAM BUXiJHOTO PO3YMHY M-
CTWIbOBAHOK BOA0K0. CIIOYAaTKy BU3HAYa/IN
KOHIJEHTPALil0 BUXIJHOIO IEPOKCULY BOJHIO
MEeTOJOM JofoMeTpii. [I71a 1boro BUKOPUCTO-
ByBa/m HacTynHi peaktusy: 0,1 N Tiocynbdar
HaTpito, 10 % pos4yuH OAUAY Kajlilo, COA-
HY KUCIOTY Ta 5% pos3umH Kpoxmamo. Ilicna
IIbOTO BU3HAya/lM KOHIEHTpalilo po6odoro
PO3UMHY TUTPYBAHHAM J10TO IIPO06 32 pe3yib-
TaTaMM JIBOX-TPbOX TUTPyBaHb. KoHIjeHTpa-
Lid BUXIJIHOTO IIEPOKCUIY BOJHIO CK/Iafasa

10

40%, po60oui po3YNHM OTPUMYBaIN 3 KOHIIEH-
Tpaniero 3% 1a 10% . HaBaxkky 3paska cknaz-
HOro OKcuay (250 mr) mepeHocwnu B KOoy.
Y wiinbHO 3aKpuTy KONOY LIIpUIleM JOTUBa-
mu 2 Myt 10% posunHy NepoKCHUAy BOTHIO 260
5 M1t 3% po3umHy IepOKCUAY BOAHIO. [a3 Bupi-
naBcA 3 po3unny. Koxni 10 cexynn ¢ikcysa-
M Ta 3aIUCYBany 00'eM rasy, o BULIINBCA
Bifl mo4arky peakuii. [locmig mposopumn 1o
IPUIVHEHHA BUJiIeHHA KucHIO. OTpuMaHi
€KCIIepMMEHTa/IbHI JJaHi HaBefleHi Ha puc. 4 i
puc. 5y Burapi rpagikis 3anexxHOCTi 00’ eMy
BUJIZIEHOTO KVMCHIO Bifi 4acy IIpOBEJIEHHA pe-
aKIil po3K/Iajy IepoKCUY BOJHIO.

V, M

50
40 2
30 -

20

200 300 400 500

T, CEK

0 100

Puc. 4 - Ipadixn 3ane>xxHocTi 06'eMy Bupiineno-
TO KNCHIO BiJl 4acy B peaklii po3K/Iajy IEepPOKCU-
ny Bopuio (5 M 3% H,O,) 3 ckmaguuM okcuzom,
OTPUMAHUM B Pe3y/IbTaTi TEPMOJIi3Y CIIOTYK:

1 - [Co,Nd,(C,H,0,).-2Phen]-4H,0,
2 - [CoNd(AA),-2a,a'-dipy],
3 - [Co,Nd,(C,0,).-2Phen]-4H,0.

Fig. 4 — Graphs of the dependence the volume of
released oxygen on time in the reaction decomposi-
tion of hydrogen peroxide (5 ml of 3% H,0,) with a
complex oxide obtained by heating the compounds:

1 - [Co,Nd,(C,H,0O,).-2Phen]-4H,0,

2 - [CoNd(AA),-2a,a’-dipy],

3 - [Co,Nd,(C,0,),-2Phen]-4H,0.
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ITicma 1poro BM3HAYAIOTh MaKCUMaabHUNI
00’eM KICHIO V_, IO YTBOPMBCA BHACTIZOK
peakiil poskiany IepoKcupay BOAHIO. Bpa-
XOBYIOYM Te, 10 V_ NpONOPLifHUII ITOYaT-
KOBiil KOHIIEHTPALil NEPOKCUTY BOJHIO C,, a
V - 06’eM KMCHIO, IIIO BUIIIMBCA Ha L€l MO-
MEHT 4Yacy, IPONOPLIiIHNAI 3MEHIIEHHIO KOH-
LeHTpalil X, KOHCTaHTy WIBUAKOCTI (Tabm. 3)

Puc.5-Ipadiku3anexxnocri 06'eMy BujineHoro
KIUCHIO Bifl 4acy B peaklil po3KIagy IepOKCUAY
BopHio (2 M 10% H,0,) 3 ckmagHum OKCHIOM,
OTPMMAHUM B P€3y/IbTaTi TEPMOIIi3Y CIIONYK:

1 - [Co,Nd,(C,H,0,).-2Phen]-4H O,

2 - [CoNd(AA),-2a,a'-dipy],

3 -[Co,Nd,(C,0,).-2Phen]-4H,O.

Fig. 5 - Graphs of the dependence the volume
of released oxygen on time in the reaction decom-
position of hydrogen peroxide (2 ml of 10% H,0,)
with a complex oxide obtained by heating the com-
pounds:

1 - [Co,Nd,(C,H,0,).-2Phen]-4H,0,

2 - [CoNd(AA),-2a,a'-dipy],

3 - [Co,Nd,(C,0,).-2Phen]-4H,0.

kzlln Ve
T V-V

(3)

CrasicTb KOHCTaHTM HIBUJKOCTI peaxiiii,
BM3HA4YEHOI 3a PiBHAHHAM (3), CBifUUTH PO
Te, IO JOCHIJPKyBaHa peaKlliAd Mae Iepluii
MOPANIOK.

PO3paxoBYIOTh 3a piBHAHHAM (3):

Tabmunsa 3

Koncrantu meuakocri peakuiii (k) posknamy H,O, 3a yqacri karanisatopa NdCoO,, ot-

PUMAHOTO IIIAXOM HarpiBaHHA KoMnnekcHux cnonyk: 1-[Co,Nd,(C,H,O,).-2Phen]-4H,0O,

2 - [CoNd(AA).-2a,a'-dipy], 3 - [Co,Nd,(C,0,).-2Phen]-4H,O

Table 3

Rate constants (k) of reactions decomposition of hydrogen peroxide with the participation

of the catalyst NdCoO, obtained by heating the complexes: 1 - [Co,Nd,(C,H,O,).-2Phen]--
4H,0, 2 - [CoNd(AA),-2a,a’-dipy], 3 - [Co,Nd,(C,0,).-2Phen]-4H,0.

3pasok, 3 Akoro orpumano NdCoO, k,c?, 3% H,0, k,c?,10% H,O,

1. [CoNd,(CH,O,).2Phen]-4H O (800°C) 0,005324 0,009199
2. CoNd(AA)_2a,a'-dipy (800°C) 0,004833 0,006402
3. [CoNd,(C,0,).2Phen]-4H 0 (1000°C) 0,004381 0,006224
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i ouinky edekTMBHOCTI KaTamiTMYHOI
paii ckmagHoro okcupy NdACoO,, orpumano-
ro B pe3ynbTaTi TEPMOJIi3y TreTepoMeTaslid-
mnx crnonyk  ([Co,Nd,(C,0,).-2Phen]-4H, O,
[Co,Nd (C,H,0,),-2Phen]-4H,O Ta
[CoNd(AA).-2a,a’-dipy], cmiBcTapmamm ix
BIUIMB Ha IIBUJKICTb PpO3KIALy IIEPOKCH-
1y BopHWo. Sk BupHO 3 Tab6m.3, mpu 36i1b-
LIEHHI KOHIIEHTpalii IIePOKCUAY BOJSHIO ~ Y
3 pasu, KOHCTaHTa IWBUAKOCTI posknaxy H O,
36impIIyeThca Maibke y 1,5 pasy, a iHgyki-
VIHUJ TIepiof; peakijii CKOpOYyeTbCs Yy 3pas-
ky [Co,Nd (C,H,0,),-2Phen]-4H O maiixe B
5 pasiB, a B 3paskax [CoNd(AA),2a,a’-dipy]
ta [Co,Nd,(C,0,).-2Phen]-4H,O B 2 pasu
(puc. 4 Ta 5). Take ckOpoYeHHS IHAYKLITHOTO
nepiogy CBifYUThH IPO YyTBOPEHHI Pi3HMX Ka-
TaJIiTUYHMX KOMIIJIEKCIB Ha IIOBEPXHi 3pa3KiB,
110 IPUIIMAIOTDh Y4aCTh Y PO3K/Iafli MEPOKCH-
ny BogHIo. IIpy 11pbomy, HE3aneXHO Bif CKa-
Iy TeTepOMETaTiYHOTO MPEKYpCcopa, CKIamHi
okcuau, orpumani tepmonisom I'MK, Busas-
JAITb JNOCUTb BMCOKY KaTaJTiTM4HY aKTUB-
HicTh. Kpaly KaTaliTH4Hy aKTUBHICTb B pe-
aKUil posKnagy NepPOKCUY BOSHIO BUABIEHO
y kob6anbrary Heogumy NdCoO,, ofepskaHoro
IiC/IA HarpiBaHHA CYKIIMHATHOTO KOMIUIEKCY
3 ¢enanTporinoMm 3a Temmeparypu 800 °C.
Ile mMo’xHa MOACHUTU JIOTO CKIafiOM: BiH He
MICTUTD JIOMIIIOK OKCUJY HEOAMMY, SK /iBa
IHIII JOCIKYBaHi 3pasKy CKIaHUX OKCU/IIB.

BVMCHOBKJ. CuHTe30BaHO HOBi retepo-
MeTanigni komrurekcy Co(II) ra Nd(I11) 3i mia-
BJICBOIO Ta OYPLITMHOBOIO KVIC/IOTAaMM, aljeTH-
JIal}eTOHOM y IIPUCYTHOCTi peHaHTpONIiHY ab0
oo -pumipupyry.  JJocmimkeHo ix TepMiuHi
BJIACTYBOCTI Ta 3/JaTHICTh YTBOPIOBATH CKIIA/[I-
Hi OKCuaM Ipu TepMopecTpykuil. Ilposeneno
ROCTiIKeHHA (a3oBOro CKIafly CKIQHUX
OKCUJIB Ta [JAaHO OLIHKY CEpPeJHbOrO PO3Mipy

12

3epeH KPUCTAJITIB, AKMI 3HAXOAUTHCA B Ha-
HopianmasoHi. JIOCHiPKeHO KaTaJiTU4YHYy J[iio
K00a/bTaTiB HEOAMMY B peakiii poskmamy
nepoxkcuay BopHio. Ilokasano, 1o y Bcix mpo-
BeleHX AOCAilax CKIaJHi OKCUOM BUSBIIS-
I0Tb JOCUTDb BUCOKY KaTaJIiTUYHY aKTUBHICTb,
SIKA 3HaXO[UTHCA B 3JIEKHOCTI BiJf HAABHOCTI
IOOMIIIOK OKCUAY HEOAUMY, L0 BIUIMBAE Ha
YTBOPEHH:A KaTa/liTMYHOAKTVBHMUX IIOBEPXHe-
BJIX KOMIIJIEKCiB.
S::i Po6oTy BuKOHaHO 3a ¢iHaHCOBOI mif-
f Tpumku HAH Vkpaian B mMexax gep-
xk610mKeTrHol Temn 322E «CrBopeHHsA
HOBMX TiOpMIHMX, KOMIO3UTHUX Ta
NMONTiMepHUX MarepiasiB, JOMOBAaHUX KOOP-
puHaniiHuMu crionykamu 3d- i 4f-meranis
Ha OCHOBI [-AMIKeTOHATHUX Ta KapOOKCcHIaT-
HIIX AIMKTiYHUX TiraHfgis». [lep;xaBHuii pe-
ecTpaniitauit Homep po6otu - 0122U001299.

e
SYNTHESIS OF COMPLEX OXIDES OF CO-

BALT-NEODYMIUM FROM HETEROCOMPLEXES

AND THEIR CATALYTIC ACTIVITY IN THE DE-
COMPOSITION OF HYDROGEN PEROXIDE

L.I. Sliusarchuk*, L.1. Zheleznova,
S.V. Kuleshov, O.0. Rogovtsov,
O.K. Trunova, B.S. Khomenko

Vernadskii Institute of General and Inorganic
Chemistry of the NAS of Ukraine,

Akad. Palladin Avenue, 32-34, Kyiv 03680,
Ukraine

*e-mail: : Lsliusarchuk@yahoo.com

New heterometallic complexes of Co(II)

and Nd(III) with carboxylic acids (succinic,
oxalic) and acetylacetone in the presence of
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phenanthroline or a,a’-dipyridyl have been
synthesized. Their thermal properties and the
ability to form complex oxides during thermal
degradation have been studied. In the process
of thermolysis of heterocomplexes, neodymi-
um cobaltate NdCoO, was obtained, which is
confirmed by the results of X-ray powder dif-
fraction.

The research has established that the X-ray
powder diffraction patterns of the products
obtained by thermolysis of heterocomplex
[Co,Nd,(C,H,0O,).-2Phen]-4H,O to 1000 °C
exhibits peaks at (20): 23.40, 33.74, 41.42,
48.32, 54.52, 59.94, 70.58°. This corresponds
to the neodymium cobaltate NdCoO,. Ne-
odymium cobaltate crystallizes in the cu-
bic crystal system. The sample was obtained
without extraneous phases inclusions. For
the samples obtained by the termolysis of he-
terocomplexes [Co,Nd,(C,0,),-2Phen]-4H,O
and NdCo(AA),2a,a’-dipy, in addition to
the complex oxide NdCoO,, peaks of Nd, O,
were recorded, which crystallizes in the hexa-
gonal crystal system. The X-ray powder dif-
fraction patterns show peaks with 26 values:
26.92, 29.75, 30.77, 40.54, 47.53, 53.63, 57.08°.
The phase ratio of NdCoO,/Nd,O, after ter-
molysis for the sample of CoNd(AA),-2a,a'-
dipy is ~ 68.9/31.1%; for the sample of
[Co,Nd,(C,0,),-2Phen]-4H O is ~ 50/50%; for
the sample of [Co,Nd,(C,H,O,),-2Phen]-4H,O
is NdCoO, ~ 100%. The average crystallites
size of complex oxides was calculated using the
Scherer formula. It has been showed that neo-
dymium cobaltate has an average particle size
of ~33 nm, regardless of the complex precursor
from which it was formed during thermolysis.

The catalytic effect of neodymium co-
baltates in the hydrogen peroxide decomposi-
tion reaction was studied. It was shown that all

https://ucj.org.ua

samples of complex oxides showed a quite high
catalytic activity in the all of experiments in the
hydrogen peroxide decomposition reactions.

Keywords: neodymium, cobalt, complex
oxide, catalytic activity, hydrogen peroxide.
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MICROEMULSION-BASED METHOD OF SYNTHESIS OF ZINC-NICKEL

FERRITE AND THEIR MAGNETIC PROPERTIES

T.O. Plutenko’, O.1. V’yunov *', O.P. Fedorchuk', M.O. Plutenko? S.0O. Solopan’, B.S. Khomenko'

'V.I. Vernadsky Institute of General and Inorganic Chemistry of National Academy of Sciences of
Ukraine, Akad. Palladin ave, 32/34, Kyiv 03142, Ukraine

*Taras Shevchenko National University of Kyiv, Volodymyrska street, 60, Kyiv 01033, Ukraine
e-mail: vyunov@gmail.com

Solid solutions of nickel-zinc ferrites Zn Ni, Fe O, were synthesized by two different
methods: synthesis in microemulsions and by stepwise precipitation. The properties of the
resulted nano-sized particles synthesized by two different methods were compared. It was
found that the increase in zinc content leads to an increase in the lattice parameters. During
the synthesis by the method of microemulsions, the temperature of a single-phase product
formation is 400 °C, while by the method of precipitation, a single-phase product formation
begins at 600 °C. It was shown that the materials synthesized by both methods have similar
unit cell parameters. The average size of ferrite nanoparticles synthesized in microemulsions
is smaller, lattice strain is higher compared to ferrites synthesized by stepwise precipitation.
Also, lower treatment temperatures provide higher stoichiometry, and homogeneity of ma-
terials while magnetization difference is negligible. The particles of the obtained powders
have high saturation magnetization M_ = 45.6 Am?/kg for synthesis from microemulsions
and M, = 44.8 Am’/kg for co-precipitated samples, the low coercive force Hc = 1.3 kA/m and
Hc = 3 kA/m, respectively. Changes made make synthesized particles more applicable in film
deposition, and manufacturing of high-quality magnetic coatings.

Keywords: NiFe O

274

ZnFe O

,O,, magnetic properties, lattice constant, zinc substitution.

INTRODUCTION. Ferrites are a unique
class of materials that combine high magnetic
permeability with dielectric/insulator proper-
ties. Such combination allows their use in mi-
crowave electronics [1], optics [2], and power
electronics as non-reciprocal components, ac-
tive components of memory devices [3], and
magnets. In addition, there are applications for
ferrites in spintronics, self-controlled magne-

16

tic hyperthermia [4], and absorbent coatings.
Moreover, the properties of different ferrites
compositions can vary greatly, while most of
these materials allow the properties to be ad-
justed using dopants [5].

Two types of ferrites are most often used
for microwave applications in the case of small
(from 0 to thousands Oe) magnetic fields: ma-
terials with the garnet and spinel structure.
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Garnets are distinguished by low energy losses,
but only in the monocrystalline form [6]. The
properties of spinels differ.

Spinels based on Cu, Co, Mn, Mg, Ni, Zn
and their solid solutions are used. For micro-
wave applications, spinels based on Ni systems
are the most interesting due to their highest
electrical resistance and low energy loss com-
pared to other materials. The crystalline struc-
ture of Ni ferrite is almost independent of the
annealing temperature [7]. The addition of
Co increases the coercive force of the material
[8]. The addition of Mn and Cu increases the
conductivity. Such changes are harmful in the
microwave range due to increased energy loss.
Ni-Zn solid solutions, on the other hand, make
it possible to increase the saturation magne-
tization and reduce the coercive force. And
energy losses at microwaves do not increase
significantly.

Despite the long history of research, the
synthesis of ferrites remains an urgent problem
due to the constant development of communi-
cations and increasing requirements for mate-
rials. Ferrites are often used as ceramic samples
for which the sintering temperature of ceramics
exceeds 1200 °C [9]. Lowering the sintering
temperature and increasing the homogeneity
of ceramics can be achieved by using small
ferrite particles with low agglomeration. Also,
particles' size affects the possibility of their use
in films, the coercive force of the product, and
thus the energy absorption ability (or quality
factor depending on the application).

Solid-state synthesis used in industry can-
not ensure the chemical homogeneity of ma-
terial particles and requires high temperatures.
The essence of this method is the mechanical
mixing of reagents, in the case of ferrites, these
are metal oxides [10]. A product is formed that

https://ucj.org.ua

is homogeneous at the macro level, but chemi-
cally heterogeneous. In addition, additional
heat treatment at high temperatures is re-
quired. Due to this, additional grinding of the
product is required and contamination with
grinding bodies occurs.

Other methods used are thermal decompo-
sition of precursors [11, 12], hydrothermal [13,
14] and sol-gel synthesis [15, 16], high-energy
ball milling, and precipitation from solutions
[17, 18], synthesis from microemulsions. The
decomposition of precursors requires close
decomposition temperatures of different pre-
cursors, which complicates the production
of a single-phase product [19]. In the case of
hydrothermal synthesis, the disadvantage is
the use of very expensive equipment, which is
not always available. The disadvantage of high-
energy ball milling is the contamination of the
product as a result of wear and tear, which oc-
curs mainly from the balls and partially from
the housing.

Precipitation from solutions is a wide-
spread method of synthesis, which allows the
obtaining of large quantities of the product.
Synthesized materials are more chemically
homogeneous compared to solid-phase syn-
thesis, and lower heat treatment temperatures
allow smaller particles to be obtained. Thus,
this method is a candidate to replace the so-
lid-state route in industry. But also the pro-
perties of the obtained material depend on a
large number of factors (solubility of particles,
the concentration of material and precipitant
in the volume of the reactor, etc., which also
depend on various environmental conditions).
It is difficult to control the processes of nuclea-
tion and growth of crystals, which leads to the
formation of an amorphous precipitate. The
precipitate is poorly filtered and washed, and
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after heat treatment, a strongly agglomerated
product is formed, which requires mechanical
grinding [20]. Nanoparticle growth and size
distribution increase with increasing concen-
tration. The choice of precipitator significantly
affects the overall size, purity of the product,
and the agglomeration process. Therefore, cur-
rently, when using synthesis by precipitation
from aqueous solutions, it is difficult to con-
trol the processes of nucleation and growth
of nanocrystallites, which often prevents the
synthesis of nanoparticles with the necessary
properties [21, 22].

On the other hand, the synthesis of nano-
particles using the microemulsion method is
also of great interest. After the discovery of
microemulsions, they become increasingly im-
portant for fundamental research and synthe-
sis of materials of various natures [23, 24]. Due
to its unique characteristics, namely ultra-low
interfacial tension, high reaction surface area,
thermodynamic stability, and ability to dissolve
otherwise immiscible liquids. The use and ap-
plications of microemulsions are numerous in
the chemical and biological fields. The mic-
roemulsion technique promises to be one of
the versatile preparation methods that allow
controlling particle properties such as particle
size, geometry, morphology, homogeneity, and
surface area.

This work aims to obtain small and weakly
agglomerated zinc-nickel ferrite nanoparticles
with the use of synthesis in microemulsions, to
compare the temperature of nanoparticle for-
mation during microemulsion synthesis and
the classical synthesis of stepwise precipitation
from aqueous solutions. Study the influence
of the synthesis method on the magnetization
properties.

18

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Nano-size spinel composites
Zn Ni, Fe O, with x = 0-1 were synthesized by
using microemulsion of cetyltrimethylammo-
nium bromide, cyclohexane, and n-pentanol.
The obtained mixture of cetyltrimethylammo-
nium bromide (1 g), cyclohexane (75 ml), and
n-pentanol (2.5 ml) was stirred for 20 min. The
aqueous solution of oxalic acid H,C O, (1.2 M,
3.75 ml) was added to obtained mixture and
was stirred for 1 h. After that aqueous solu-
tions (1.25 ml) containing Zn(NO,), (0.4x M),
Ni(NO,), (0.4-0.4x M) and Fe(NO,), (0.8 M)
were added to the obtained microemulsion
and stirred for 20 h at room temperature. Ob-
tained zinc-nickel-iron oxalate was washed
with methanol, dried, and milled in an agate
mortar. After calcination at 400 °C for 4 h, spi-
nel-type ferrite of Zn Ni, Fe O, was formed.

For comparison, Zn Ni _Fe O, materials
were synthesized by co-precipitation from
aqueous solutions. A route similar to that
described in [25] was used. The solutions of
Ni(NO,),, Zn(NO,),, and Fe(NO,), were used
as initial reagents. The precipitant was an aque-
ous solution of NaOH.

The precipitation was carried out in several
stages. At each stage determined constant pH
values had been met. Initially, Fe(NO,), salt
solutions and precipitant solutions were add-
ed to the reactor dropwise at the pH value of
4 + 4.5 with continuous stirring. After precipi-
tation of Fe(OH),, the pH of the mother li-
quor was adjusted to 7.0 + 7.2 and a solution
of Zn(NO,), salt and a precipitant were add-
ed. After precipitation of Zn(OH),, the pH of
the mother liquor was raised to 8.5 + 8.7, and
a solution of Ni(NO,), salt and a precipitant
were added dropwise with continuous stirring.
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After precipitation of all the components, the
suspension was heated to 80°C for 1 hour. The
precipitate obtained was filtered off from the
mother liquor and washed on the filter with
double-distilled water. The resulting product
was dried in an oven in a cuvette at the tem-
perature of 110-120 °C. The final product was
obtained after heat treatment of the precipitate
in a muftle furnace with an automatic program
control unit in an air atmosphere at tempera-
tures of 600 °C, 700 °C, 800 °C, and 850 °C for
two hours.

X-ray powder diffraction was performed
using a DRON-4-07 diffractometer (Cu Ka
radiation, 40 kV, 20 mA) for the analysis of
phases formed during the synthesis. The unit
cell parameters of the samples were calculated
using the Le Bail procedure and the FullProf
software [26]. Anisotropic distribution of pow-
der particles was ensured by sieving through
a sieve onto the surface of a quartz substrate
with an applied organic binder. The average
stress coeflicient was calculated by the Wil-
liamson-Hall method.

The size and morphology of nanoparticles
were studied by transmission electron micros-
copy (TEM) using Scanning Transmission
Microscope JEM-2100E To study nanopar-
ticles by the TEM method, powder particles
were deposited on the Agartscintific copper
mesh. Using the image] [27] calculations by
the method of the equivalent circle diameter
were performed [28]. Sampling was performed
in three different regions based on at least
50 grains in each region.

The infrared absorption spectra of the sam-
ple were recorded in the wave number range
390-1800 cm™" by using an FTIR-650 spect-
rometer (using the technique of pressing sam-
ples from KBr where m__ /m,, =1/50).
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The saturation magnetization (M), coerci-
vity (H), remanence (M), and squareness
(M_/M,) at room temperature were performed
using a commercial VSM-250 vibrating sam-
ple magnetometer in the magnetizing field (H)
range from -10 to 10 kOe.

Mossbauer spectra were obtained with an
MS1101E spectrometer. Its resolution is cha-
racterized by a half-width of 0.24 mm/s for
sodium nitroprusside as an absorber. The non-
linearity of the velocity scan was smaller than
0.45 % at the conditions used in measurements.
57Co in chromium with an activity of 25 mC
served as a source of gamma quanta. The spec-
tra were fitted with the Lorentz lineshape, the
linewidth being considered as an iteration pa-
rameter.

The XRD patterns of the Zn-Ni ferrioxalate
precursorand Zn Ni, Fe O, materials, calcined
for 2 h at different temperatures are shown in
Fig. 1. As the air temperature increases, me-
tal oxalates decompose with the formation of
metal oxides and carbon dioxide. It was shown
that the single-phase product Zn Ni, Fe O, is
formed after 400 °C (Fig. 1a). The obtained
XRD diftraction patterns for each sample after
400 °C heat treatment contain the diffraction
peaks of Zn, Ni  Fe O, with the spinel struc-
ture. No other diffraction lines were observed.
The sharp peaks indicate well-crystallized
grains after sintering at 600 °C. Also, for com-
parison, XRD data for materials synthesized
by precipitation from aqueous solutions are
shown (Fig. 1b), a single-phase product for-
mation begins at 600 °C. Thus, microemulsion
synthesis of Zn Ni,_Fe O, particles provided a
decrease in temperatures of treatment (200 °C
compared with the temperature for co-preci-
pitated ferrites).
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Fig. 1. a - XRD patterns of the Ni-Zn ferrioxalate precursor at x=0.4 (1) and Zn_ ,Ni Fe O, material
calcined at 400 °C (2), 600 °C (3), and 800 °C (4) synthesized by the method of microemulsions;

b - XRD patterns of the Zn ,Ni  Fe O, ferrite calcined at 120 °C (1), 400 °C (2), 600 °C (3), 800 °C (4),
and 850 °C (5) synthesized by the precipitation from aqueous solutions.

Le Bail method was used to determine lat-
tice parameters of ferrite particles (Fig. 2). It
can be seen, that crystal lattice parameters in
materials synthesized by the method in micro-
emulsions increase with Zn content (Table 1).
For instance, spinel ferrites have the general
formula of AFe O, (where A: Fe, Co, Ni, Zn).
The unit cell contains 32 O* ions in cubic close
packing with 8 tetrahedral and 16 octahedral
occupied sites. Zinc-nickel ferrite is a mixed
spinel in which tetrahedral sites are occupied
by Zn** and Fe’* ions and the octahedral sites
are occupied by Ni** and Fe’" in the cubic spi-
nel lattice. In inverse spinel NiFe O, half of
the Fe’* ions preferentially fill the tetrahedral
sites A sites and the rest occupy the octahedral
B sites. Zinc ferrite ZnFe,O, is a normal spi-
nel-type where Fe** ions occupy B sites, which

20

allow antiferromagnetic interactions between
B-B ions to dominate in the magnetic pro-
perties of zinc ferrite. And the reason for an in-
crease in the lattice parameter is the large Zn**
ions size, larger than the radius of Ni** and O*.
Therefore, we can conclude that Zn** ions en-
ter the lattice and solid solutions of nickel-zinc
ferrites are formed.

Particle size and particle morphology were
estimated by transmission electron microscopy
(TEM). Zn Ni Fe O, samples synthesized at
600 °C for the microemulsions synthesis method
and 800 °C for the stepwise precipitation me-
thod with well-crystallized grains were select-
ed for TEM studies and to calculate the lattice
parameters (Table 1). The TEM images of the
samples synthesized by both methods (Fig. 3)
show that the Ni-Zn ferrite nanoparticles are of
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synthesized in microemulsions at 600 °C),
48-60 nm (at 800 °C) and 52-66 nm (for
Ni, Zn Fe O, synthesized by precipitation from
aqueous solutions at 800°C) (Table 1). As can be
seen (Fig. 3a, b), an increase in synthesis tem-
perature leads to an increase in particles size.

T.0. Plutenko, 0.1 V’yunov, 0.P. Fedorchuk, M.0. Plutenko, S.0. Solopan, B.S. Khomenko

uniform size of nano-dimensions and are highly
crystalline. Samples exhibited good dispersion,
spherical morphology and grain boundaries
were well-developed. The average size of the
crystallites changes slightly with the increase
in zinc concentration. The grain size changes
in the range of 29-42 nm (for Ni_Zn Fe O,

(022)
(133)

(224)
(333)

33
) (044)

-~ 22
—(004)

20 30 40 50 60 7
2 Theta, °

a

—ewe (022)
(133)
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(224)
(333)

30 40 50 60 70 80 90
2 Theta, °
b
Fig. 2. Le Bail refinement of X-ray data for Zn Ni  Fe O, ferrite synthesized by the method in micro-
emulsions (a) and synthesized by the precipitation from aqueous solutions (b).
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There was no significant change in the lattice
parameter for Zn Ni_Fe O, ferrite synthesized
by both methods, as shown in Table 1. Vari-
ation in the lattice parameter with increasing
the calcination temperature suggests a change
in the cations distribution between tetrahedral
A and octahedral B sites due to thermal fluc-

Lattice parameters (a), the average size of crystallites D

sized by the method in microemulsions at 600

tuation [29]. A change in the cations distribu-
tion causes a change in the mean ionic radii of
A-site (r,) and B-site (r,) [30]. Lattice strain
for particles synthesized by the microemulsion
method is higher compared to ferrites synthe-
sized by stepwise precipitation.

Table 1.
ey Of Ni,_7Zn Fe O, particles synthe-
°C and synthesized by the precipitation from

aqueous solutions 800 °C. R, is the Bragg coefficient, R, is the form conformity factor and the

lattice strain 1.

Ni, Zn Fe O, synthesized by the method in microemulsions at 600 °C
x 0.00 | 0.10 | 0.20 | 0.30 | 040 | 0.50 | 0.60 | 0.70 | 0.80 | 0.90 1.00
a, A 8.331 | 8.341 | 8.351 | 8.362 | 8375 | 8.391 | 8.410 | 8.418 | 8.431 | 8.444 | 8.452
D,.,nm| 32 37 29 36 31 35 30 36 39 42 37
n, x10° | 090 | 1.05 | 1.78 | 1.99 | 2.37 | 258 | 3.05 | 3.16 | 3.06 | 2.89 | 2.74
Rf, % 6.5 4.4 5.2 4.7 5.3 5.1 5.1 4.7 4.7 4.5 5.3
e | 37 | 38 | 35 | 31 | 32 | 29 | 42 | 87 | 41 | 37 | 42
Ni, Zn Fe O, synthesized by the precipitation from aqueous solutions at 800 °C
x 0.00 | 0.10 | 0.20 | 0.30 | 040 | 0.50 | 0.60 | 0.70 | 0.80 | 0.90 | 1.00
a, A 8.387 | 8.393 | 8.399 | 8.407 | 8.426 | 8.430 | 8.433 | 8.447 | 8.454 | 8.472 | 8.483
D,,,nm| 52 | 54 | 58 | 63 | 55 | 52 | 62 | 58 | 64 | 66 | 60
n, x10° | 0.64 | 0.68 | 0.71 | 0.83 | 0.85 | 0.87 | 0.90 | 0.94 | 1.14 | 0.98 | 0.97
Rf 5.8 5.4 5.4 4.5 5.7 4.6 5.6 4.4 5.3 5.2 4.8
b | 42 | 47 | 42 | 36 | 42 | 35 | 46 | 37 | 45 | 44 | 37
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c
Fig. 3. TEM image of Zn Ni  Fe O, ferrite synthesized from microemulsions after heat treatment at
600 °C (a), at 800 °C (b) and by co-precipitation after heat treatment at 800 °C (¢).

The Zn ,Ni Fe O, materials’ characteriza-
tion was also carried out by FTIR within the
wavelength range of 400-2000 cm™' (Fig. 4).
Strong vibration in curve 1 at 1632 cm™ is as-
signed to asymmetric v (CO) vibration and
the strong vibration at 1310 cm™ is assigned
as symmetric v (CO) vibration of the oxa-
late group [31-33]. The observed spectral re-
gion at 1357 cm™! is attributed to C-C sym-
metrical stretching in zinc-nickel ferrioxalate
(Fig. 4, curve 1). These regions are absent in
Zn, Ni  Fe O, (Fig. 4, curve 2). The peak at
823 cm™' was assigned to the C-C bending vi-

https://ucj.org.ua

bration absorption in curve 1 and disappeared
in curve 2 indicating that oxalate was decom-
posed in heat treatment, which can be verified
by XRD data. The other low energy vibration
at 740 cm™" in curve 1 can be related to mixed
vibrations arising from stretching and bending
mode including water in the lattice. Bending
vibrations of Zn-O, Ni-O, and the vibration
of Fe-O in the tetrahedron may be related to
the two absorption peaks in the 550-670 cm™!
in curve 1. After calcination these peaks are
absent but a single peak of metal oxides at
583 cm™' in curve 2 has appeared.
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Fig. 4. Infrared spectra of zinc-nickel ferrioxa-
late (1) and Zn Ni  Fe O, (2) obtained by calcin-
ing at 600 °C for 2 h.
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Fig.5.57 Fe Mossbauer spectraof Zn  Ni  Fe O,
spinel nanoparticles at room temperature. The ex-
perimental data are represented as a bold red line
(1), while two components corresponding to the
octahedral and tetrahedral sites in the spinel struc-
ture are represented as green (2) and blue (3) lines,
respectively.

In Fig. 5 the Mossbauer spectrum of the
Zn Ni Fe O, ferrite at room temperature

24

is shown. Fe’" ions occupy lattice sites in two
sub-lattices of spinel, thus two sextets are ob-
served in the spectrum. Sextet lines broaden
with increasing zinc content, which occupies
tetrahedral positions in the structure.

It was found that the cations in the sub-lat-
tice are distributed randomly. The Fe** jons in
the tetrahedral position give a less ultrafine
field and isomeric shift compared to the Fe**
ions in the octahedral field of ligands. Fe** ion
has a high spin compared with Zn?**, as the Zn
concentration increases, the ultrafine values
decrease due to the presence of Zn as the near-
est neighbour of Fe.

Magnetic characteristics of powders of all
compositions, synthesized at 800 °C (and at
600 °C for the synthesis from microemulsions),
were determined using a vibrating magneto-
meter. Samples demonstrate the magnetically
soft behaviour (Fig. 6).

60 -

w
o o
1 1

Magnetization, Am?/kg

&
o
1

-60
-800

-42)0 0
Magnetic field, kA/m

T 1
400 800

Fig. 6. Hysteresis loops at room temperature
of Zn, Ni Fe O, ferrites synthesized from mic-
roemulsions after heat treatment at 600 °C (1), at
800 °C (2) and by co-precipitation after heat treat-
ment at 800 °C (3).
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Magnetic properties change with increas-
ing Zn concentration. The highest value of
saturation magnetization was observed for
Zn, Ni Fe O, ferrite synthesized by the me-
thod of microemulsions after the heat treat-
ment at 800 °C. The particles of the obtained
powders have high saturation magnetization
M, = 45.6 Am*/kg for synthesis from micro-
emulsions and M = 44.8 Am?/kg for co-pre-
cipitated samples, the low coercive force H_ =
1.3 kA/m and H_= 3 kA/m, respectively. Al-
though the characteristics of particles syn-
thesized from microemulsions appear to be
slightly better, the difference for magnetization
is within the margin of error.

CONCLUSIONS. The formation tempera-
tures of single-phase spinels synthesized from
microemulsions and precipitation from aque-
ous solutions were determined by X-ray analy-
sis. It was found that the materials synthesized
by the microemulsion method have lower par-
ticle formation temperatures (the difference is
200 °C). The parameters of the elementary cell
and the average size of nanoparticles were cal-
culated by the method of full profile analysis.
It was found that with an increase in zinc, the
parameter of the unit cell increases uniformly
by Vegard's law. The average size of nanopar-
ticles also increases with increasing zinc. The
formation of the spinel structure was proved
by the method of IR spectroscopy. Mossbau-
er spectroscopy showed that the cations in the
sub-lattice are distributed randomly. The study
of magnetic properties confirmed that the ma-
terials are magnetically soft and have a high
saturation magnetization. The magnetization
of materials synthesized from emulsions and
precipitation from aqueous solutions differ
little while coercive force differs near 3 times
(1.3 and 3 kA/m) and is lower for the parti-

https://ucj.org.ua

cles synthesized from microemulsions. At the
same time, lower treatment temperatures allow
the formation of smaller particles, higher stoi-
chiometry, and homogeneity of the resulting
product, making it more applicable in films
and high-quality coating deposition.
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Qeputy — MAarHiTHI Ji€IeKTPUKM, BUPi3-
HAIOTbCA cepejl IHIIMX MaTepiajiB IO€JHAH-
HAM BJCOKMX MarHiTHMX XapaKTepUCTUK Ta
HU3bKOI0 eJIeKTpUYHOW IpoBigHicTI0. Tomy
iX IIMPOKO BUKOPVCTOBYIOTH Y BUPOOHUIITBI
€/IEKTPOHHUX IPUCTPOIB, Pi3HUX TUIIIB He-
B3a€EMHIX HaJBMCOKOYACTOTHMUX KOMIIOHEH-
TiB, MarHiTHUX PifViH, IIOIJIMHAYiB, B ONTHIL],
a TaKOXX y CaMOKOHTPOJIbOBaHil MarHiTHii
rineprepMii. He3Bakaroun Ha JaBHIO icTOPitO
HOCTiPKEHb, TPUBAE YAOCKOHAIEHHA METO/IB
oTpyuMaHHs (pepuTiB Ta IXHIX XapaKTepUCTUK,
BUBYEHHs OKpeMO 00’€MHMX MarepianliB Ta
HaHOPO3MipHUX YaCTOK.

Y pob6oTi cuHTe30BaHO TBEpHAi pO3UMHU
Hi.Ke}Ib—I_U/[HK(.)I‘J%I/IX ¢depuris ZnXNi‘I_XFeZO , 8
MIKPOEMY/IbCIMI Ta OCa/PKEHHAM i3 BOJHMX
po3unHiB. IlpoBemeno P®OA-mocnimxeHHA
4acToK, IY-crmekTpockomilo, Mecc6aypiBCbKy
CIIEKTPOCKOIII0, JOCHIPKEHHS  MarHiTHUX
B/IACTUBOCTENl YAaCTOK i3 BUKOPUCTAHHAM
BiOpauiiiHoro marsitomerpa. bymo mopiBH:-
HO BJIACTMBOCTI OTPMMAHMX HAaHOPO3MipHUX
JaCTUHOK (PepuTiB, CMHTE30BaHNX /[BOMA Me-
TOJAMMU.

Buxopucrannsa cuHTesy 3 MiKpOeMyIbCiii
JI03BOJIVMJIO 3HUBUTY TEMIIEPaTypy popMyBaH-
HA ogHOdasHoro npopykTy Ha 200 °C mopis-
HAHO 3 OCA/DKEHHAM i3 po3umHiB. lle Takox
IA€ MOXK/IMBICTh OTPMMAHHSA YaCTOK MEHIIOTO
po3Mipy, 3abesneunty OibIIY OFHOPIAHICTH
Marepiaily, Kpalje BUTPUMATU CTEXIOMETPiro
CK/Iazly y 06’eMi.

BcTaHoBIEeHO, 110 361/IbIIEHAA BMICTY [MH-
Ky NPU3BOAUTH [0 30iNbLIEHHA NapaMeTpiB
efleMeHTapHol KoMipkm. [Y-crmekrpockomia
MiJTBEPANIA IIOBHE PO3K/IaZaHHA I BUBEJEH-
HA OKCajaTy Ipu cuHTe3i ¢eputiB i3 Mikpo-
eMy/bciit. MeccbayepiBcbKi criekTpy Marepia-
MiB MiATBEpANIN IPUCYTHICTD JIOHIB 3aji3a B
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000X rpaTkax ¢pepury it GopMyBaHHS TBEPHO-
ro pos4yuHy. HamaraiyeHicTb 4acCTMHOK, CUH-
TE€30BAHMX PI3HUMI METOAMU, BiPi3HAETHCA
HECYTTEBO, TOMi AK KOePUUTUBHA CIJIA Bifpi3-
HA€ETbCA B pasu (1,3 i 3 kA/M) i € MeHIIOIO [/
3pasKiB, CMHTE30BAHMX i3 MIKpOEMYIbCiil.

BxasaHi mapameTpu HO3BOIAKTb CTBEp-
IDKyBaTy, IO OTPMMAaHI YaCTMHKM MOXKHA
BMKOPUCTOBYBaTH IpY CTBOPEHHI MarHiTHUX
IUTiBOK, JOOPOTHMX MAarHiTHUX IMOKPUTTIB Ta
KOMIIOHEHTIB Ha iXHill OCHOBI.

Kmrowogi cnosa: NiFe O, ZnFe O, marnit-
Hi BJIaCTUBOCTI, IIOCTiJIHA I'PaTKY, 3aMill[€eHHA
LVIHKY.
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ITpoBeneno niTepaTypHmii aHasi3 IpKepen 3a METOJAaMy CHHTE3Y Ta iXHbOTO BIUIMBY Ha
CTPYKTYpHO-MOpdooriuHi, ¢isuKko-xiMiuHi i1 eeKTpoxiMiyHi BIacTMBOCTI rpadeHiB Ta
rpadeHOnIONiIOHNX CTPYKTYp. BcTaHOBIEHO, 1O IIi BIACTMBOCTI MAalOTh YiTKY 3a/IeKHICTDb
BiJl METO/ly CMHTE3Yy, BUXi[IHMX MaTepialiB Ta CKIafly cepemoBuila cuHTe3y. PosrmanyTo
BIUIMB CKJIafly PiJKOro cepejoBMIla Ta TeMIIEpAaTyPHUX YMHHUKIB Ha 3MiHY B/IaCTUBOCTEN
rpadeHiB Py BUKOPUCTAHHI CMHTE3y B IJIa3MO-AyroBoMy pospsiji. [lokasaHo, 1o cuHTe3
Y pPiAKOMY cepeloBMIIli 3 BUKOPUCTAHHAM IJIa3MO-YTOBOTO PO3PANY JAa€ MOXK/INBICTb CKO-
POYEHHS CTafiil cMHTe3y 3aBHAKM Mopudikanii rpadeHONnofiOHNX CTPYKTYp aKTVMBHMMU
pajuKanamy, 0 YTBOPIOIOTHCA B I/Ia3Mi IYIY, Ta BUCOKY YMCTOTY OTPMMAHOTO IIPOJYKTY.

KniouoBi crroBa: Byrienn, rpadeH, CUHTe3, CepefoBUILe, PiIKIIT @30T, BOJA, afcopO1is.

BCTYII. TpadeH € ogHuM i3 HarimikaBimmx
MarepiajiB, AKi MOCHIKYIOTb Ha CbOTOJHI,
He TIZIbKY 3 TEOPETUYHOI TOYKU 30Dy, aje il 3
OIVIAJY Ha IOTEHLIHI IMPaKTUYHI MOXX/IMBO-
cTi 3acrocyBaHHA. lle pBOBMMIpHUIT Marepi-
a7l, AKUM CKIAIA€EThCA 3 aTOMIB BYIJIEINIO, 1O
YTBOPIOIOTDb IleCTM4WIeHHi Kinbus [1]. Yypo-
BOIO 0COO/MMBICTIO rpadeHy € Te, WO eHeprisa
€JIEKTPOHIB JIHITHO 3a/IEXXUTD Bif} XBUIBOBOTO
BEKTOpa 00113y TOUOK IIepeTUHY B 30Hi bpro-
JUlieHa, a eHepreTryYHa BifICTaHb MK BajeHT-
HOI0O 30HOI0 i 30HOI0 IIPOBIJHOCTI BifICYTHS,

TOMY HOCII 3apAfy IMITYHOTb PeIATUBICTChKI
YaCTUHKM, AKi HaJKpalle MO)XHa OIMCATU
piBHAHHAM [lipaka, a He piBHAHHAM Illpenin-
repa [2]. Bin Takox mposiBisi€ i1 iHII BIacTu-
BOCTi, TaKi K ;[[p060131/[171 KBAHTOBUI e(deKT
Xorma 3a KiMHaTHOI TeMneparypy, edexrt am-
6iMO/IAAPHOrO eeKTPUYHOTO IT0JIA, @ TAKOXK Oa-
MCTUYHY IPOBiAHICTD HOCIIB 3apsAny. Ipade-
HONOJIOHI 3pasky 3 BOMa LIapaMm (JiBoIIa-
poswuii rpacdeH) i 6ibII HIX /JBOMa, ajle MEHII
HDK JlecATbMa Inapamu (6araTomapoBuii rpa-
(dbeH) cTaHOBIATH OJHAKOBMIT iHTEpec [3].
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IpacdeH 3 apoMaTMYHOI CTPYKTYPOIO M€
0araTo ByIJIeIb-BYIJIEL|eBUX 3B 5I3KiB y IUIO-
WyHi, AKi 3a6e3nevyITh Bi/IbHI T-eIeKTpo-
HJ Ta PEAKIiHI LEeHTpU /A MOBEPXHEBUX
peakiit. SIk mBoMmipHa cuctema, rpadeH 3a-
Oesreuye abCONMIOTHY MeXy MiHiaTiopusariii,
IPMHAMIMHI B OTHOMY HAaIIPAMKY, 1 iZlea/IbHUM
YMHOM MiJXOAUTb JO Cy4YaCHUX IIJITAHAPHMUX
TEeXHOJIOTiN [4].

PyxnuBicTb HOCIiB 3apsAny B rpadeni gocs-
ra€ peKOpAHMX 3HA4€Hb i MalkKe He 3a/IeKNUTh
Bix ixHbOI KOHIeHTpawii [5]. Ile mae moxxmu-
BICTb J10TO peasisalii B peaqbHUX Ipuaajgax
0a/IiCTUYHOTO TPAHCIIOPTY HABIiTH 3a KiMHaT-
HOI TeMIIEpATypU, IO € NEPCIEKTUBHUM /I
BJMICOKOYACTOTHNUX 1 Ma/IOIIYMHUX €/IEMEHTIB
MiKpOe/IeKTpoHiku. Bucoka onrtmyna mpo-
30picThb (KoedillieHT MPONyCKaHHA CKIajae
97,7%), BUCOKa HMpPOBifHICTh, XiMiYHA iHEpT-
HICTb, @ TAKOXX MOXX/IMBICTb KEPYBaHHA BE/N-
YMHOI0 3a00pOHEHOI0 30HOI TrpadeHy pob-
JATb MOr0 NEPCHEKTUBHUM I €IEeKTPOHi-
Ku [6].

Cnip momaty, mo rpadeH, AKUII Mae pe-
KOpZIHe 3HaueHHs KoedillieHTa TelyIonpoBifi-
HOCTi, PO3INIANAIOTh AK OCHOBY Marepiasib
UL HAaHOENIeKTPOHiKM MaitbyTHboro [7]. Pe-
ajisaniAg BeIMYe3HOro IOTEHIialy MpUKIaf-
HOTO BMKOPVCTAHHS, 3aK/IaJIeHOr0 B rpadeHi,
MOXIVBA JIMIIE B Pe3yIbTaTi po3pobIeHHA
IIPOCTUX i IOPIBHAHO HEOPOIMX METOJIB OT-
pMMaHHA IUX MaTepialiB y MaKpOCKOIIYHUX
KiZTBKOCTAX i3 O)KaHMMM XapaKTepUCTUKaMM
[8]. IIpoTsArom KinbKOX POKiB, IO IIPOVIIIN
3 MOMEHTY BiIKpUTTS IEpPLIOTO METOAYy BU-
IineHHs rpadeHy, 3aCHOBAaHOIO Ha MeXaHid-
HOMY po3llelUieHHi rpadiroBux mapis [9],
3ycnis 6aratbox maboparopiit 6yno crupsamo-
BaHO Ha PO3BUTOK HOBUX, Oi/1bIlI e(heKTUBHUX
MiXOZiB 10 BUpPIIIEHHA 3a3HAYE€HOIO 3aBJjaH-
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HA. Lle mpusBeno g0 po3po6IeHHA HU3KU HO-
BUX TEXHOJIOTIYHUX MiAXOAIB BO OTPUMAaHHA
Ta OUYNMINeHHA rpadeHy, NMPUYOMY ILiHHICTb
LIMX TEXHOJOIi BUXOAWUTb 3a paMKu BUpi-
HIEHHA KOHKPETHOTO NMPAKTUYHOTO 3aBIaHHA.
ITpocyBaHHA B 1IbOMY HaIIPSIMKY CTUMY/IIOBa-
JI0 He TiZIbKM PO3BUTOK HOBMX IIiIXOMIiB 10 OT-
puMaHHsA TpadeHy, ane TaKOX po3poOIeHHs
METOJiB NOCTIPKEHHS, 10 JO3BOAITH KOHT-
POIOBATH IPOLEAYPY Ofep>KaHHA LIbOTO Ma-
Tepiazy Ta J10ro KOMIIO3UTIB, CTEXXUTH 32 II1a-
paMeTpaMu CTPYKTyp y mpoueci cuaTesy [10].

MeTor OrznAmy CTazo BUBYEHHSA METO[IB
CUHTE3Y Ta iXHill BIVIMB Ha CTPYKTYPHO-MOD-
donorivni, Gisuko-xiMivHi i eneKTpoxiMivHi
BIACTUBOCTI rpadeHiB Ta rpadeHonomioHMx
CTPYKTYP.

Memoou curnmesy epagery ma tiozo noxio-
Hux. OOroBOpeHHs MeTOJiB CHMHTe3y 30cepe-
JDKEHO TIEpeBaXHO Ha OTPUMaHHI rpadeny,
o He Oyae moTpebyBaTy JOZATKOBOTO OYM-
LIeHHA, AKi JaflyTh 3MOTy HaIlpaBJI€HO CMH-
Te3yBaTy NOTPiOHI cTpykTypm rpadeny, mo-
nndikyBaTy 1OTO A1 TOKpallleHHS Tiei um
IHIIIOI BJIACTMBOCTI, 1110 B IIOJIA/IBIIOMY Jy>Ke
BAK/IMBO /I BUKOPUCTAHHA JI0TO B IIPOMIC-
noBocTi. [Ipo MexaHi3My ciHTe3y Ta [JeTabHi
JOCTipKeHHA TpadeHy NOBiTOMIEHO B JKe-
perni [11]. CunTe3 rpadeHy MO>KHA BUKOHATU
JIBOMa OCHOBHVIMM CIIOCOOaMM: HU3XiJHUMMU
(pyiinyBampHMMM) i BucxifHUMM (OyHiBesnb-
HVIMM) METOJJAMM.

BucxigHuMmu MerogaMu CHUHTE3YIOTh I'pa-
deH Ta 110T0 MOXi/Hi 3 BUKOPUCTAHHAM iHIINX
IDKepen Byrewio, Kpim rpagiry. Lli meronu
CTBOPIOIOTH TpadeHOBi MarTepianm 3 Tome-
PEeIHMKIB aTOMapHOro po3Mipy. BucxigHi me-
TOJM BK/IIOYAIOTh XiMiuHe OCaJ/PKEHH: 3 IIapo-
Bol (basm, emiTaxciilHe 3pocTaHHs, razodas-
HUII CMHTe3 6e3 cyOcTpary, MaTpUYHNIT METOJ
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Ta TOTAJIbHUI OpraHiyHmii cuHres. Hespaxa-
104 Ha Te, IIJ0 BUCXiTHMMY MeTOJaMI CUHTe-
3y10Tb rpadeHOBi BpoOu 3 Maibke Oe3nedexT-
HOI0 Ta BEIMKOKI IUIOLICI0 IIOBEPXHi, BOHU
YacTO TOB'sA3aHi 3 BUCOKMMU BUPOOHUINMMU
BUTpPATaMy Ta CK/IQJHUMM OLlepaliiiHNMM Ha-
namryBaHHaMY [12-16] (Tabmmus 1).
Memoou «320pu 6HU3», Maxi AK MexaHiuHe
ma piokogasme 8i0NYULYBAHHS, OKUCHe BI0TTY-
WYBAHHS — BIOHOB7IEHHA Ma 0y208Ull PO3PAO.

i meToau PyMHYIOTH BENIMKiI IPEKypcopyu Ha
OCHOBI BYIJIELII0 3 YTBOPEHHAM HaHOPO3Mip-
Horo rpadeny. Sk npaBuio, gedxi HusximHi
METOAY MAaIOThb BUCOKY MAacIITabOBaHICTH i
TO3BOJIAIOTH OTPUMYBATH IIPOAYKILiI0 BICOKOI
AKOCTI, aj/ie MaloTb TPYAHOILi 3 OTPMMAaHHAM
MPOAYKIii 3 BIACTUBOCTAMMY, 110 HE3MiHHI y
Yaci, HU3bKMM BUXOJOM i 3HaYHOIO MipoOIo 3a-
JIeXXaTh BiJj BUXIIHOTO MaTepiany KiHIIEBOTO
rpadiry [17-20] (Tabmyus 1).

Tabmunsa 1
MeTopu oTpuMaHHA rpadeHOBMX HAHOCTPYKTYP
Table 1
Methods of obtaining graphene nanostructures.
Orpumani . JliteparypHi
Ne Haspa metony Henoniku
CTPYKTYypH IoKeperna
— HM3bKa IPOIyCKHA 3[aTHICTh;
1 XiMiuHe ocamKeHHS Tpacben — OYMILEHH: Bif] 3a/IMIIKIB KaTajli3aTopa; [12]
’ 3 mapoBoi ¢pasu b - TepeHeceHHs Ha iHuIi cybcTpaTy;
- BICOKA BapTiCThb BUPOOHUIITBA
. e — HEONHOpIfHI CTPYKTYypu
2. Emirtakciitauii pict Ipaden AHOPIA PYKTYP [13]
- BUJiIeHHA TeTpadTopeTHIeHy
TasodasHuit cunTe3 - BMJaJIeHHA HeOaXaHUX aMOpPHMX Ma-
3. b rpaden A pd [14]
6e3 cybcTpary TepianiB
— BEJIMKUII 32 00CATOM eTal MUTTS
4,  Marpuunnit MeTop, Ipaden - MOX/MBICTh pyJiHYBaHHs rpadeHy mif [15]
Jac BUJATICHHA IIA06TI0OHy
Toranbumit - TOsIBa MOOIYHUX peaKIiiit
5. L Ipaden peart [16]
OpTraHiuHMII CMHTE3 — KOHTPOJIb SIKOCTi OTPUMaHUX CTPYKTYP
MexaHiuHi — OYMUIEHHA rpadeny Bifj K/Ie
6. Ipaden LLI P (b. Y B [17]
posLIenIeH A — KOHTPOJb SIKOCTi OTPUMMaHUX CTPYKTYP
OkucHe BifHOB/IEHMII — BMKOPUCTAaHHA TOKCMYHNX BiTHOBHMKIB;
7. BilTyIIIyBaHHA- OKCUJ - HU3bKa IUIOIA ITIOBEPXHi; [18]
BilHOBJIEHHA rpadeHy - IIOTaHA eJIeKTPOHHA IPOBITHICTh
Pinkodasue - nedexTn Ha Kpasx Ta 6asaJbHMX IUIO-
i ¢ rpaden ned P [19]
BiJUTyIIlyBaHHA HIMHAX
CunTes rpaden, — BICOKA TOYHICTb, HeOOXiIHA /I yIIpaB-
ByIJIELlEBl  JIiIHHA IIpOLlECOM
9. B IIa3MO-AYTOBOMY yuren boriecon [20]
ospai HAHOTPYOKV, — €HeproEMHUI XapaKTep BUPOOHUIITBA.
P dynepenn
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Ha cporopni Haibinbuly yBaryu mpupins-
I0Tb METOJaM OTpMMaHHs rpadeHonofioHMx
CTPYKTYP, AKi JO3BOJAIOTH I[i/IECTIPAMOBAHO
MopndikyBaTy BUXifHI Marepiamy Ta iXHIO
eIeKTPOHHY KOHQirypauito misa ¢opmyBaH-
Hs TOTPiOHOI BIACTUBOCTI, IO O3BOJUTH
3HAQYHO POSIMIMPUTU O06TaCTb IPAKTUIHOTO
3aCTOCYBaHHs IpadeHONOfiOHOro KiHIIeBOro
npopykTy [21]. OTxe, MeTOR ofiep>KaHHA LINX
CTPYKTYp Yy IIa3MO-JYTOBOMY PO3PAAi Ja€
caMe TaKy MOX/IMBICTb. ToMy 3ynIMHMMOCS Ha
HbOMY fleTanbHilme. Hespakaroun Ha Hemomi-

KI LIbOTO METOHY, IUIa3MO-LYTOBUI PO3PAL
i3 rpadiroBumu enexTpomamy, mo BifOysa-
€Tbcs B aTMoc(epi iHepTHOTO rasy, € OfHUM
i3 Hait6ibII e eKTUBHUX CIOCOOIB IepeTBo-
PEeHHA KpUCTaNTiqHOro rpadiry Ha ByI/IeleBi
noBepxHeBi cTpykTypu. Ha ocHoBi mopi6HOTO
nigxony 6ysn0 po3po6/1eHO MeTORM OTPUMAaH-
HA QynepeHiB [22], ByI/enieBUX HaHOTPYOOK
[23], a Takox rpadeny [11] y makpockormid-
HUX KiTBKOCTAX, IO 3pOOMIO Lii CTPYKTypuU
NOCTYIIHUMM ISl LIMPOKOTO KOJa JOC/igHM-
KiB.

Puc. 1 - Cxemn OymoBm pisHux mommdikariii Byriento: a) rpaden; 6) ByI/eljeBa HaHOTPYOKa;

B) dynepen C_

Fig. 1. - Schemes of the structure of various modifications of carbon: a) graphene; b) carbon nanotube;

c) fullerene C_.

Ocobnusocmi cunmesy epagenis y piokomy
cepedosuuyi. STk cepemoBuiLe B cuHTE31 rpade-
HiB BUKOPJCTOBYIOTb He Ti/IbK) a3y, a 1 pi-
nvun [9]. Kpim nporo, came pigyam € 6inpur
eeKTVBHUMM i 3pYYHMMU /11 OTPUMAHHA
neBHMX TPadeHONONIOHNX CTPYKTYp. [xHE
BMKOPMUCTAHHA HaJla€ HMU3KY IlepeBar: MOX-
JIMBICTb CTBOPEHHsS Oe3IepepBHOIO CUHTe-
3y HaHOCTPYKTYP, HEBEIMKUI KOHITIOMEpAT
HaHOCTPYKTYpP, BifICYTHICTb BMKOPMCTaHHA
BAaKYYMHOI CUCTeMU, sIKa € BaKKOIO B €KCIITY-
aTtanil. BigMiTMMO TakoX, L0 PiAVHA [JO3BO-
JIAI0Th MUTTEBO 3YNMHATY Ipolec repebiry
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peaKlii, 1o € BUpillaTbHUM JII1 KOHAEH ALl
BYIJIEL|eBUX CTPYKTYp IEBHOTO TUILY: Ipade-
HiB, HAHOTPYOOK Pi3HOTO HiaMeTpy Ta JOBXKM-
HU Qy/epeHis.

Kpim 1nporo, 3a3HadeHnii METOZI Ma€ HU3KY
IepeBar, a caMe: HU3bKiI €HepreTM4Hi 3arpa-
T Ta BUTPATU PEATeHTIB, BUCOKY YUCTOTY
OTPMMaHMX HAHOYACTUHOK, Majy Ki/lIbKiCTh
JOIATKOBUX XiMiYHIMX METOJiB OUYMIIeHHS BiJl
moMiniok. Ile mae smory oTpuMyBaTy BUCOKMI
BUXiJl KiHI]eBOTO ITPOAYKTY (mo 60 %) Ta MOX-
NUBICTb BUKOPUCTAHHA IeAKNX IPOAYKTIB I1e-
pepoOieHHs sIK BUXiTHUX peareHTiB. SIk pigke
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cepefioBulIle MEPCIEKTUBHO BUKOPUCTOBYBaA-
TV PifIKMiT 30T Ta AUCTUNIbOBAHY BOAY [24].
Bnnue cxnady piokozo cepedosuuia Ha
cmpykmyphi ocobnusocmi epagenis. Cxmap
PIBKOro cepefoBMILa, a caMe JIOro IpUpofa,
KOTPa PEery/ro€e HacaMIepes, MOXK/IMBICTD IO -
BI JIETYIOYMX JOMILIOK Y KiHI[€BOMY IIPOMYKTI,
€ BOX/IMBYUM (HAaKTOPOM OTPUMAHHS rpadeHiB
i3 3ajlaHMMM BIacTMBOCTAMMU. TaK, y BUIaKy
PiAKOro asoTy TaKMMM JOMIIIKaMU MOXXYTb
OyTu a3oT abo i1Ooro CIoNyKy, a 3 BOZHUX Ce-
PefoBMIL, MOXX/IMBO OTPUMYBAaTH OKMCHEHI

Pyridinic-N-oxide

Graphene plane

Vacancy defect

Oxygen functional groups

rpadenn, abo rpadenn, aki mictate OH-rpy-
nu [24, 25-30, 31].

Cunmes epagperie i3 cepedosuuia pioxkozo
asomy. IIpu BUKOpuUCTaHHI cepefoBuia pifi-
KOTO a30Ty aTOMM a30TYy 3/1aTHi BIPOBAJKY-
BAaTICA B PELIiTKY rpadeHa pisHUMU criocoba-
M, IIJ0 XapaKTepU3YIThCS pisHUMY KOHPIry-
pauisiMy Mi>KaTOMHUX 3B's13KiB, 3 SIKMX OCHOB-
Hi Taki, sK: 3aminfarounit (rpaditonoxioHmin),
nipuanHOBMI i miponbHMit. KojkHa 3 1ux KoH-
¢birypaniit npu3BOANTD O pi3HUX 3MiH efek-
TPOHHUX BJIACTUBOCTEN rpadeny.

Graphitic-N

- Pyrrolic-N

Pyridinic-N
& Carbon
@ Nitrogen

& Oxygen

< Hydrogen

Puc. 2 - OcHoBHi Tunu pominikyu asoty y rpadeni [25] BigrBopeHo 3a /103BONIOM BUJaBHMIITBA

Elsevier

Fig. 2 — The main types of nitrogen impurity in graphene [25] Reproduced with permission from

Elsevier.

ATOM a30Ty MICTUTb Ha OJVH €JIeKTPOH
6inblle, HK BYIVIEllb, OTXe, B pasi IpsSMOro
3aMillleHHsA B €JIeMEeHTAapHil KoMiplli 3Haxo-
IUTBbCS TPU T-€JIeKTPOHU. 3aiiBUil eJIeKTPOH
3aIlIOBHIOE Bi/IbHI Ti*-CTaH 30HU IIPOBiHOCTI,
10 IPU3BOAUTD [0 MifBUIIEHHA KOHIEHTpa-
1[ii HOCIIB 3apAly N-TUIY i CTBOPIOE IOTYX-
Hull neryounit edpekr [25].

Y pasi mipupuHOBOi KOHirypanii nBa
€JIeKTPOHU a30Ty 6epyTb y4acTb B YTBOPEH-
HAX 0-3B’SI3KiB, OVIH i3 HUX — y T-3B’A3KY, a

https://ucj.org.ua

IBa eIEKTPOHM, L0 3aIUIIUINCA, YTBOPIOIOTh
apy, 1I0Kaj1i30BaHy Ha aToMi a30Ty. B enemen-
TapHill KOMIpIli € BaKaHCid, TOMY B TT-CUCTeMi
He BJCTAYa€ OJHOTO eeKTPOHa A popmy-
BaHHA IIOBHICTIO 3aIIOBHEHOI €HepreTM4HOI
soHn. CycifiHi e1leMeHTapHi KOMipKM MiCTATb
IO /IBA TI-eJIEKTPOHM, SIK Y YMCTOMY rpadeHi.
Y miponpHiit KoH}irypauii Tpy eneKTpoHu
YTBOPIOIOTb O-3B'A3KN, @ [Ba, 110 3a/IVIIVJIN-
Csl, 3aIIOBHIOIOTH T-CTaH. ToMy He3Bakalouu
Ha Te, 1110 B €/IEeMEeHTapPHiil KOMipli € BaKaHCid,
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YUC/IO €IeKTPOHIB y TI-CUCTEMi 3a/IMIIAETh-
Csl He3MiHHMM 1 yeryrounii epeKT MpakTUIHO
BificyTHIit [26]. 3amimryrounit a30T Mae Haii-
OinbII BUpa>KeHWII BifHOBIIOBAIbHUI e(eKT
cepefpi pisHMX TuHiB foMimoK. Kpim nporo, y
pasi 3aMiHM He IOPYUIYETbCA KpPUCTaIidyHa
CTPYKTypa i He yTBOPIOIOTbCS BaKaHCIil, L0
MOXYTb IPU3BOSUTH IO PO3CIIOBAaHHA €JIeK-
TPOHIB IIPOBiHOCTI.

Y pobori [27] 6yn0 mOCTimKeHO BiIcOTOK
YTBOPEHHsI KO>KHOI 3 TOMIIIIOK a30Ty B rpade-
HOBMX CTPYKTypaX. BkasaHo, mo Hait6inbIue
YTBOPEHMX BK/IIOYEHD MaJIM CaMe MipUAVHOBI

KoH(iryparnil. A HaliMeHIle — a30T, 110 3aMi-
11y€ TOMILIKN.

TakyM 4MHOM BBaXkaloTh, IO MipUAMHO-
Ba Ta MipojbHa KOHQIryparii He IpU3BOAATD
JI0 iCTOTHOTO JIeryBaHHA rpadeny, a 3a a3ory,
AKUI 3aMilllye MOMIIIKM, € BUCOKA BipOTif-
HicTp 30epiraHHs BMCOKOI PYX/IMBOCTI HOCI-
iB 3apsfy, 11O € HeOOXiJHUM B e/IeKTPOHHMX
INPUCTPOAX Ta CyYaCHUX NpUIaflax HaKOIM-
4yeHH: eHeprii [28]. OgHak MeTOgaMM CKaHY-
10401 €/IeKTPOHHOI MiKPOCKOIIii BCTaHOBJIEHO
HasBHICTb MOPQOIOTiYHMX 3MiH Ipy Moayi-
KaIlil a30TOM CTPYKTypu rpadeny.

Puc. 3. - TEM-3o6paxxennsa N-rpadeny, cunTezoBanoro Mmerogom CVD [30] BigrBopeno 3a

1o3BosioM BupaBHuLTBa Elsevier

Fig. 3. - TEM image of the N-Grapene synthesized by CVD method [30] Reproduced with permission

from Elsevier.

Y poborti [29] npu neryBanHi a3oToM rpa-
($eHOBOI CTPYKTYpY CHOCTEPIraloTh po3Ipe-
Hi Ta 3iM'ATI XBUIenoxni6Hi rpadeHoBi mcTn
Ta CTBOPEHO BUCOKOPO3IIAPOBAHY Me30II0-
pucty cTpykTypy. OCHOBHY NIPMYMHY TaKOTO
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pOny IOPUCTOI CTPYKTYPU MOKHA ITOSACHUTHU
3MOpIIKaMU Ta CKIaJiKaMy HAHO/MUCTIB rpade-
HY, @ TAKOXX 3aII00iraHHAM aryioMepariii rpadge-
HOBUX IUIACTIBLIB, 110 Oy/I0 MiATBEpKeHO 3a
JIOTIOMOTOI0 300pakeHb 3pas3KiB N-rpadeny.
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TakoXX JOCTi>KeHHA IUX CTPYKTYp HifTBEp-
AWM, 10 PO3LIMPeHi MMCTU TpadeHy 3aro-
6iraloTb IMOBTOPHOMY IXHBOMY YK/IaJJaHHIO
(puc. 3). Ilpn mocmimxeHHi TpaHCMIciitHOO
eIeKTPOHHOI0 MiKpockomieto [30] 6yno 3Hail-
JNEeHO LVPKYIALIHI MaKpoOIlOpy, IO YTBO-
PIOIOTbCA Ha IIOBEepXHi rpadeHy AiameTpoMm
5-15 uMm. lle, 1IMOBipHO, ITOB’13aHO 3 MOX/IN-
BYMM YTBOPEHHAM Ta30BUX IPOAYKTIB pO3-
najy Iijj 9ac CMHTESY, 110 MOITIMHAKTHCA MK
mapaMu rpadeHy 3a BUCOKMX TeMIIepaTyp.
Takox mic/st MpoBeieHHs TePMiYHOTO 00pO6-
JIEHHA CIIOCTEPIra€MO HEBENIMKEe PO3LIVPEH-
HA MDXK muctamu rpadeny. B npomy Bunagky
CTPyKTypa rpadeHy CKIajlaeTbCA 3 KiTbKOX
pAAiB TpadeHOBMX IUIACTIBLIB i 3-BMMipHMX
YaCTMHOK PO3MIpOM KiZIbKOX [J€CATKIB HaHO-
MeTpiB. OfHaK c/1if] Bif3HaYUTH, 1110 BCi METO-
IV CUHTE3Y 3 BUKOPUCTAHHAM IIa3MO-IYyTO-
BOTO PO3psAJy BUKOPMCTOBYBAaayu IIpM HaHe-
CeHHi rpadeHy Ha MigK/IAAKY; TakKi MeTOAM
in-sity, 6e3 migkmagky, Wi cuHTe3y rpadeHis
He 3aCTOCOBYBa/lM. TaKMM 4MHOM BIacTUBO-
cTi rpadeHiB, sAKi MOXXHA CUHTE3YBaTH TAKIM
LIJIAXOM, JOCi 3a/IMIIaI0ThCS HEBITOMUMIA.
EnextpoximiyHi B/IacTMBOCTI y 3pasKax
rpadeHiB, 1[0 CMHTe30BaHi rigpoTepMaaIbHUM
METOJIOM, Jie IepeBa kal4yMI BUIaMI a30TYy
6ym/[ MipUAVHOBI, 32 AKMMU CIilyBanyu aMiji-
HUII/aMiHHMIA, TpONbHUI 1 4YeTBEPTUHHMIA
a30T, CIIOCTEpiraay 3ajaeXXHICTh €NeKTPOXi-
MIYHMX BJIaCTMBOCTEN BijJ BMicTy asory. Bu-
MipIOBaHH: LUK/IIYHOI BOJIbBTaMIIEPOMETPII Ta
CIIEKTPOCKOIIiI iMIIEJaHCY, IPOBE/IEH] Ha 3pas-
Kax, sleropaHyx N i 6e3 a3ory, mokasany, 110
¢ikcaria asory 3abesneunia MosBy IICEBJO-
€MHOCTI B Marepiani Ta mokpampia audy-
3i10 iOHIB 3 O[JHOYACHMM IOIIVPEHHAM BiKHa
€/IeKTPOXiMiYHOI CTiliKOCTi. Bucoky mmuromy
€MHICTb 244 © "' 6y/10 OTPUMAHO 33 BUCOKOI
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mBKUAKOCTI ckaHyBaHHsA 100 MB ¢! i N-GO
3 HalBUIVM BMIiCTOM a30Ty. byno orpumano
HaJ3BMYAHY 3[JaTHICTh O IIBUIKOCTI 3aps-
mkeHHsa misg N-rGO 3i 36i1bllleHHAM IIBUJ-
KOCTi CKaHyBaHHA 98%, TOfi AK [JIA Helero-
BaHoro rGO 6yno orpumano nvmie 70%. 92%
II0YAaTKOBOI €MHOCTI 36epiraam yrIpomoBK
5 000 nuKIiB 3apsARy/po3pARy 3aBAAKU BUCO-
Kiif CTabi/IbHOCTI €/leKTPOXiMiYHO AaKTMBHMX
JAaCTMHOK a30Ty [31]. Ane rigpoTepManbHMI
MeTop, 6a3yeTbcsl Ha 3aCTOCYBaHHI BOJHOTO
CepefloBMINA, 10 3HAYHO 3MiHIO€ BIACTUBOCTI
MarepiaiB.
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Puc. 4. — EnexkTpoximiuHi BITacTMBOCTI BiJHOB-
JIEHOTO OKCHJY TpadeHy, 1eroBaHoro asoToM [31].
BinTBopeno 3a fo3Bony BusasHunTsa Elsevier.

Fig. 4. - Electrochemical properties of the Ni-
trogen-doped reduced graphene oxide[31]. Repro-
duced with permission from Elsevier.

Cunmes zpageHié i3 600H020 cepedosUL4A.
[Ipy BUKOpMCTaHHI BOAYM Ta pO3YMHIB Ha II
OCHOBI Yy pOJIi cepefoBMIla BCTAHOBJIEHO II
BIUIMB Ha PYXJIMBICTb HOCIIB 3apsAny B Ipa-
deni Ta jtoro 3matHICTH 4O OKUCHeHH:A. Jlo-
cmimpkeHHAMu [31] Oymo poBeneHo, Mo Bofa
B rpadeHax 3HAXOAUTHCA B JIBOX OCHOBHMX
CTaHax: BOJA, sIKa aJiICOPOYETbCs Ha MOBEPX-
Hi mepmoro mapy rpageHy, a TaKoX BOJa,
AKa IHTEPKAIOEThCA B MDKIIAPOBUI IIPOCTIp
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APYyroro Ta HAacTynHux Iapis. IIpm mpomy
Ha NOBepxHi rpadeny amcop6buis Bopu mpo-
XOINTD 3a PaXyHOK BaH-/lep-BaaIbCoOBMX 2060
€/IeKTPOCTaTUYHNX CUI IpUTAraHHA. Hasas-
HICTb HaBiTh HE3HAYHOI Ki/IbBKOCTi IPYII KMCHIO
MOXXYTb 3HAYHO 301/IBIINTY K €Heprilo 3B’A3-
Ky, TaK i Ilepegavy 3apAaay MK BOJIOIO Ta rpa-
¢denom. Cepep ycix rpyn kapOOKCUIbHa Ipyma
Ha rpadeHi € HaiOiIbII HMpPUBAOIUBO0 IS
MOJIEKY/IM BOAM Ta 3abesledye IepeHeCeHHs
0,024 e mo rpacdeHy uyepe3 YTBOPEHHs ABOX
BOJHEBUX 3B A3KiB MK HUMM Ha BiIMiHY Bif
3BopoTHOro nepenecenns 0,01 e Big nepBuH-
Horo rpageny. [IpoToHyBaHHA MOIEKYT BOAK
MO>XHa BUKOPMCTOBYBATU [/ IIOJA/IbIIOTO
HOKpallleHHs B3aeMOJil Bofia — rpadeH Hesa-

JIOKHO Bif QYHKIIOHaIbHUX IPyl. BussneHno
giTko crabinbumit xmacrep (H,0)H*, axwit
pO3TalIOBaHUIl Y 6i/IbII ITMOOKOMY MiHIMY-
Mi mmic/iA B3aeMogii 3 KapOOKCUITBHOIO TPYIIOI0
Ha rpadeni. Koxen xmacrep (H,0),H* moxe
orpumaru 0,084 e Bij mepBuHHOrO Tpadeny
ta 0 0,128 e Bix rpadeHy 3 KapOOKCUIBHOIO
IPYIIOO, IO MOACHIOETbCA BENMKNUMU BiMiH-
HOCTAMU Y pobOTax BMXOAY MDK IPOTOHO-
BaHVMM KJIacTepaMyu Ta (YHKI[iOHaIbHMMU
rpynamu rpadeny. L1i pesynbratu BUABIAIOTH
cuHepriunuii edeKT QYHKIiOHATBHUX TPYI
KICHIO Ta IPOTOHYBAaHHA B HaJalUTyBaHHI
0OMiHY 3apsiiaMy MDX BOJOI0 Ta TpadeHOM i
HOIIMOMIOITh PO3YMIHHA TIiIpOeNTeKTPUYHIX
edexTiB (puc.4).

Adsorption energy (eV)

0.6

0.3

F-]

1

T

-0.06

0.00

Transferred electrons (e)

Puc. 4. - Cxema B3aemopii moBepxHi rpadeHiB i3 MonekyaMu BOAM y BUIIAJKaX HAsABHOCTI IIpo-
TOHOBAHMX MOJIEKY/I BOAM Ta IPUCYTHOCTI TiPOKCUIBHMX Ta KapOOKCUIBHUX TPyl [31]

Fig. 4. — Scheme of the interaction of the graphene surface with water molecules in the presence of
protonated water molecules and the presence of hydroxyl and carboxyl groups [31].

A inTepkananis Bopy BifOyBaeTbcs 3a pa-
XYHOK xeMocop6ui171HMX CUJI, 11O B IIOJAJIbIIIO-
MY IIPU3BOJATD [JO YTBOPEHH 3B A3KY Bifjpasy
3 TpbOMa HAMOMDKYMMY aTOMaMM BYIJIELIIO.
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Yepes 1je TemrepaTypa gecop6buii Bogu 3 rpa-
¢eHy € pi3HOI0: /I LIapy IOBEpPXHEBOI BOAY
BoHa ckagae 50-80 °C, a 114 iHTepKa/IbOBaHOI
BOZIM B MDKIIAPOBOMY IIPOCTOPI 1€ 3Ha4EeHHA
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3HaXoguUThcs B Mexkax 250-800 °C. [InmonbHi
MOMEHTM aJcopOaTiB BOAM BUK/IVMKAIOTH JIO-
Ka/IbHI €IeKTPOCTAaTUYHI IO/, AKI MOXYTb
3pyuryBaTy fepeKTHi CTaHV MigK/IaiKM 10 Bifl-
HOILEHHIO JIO e/IeKTPOHIB rpadeHy Ta BUK/IN-
KaTy JeryBaHHA. [i6pupmsanito medexTHMX
CTaHIB MiK/IAKM 3i cMyramu rpadeHy MoXKHa
3MEHIINTH 32 IOTIOMOTOI0 BOZIM MK rpadeHOM
Ta MiJK/IAJKO, 110 NPU3BOLUTD O MEHIIOTO
pO3cifoBaHHA €leKTPOHIB rpadeHy Ha fedek-
Tax y migknapuni. 3 iHmoro 60Ky, JOMIIIKOBi
CMYTM MOXYTb 3MilyBatucsa fo pisHa @epmi
agcopbaramu H, O, 1o mpusBoguTbh /10 IIO-
CUIEHHS pPO3CilOBaHHS eNeKTpoHiB. Tak, jjia
rpadeHy Ha mifkmanui Boja Habarato Oinbir
JIMOBIpHO BIUIMBA€ Ha €JIEKTPOHHI B/IACTHU-
BOCTI, HDK I rpa(beHy, 110 He MAae€ ITigKIa-
Ki. BB Bou 3a7eXXUTh BiJ] BIACTUBOCTEN
cyOcTpary, Takux K KiZIbKicTb i TuI fedekrin
[32]. Ile cmocTepe)xeHHS MO>Ke OSCHUTHI €KC-
HepYMEHTH 3 BYIJIeL|eBYMI HAHOTPYOKaMu Ha
HiiKIaKax KpeMHilo, 1110 HabaraTo Yy T/IABIIII
[0 BOAY B iXHbOMY OTOYEHHI, HDK BifJOKpeM-
JIeHl Bifj MiAKIafKM CYCIIEHJOBaHi BYIJIELeBi
HAHOTPYOKU. B ekcriepuMenTax, 1110 aHa/IOTi4-
Hi 10 poBeneHnx B [33, 34], ui edbextn MoXx-
Ha mepeBipuTH i rpadeHy: CIOCTepiraloTb
YTBOPEHHA €/IEKTPOHHO-/[iPKOBUX Ji/IAHOK.

Taka 3MiHa B/IacTMBOCTEN IIil BIUIMBOM
YMOB CHMHTe3y Ta CepefjoBMIIA MOXKe OyTu
BOX/IMBOIO TSI pO3pOOJIEHHS ra30dyT/INBIX
IPUCTPOIB Ha OCHOBI rpadeHy, TOMy IO Jie-
AKI MOJIEKY/IN, TaKi fAK NOZ, NIPU3BOIATD [0
HOSIBY aKIIETITOPHUX CTaHiB, TOHI SIK eeKTu
JIeTYBaHHA, CIPUYMHEHI iHIIMMM MOJIEKY/a-
MU, TaKUMU K BOJA, CUJIBHO 3aJIeXKaTh Bif
Hocis ta pH cepemoBuma [35]. Ane nuraHHs,
IO TIOB’sI3aHe 3 MeXaHi3MOM BIUIMBY BOAY Ha
e/IeKTpUYHI mapamerpy rpadeHis, 3ammiia-
€TbCA AKTYaIbHUM.

https://ucj.org.ua

3MiHa  eneKmpoxXiMiuHUxX 61acmueocmetri
epagenis nio enaU6OM CMPYKMYPHUX Oegex-
mig. BBaykanocs, 110 eIeKTPOIPOBiAHICTD Ipa-
(deHy 3 iffeasbHOI0 CTPYKTYpPOIO II€PEBUIIYE
BiIMOBiTHNII TOKA3HUK /IS peanbHUX rpade-
HiB, IIJ0 MAIOTh Yy CBOIil CTPYKTYpi HedeKTu.
OpHak 10 IYMKY CIIPOCTOBYIOTH Pe3yNIbTaTh
€KCIIEPYIMEHTAIbHUX 1 TEOPETUYHUX [HOCIIi-
IPKEeHb, BMKOHaHI BEMKOIO IPYIIOI0 BUEHNX i3
pisamx kpain (IlIBewis, Yexia, CIIA), axum
BJIQJI0CSI BUSABUTY e(DeKT 3pOCTAHHSA €leKTPO-
IpoBigHOCTI rpadeHiB y pe3ynbrati yTBOpeH-
HS CTPYKTypHUX pmedekriB. ImeanpHuit rpa-
(deH cKIagaeTbCs BUKIIOYHO 3 MIECTUKYTHUX
Kirenp. IIpuCyTHICTH M'ATH- 1 CEMUKYTHUX
Kinenp Oy/ie IPU3BOAUTH IO Pi3HOTO POy Jie-
¢exTiB. HasgBHICTD I'ATUKYTHNX NIPU3BOAUTD
IO 3rOpTaHHA aTOMHOI IUIOLVMHM B KOHYC.
A TIpUCYTHICTb CEMUKYTHMX — [JO YTBOPEHHA
CiZIOTIONiOHNX BUKPUB/IEHb aTOMHOI IUIOIIN-
Hu. Komb6inanis nux medekris i HopMaabHUX
LIECTUYIEHHNX Killellb MOXKe IIPU3BOJUTH IO
YTBOpPEHHs Pi3HMX (OpM IIOBEPXHi 3ajex-
HO BiJl METOJy CMHTE3Y, 3a JOIIOMOIOI0 AKOTO
orpumyloth rpaden [36]. Skmo HemopaBHO
Oy/na TeHJeHI|if OTPUMAaHHs YMUCTOro rpade-
Hy 3 i[jeaZlbHOX0 CTPYKTYpPOIO, TO Cy4YacCHUI1
HAIIPsIMOK JIOCTIIKEHb — 1ie CUHTe3 rpadeHiB
i3 nepexramm. Ae Iy KepyBaHHA IIPOBITHN-
MU BIaCTUBOCTSIMU I[UX MaTepiasiB MOTpiOHO
3HAWTU METOJ, AKUI JOIIOMOXXe KOHTPO/II0BA-
TU Ta Li/lecnpsiMoBaHoO GpopmyBaTy fedeKTn B
CTPYKTYpi rpadeny.

OkpiM pyXIMBOCTi 3apAniB € iHIINIT e/eK-
TPUYHMIT TTOKA3HMK, SIKMIT TIOB SI3aHMIA 3 TU-
TOMOIO IUIOLIEI0 MIOBEPXHi rpadeny, sAka Bifi-
IIOBi/la€ 32 HAKOIMYEHHA €IeKTPOCTATUYHO-
IO 3apsAAy Ta YTBOPEHHA €lIeKTPOCTaTUYHOI
eMHOCTi. ToMy OTpMMaHHA BMCOKOIOPMC-
TuX popM rpadeHiB uu KOMIO3NTIB Ha IXHii
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OCHOBI € TeX aKTya/JIbHUM 3aBIaHHAM, 0CO0-
MMBO ISl CTBOPEHHS CYIEPKOHJEHCATOPiB
HOBOI TreHepalii. fIK eleMeHTI TaKUX KOMIIO-
3ULIN 1A 30i/IbIIIEHHS IMTOMOI IUIOLIi IIO-
BEPXHi Hail4yacTille BUKOPUCTOBYIOTh aKTUBO-
BaHe BYTi/Uia uu rpaditu [37].

Is pesynbraTiB €MeKTPOXiMIYHMX HOCHI-
IPKE€Hb TaKOXX BUJHO, IO Ha €IeKTPOXIMiYHi
BJIACTUBOCTI rpadeHiB 3 iHTepKalTbOBAaHUM
a30TOM MOXXYTb BIUIMBATH KoeQillieHT jery-
BaHHA a30TOM i CKJIaJ] a30THOTO 3B 3Ky, a00
BiIHOCHE CIiBBiJHOLIEHHA MK MipOJIbHUM,
nipuarHOBUM Ta rpaditoBuM 3B’ s13Kamm [38].
Hanpuxknapn, pgocnimxenHsa N-C-karanizaTo-
piB, mokasano, mo N-C-karanizaropu 3 pis-
HUM KoedillieHTOM BUJi/IeHHS a30Ty Ta CKJIa-
JIOM a30THOTO 3B A3KY MAIOTh Pi3Hi KaTamiTiy-
Hi XapakTepucTuku. Jocmif>KeHHA M0Ka3salo,
1[0 TOTeHIlia/I CIOYATKY IIOB SI3aHUI 31 CKIa-
JIOM a30THMX 3B’sI3KiB y rpadeni. 3okpema,
rpadeHn 3 6i/1bII BUCOKVM BiTHOCHMM BiflcOT-
KOM HipMAMHOBOrO Ta rpadiToBOro 3B’s3KiB
[IOKa3a/M Kpaliuil IIOTEHIiaJl Ha II0YaTKYy,
[0 JIEMOHCTPY€E Kpally aKTUBHICTb 06epTo-
BOTO [MCKOBOIO eneKkTpony. Iyctuna crpymy
30impiryBanacs 3i 30inpiieHHAM KoedilieHTa
JIETYBaHHA a30TOM 4Yepe3 3MEHIIEHHSA BifiCOo-
TKa KHUCHIO. AJle 3MEHIIEHH: TyCTMHU CTpY-
MY BifbyBanocs, Komy KoedillieHT JleryBaHHA
a3oToM OyB IIOHaJ IIeBHe 3HayeHHA. mcro
IIEPEHOCY €/IEKTPOHIB pO3PaxoByHOTh Ha OC-
HOBi I'YCTMHM CTPyMy Ta INUTOMOI IOBEPXHI.
Tomy BB XiMi4HOI CTPYKTYypM Ha umcia
IIEPEHOCY €/IeKTPOHIB MORIOHMII O BIUIMBY
Ha I'yCTUHY CTpyMy rpadeny 3 asoroM. [Inro-
Ma IIOBEPXHA € aKTMBHOK 30HOI AKTMBHMX
1eHTpiB y rpadeni. lle nos’s13aHo He TibKY 3
YTBOpPEeHHAM QYHKI[iOHa/IbHUX TPYII a30TY, a 11
TAKOX i3 IIJIOIIEI0 IIOBEPXHI TA 10T0 ITOPUCTI-
cTio [39, 40]. TakoXX BCTaHOB/IEHO KOPEIALIiI0
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KiZBKOCTI IIapiB y CTPyKTYpi rpaceHy Ha itoro
€/IEKTPOXiMiYHI XapaKTEePUCTUKMU. 3araaoM
MaKpPOCKOITIYHa €7IeKTPOXiMi4Ha BIJIIOBib
rpadeHy 3aJeXXUTh He TIMbKY Bif KilbKOCTi
rpadeHOBUX IIApiB, aje 71 Bif rycTvHM gedex-
TiB KpaylOBUX [UISHOK LIapiB, L0 BXOAATHb
[0 MIOTO CTPYKTYpu. 3MiHa CTPYKTYPHHUX Jie-
¢dexTiB Ha UX AiISHKAX IPU3BOAUTD JIO 3MiH
e/IEKTPOKIHETYHUX IIOKa3HMKIB MaTepiainy,
TOOTO IO3BOJAE KOperyBaTy Iii BIacCTUBOCTI
[41]. TakuM 9MHOM, €JIEKTPOXiMi4Hi TTOKa3HU-
K1 Mopiu(iKoBaHOTo rpadeHy MOXKHa KOHTPO-
JIOBATU IIJIAXOM PEry/lTIOBaHHA €KCIIepUMEH-
Ta/IbHUX YMOB IIpU CMHTE31 LIUX CTPYKTYP.
BVCHOBKJ. OCHOBHMMM HIJIAXaMM 3MiHM
CTPYKTYPHO-MOpGONOriyHmx, ¢ismKo-ximiu-
HIIX Ta e/IeKTPUYHMX BIACTUBOCTeI rpadpeHiB €
3MiHa METOZY Ta YMOB CUHTESY, L]0 BIIMBAIOTh
Ha YTBOPEHHA O-3BA3KiB Ta T-3B'A3Ky. Hasas-
HICTP IIUX 3B’A3KIB PEry/lo€ KilbKiCTh mIapiB
rpadeHy Ta YTBOPEHHS BaH-/lep-BaalbCOBUX
B3aEMOJi/I MDK HMMM, a TaKOXX YTBOPEHH:A
KPailOBMX CTPYKTYPHUX He(eKTiB, 10 BifIo-
BiJJalOTb 3a €/IEKTPOKIHETUYHI Ta KaTaaiTU4Hi
BJIACTMBOCTi. 3MiHa Ta30BOTO CepefoBMIa Ha
pifKe 3HaYHO CIIPOIIyE CUMHTe3 rpadeHis, are
y BUIIAJKYy CEpefoBMIA PiJKOTO a30Ty BOJ-
HOYAC i3 2-MipHOIO CTPYKTYPOIO € MOXK/IMBUM
YTBOPEHHA 3-BUMIPHUX YaCTMHOK PO3MipOM
IO KIZIbKOX JIeCATKIB HAaHOMeTpiB. BopHe cepe-
JOBHUILE TA IJIa3MO-YTOBUII METOJ, CUHTE3Y €
HaO1/IbII IPMBAGIVMBYM I OTPYMaHHS Ma-
TepiajiB 3 €IeKTPOHHO-JIOHOPHOIO IPOBiHi-
CTIO, 110 MAIOTh IPUBAO/INBI eeKTPOXiMiuHi Ta
KaTaJliTU4Hi BIaCTUBOCTI /1A 3aCTOCYBaHHA y
XiMIYHMX JKepelaX CTPyMY Ta ITa/IMBHUX ejle-
MeHTaxX. BUKOpUCTaHHA BOJHOIO cepefoBuia
noTpebye 0OOB’SI3KOBOrO IIOJAJIBLIOTO Tep-
MIYHOrO OOpOOJIEHHS 3a TeMIepaTyp IIOHAf
250 °C s BipmineHHs XeMOCOpPOOBaHOI BOY
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31 CTPYKTYPH, 1[0 YCKIAIHIOE IIPOLIEAYPY CUH-
Te3y. IlepeBaroro I1a3MO-IyTOBOTO METORY
IUIA CMHTe3y rpadeHiB Ta iHIMX KapOOHOBMX
HAaHOCTPYKTYP € JIOTO 3JaTHICTb 10 CKOPOY€EH-
HA eTaliB CUHTe3y rpadeHiB, MOXIUBOCTI IX-
HbOro MoaMdikyBaHHA 6e3rocepefHbO B IPO-
1[eCi CMHTE3y 3a paXyHOK 3MiHU CepefoBUILa,
JIETKOTO YIIPaB/IiHHA Ta OTPUMMAaHHA YMCTOIO
KiHIIEBOT'O IIPOAYKTY, ajie B CyYacHIil IPaKTUII
1el C11oci6 0OMEXyITb OTPUMMAHHAM ITOKPUT-
TiB Ha TBEPANII MiAK/Ia/LI.
S::i Po6oTy BMKOHaHO B paMKax Haio-
zf HanbHOTO MpoeKTy 314E «®Disnko-He-
opraHiyHa Ximia ¢yHKIioHaNMBHO Opi-
€HTOBAHNX HAHOCHCTEM, TeTePOCTPYK-
Typ i Komnosuris» HAH Ykpainn.

WAYS OF CHANGING THE STRUCTURAL-MOR-

PHOLOGICAL, PHYSICO-CHEMICAL AND ELECT-
RICAL PROPERTIES OF GRAPHENES

R.A. Panteleimonov*?
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din ave, 32/34, Kyiv 03142, Ukraine

’Joint Department of Electrochemical Energy
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38, Kyiv, 03142, Ukraine
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A literature analysis of sources on synthe-
sis methods and their influence on the struc-
tural-morphological, physico-chemical, and
electrochemical properties of graphene and
graphene-like structures was carried out. It
was established that these properties have a
clear dependence on the synthesis method,

https://ucj.org.ua

starting materials, and the composition of the
synthesis medium.

The main ways of changing graphene's
structural-morphological, physico-chemical
and electrical properties are changes in the
synthesis method and conditions that affect
the formation of o-bonds and m-bonds. The
presence of these bonds regulates the num-
ber of graphene layers and the formation of
van der Waals interactions between them, as
well as the formation of edge structural de-
fects responsible for electrokinetic and cata-
lytic properties. Changing the gas medium to
a liquid one greatly simplifies the synthesis of
graphene. Still, in the case of a liquid nitrogen
medium, simultaneously with a 2-dimensional
structure, it is possible to form 3-dimension-
al particles up to tens of nanometers in size.
Aqueous medium and plasma-arc synthesis
methods are the most attractive for obtaining
materials with electron-donor conductivi-
ty, which have attractive electrochemical and
catalytic properties for use in chemical cur-
rent sources and fuel cells. Using an aqueous
environment requires mandatory further heat
treatment at temperatures above 250 °C to se-
parate chemisorbed water from the structure,
which complicates the synthesis procedure.
The advantage of the plasma-arc method for
the synthesis of graphene and other carbon na-
nostructures is its ability to shorten the stages
of the synthesis of graphene, the possibility of
modifying them directly during the synthesis
process by changing the environment, easy
management, and obtaining a clean final pro-
duct. In the modern practice, this method is
limited to obtaining coatings on a solid carrier.

Key words: carbon, graphene, synthesis, en-
vironment, liquid nitrogen, water, adsorption.
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Kinetnyni MeTogu ananisy npouecy TBepAHEHHA TEPMOPEAKTUBHYX IOTIMEPHUX CUCTEM
€ BOX/IMBYM HAIPsSIMOM KOHTPOIIO YMOB pOpPMYBaHH /i 3abe3IeYeHHs B A3KOCTI, 1110 3a-
JIEXUTD BiJi TEMIEpAaTypu 1 XiMIiYHOIrO CKIajly KOMIIO3UTY. Peakiiil TBepgHEeHHA BU3HAYa-
I0Tb MOPOJIOTiI0 Ta CTPYKTYPY CUCTEM, IO BIUIMBAE HA BIACTMBOCTI KiHIIeBOTO Marepia-
ny. Y 1iit po60Ti mpoaHati3oBaHO Mpollec TBEPAHEHHS MOJIIMEPHMX KOMIIO3UTIB Ha OCHOBI
eTIOKCMHOTO OfTiroMepa — JUIMUANIOBOTO eTepy nosieTnnenrnikomo (JEL), momieTnen-
noniaminHoro teepaHuKa (IIEITA) ta coni nepxnopary nirito LiClO,. locnimxeno puxinni
KomnoHeHTH, cymimn ckmany JEI/IIEIIA, a Takox pgomosany cimmo cucremy JJEI/IIEITA/
LiClO,. Metopamu I4-criexrpockorii 3 ®@yp’e-nepeTBOPEHHAM i PeONOTiYHOro aHamisy B
IVHAMIYHOMY peXVMi BCTAaHOBJIEHO YMOBM TBEPAHEHHA cUCTeM. 30KpeMa IIpPOaHajli3oBa-
HO 4acOBi 3a/1IeXKHOCTI KOHI[eHTpawii enokcuanux rpyn y cuctemi JEI'/IIEITA, pospaxoBaHi
IpY BUKOPMCTAHHI CIIiBBiTHOIIEHb iHTErpajbHOI IHTEHCMBHOCTI, SIKi Oy/I0 OTPUMAHO Iif
4ac a”asi3y faHux [Y-cnexrpockomnii. [Iy11 BUBYEHHA NPOLECY TBEPAHEHHA IPY MiABUILIEHIN
CEerMEHTAJIbHIN PYX/IMBOCTI pearyruux MaKpOMOJIEKY/I pEOKIHETUYHI BUMIPIOBaAaHHA IIPO-
Bogun 3a Temreparypu 50 °C. AHai3 XapakTepy 3MiHM MOJAY/IIB PYXXHOCTi Ta B’A3KOCTI
B 4aci JO3BO/INB OLIHUTY Yac Te/IeyTBOPEHHA JI/IA BUXIiJHOI Ta jonoBaHoi cucteM. ITpoana-
ni3oBaHO BigMiHHOCTI B [Y-criekTpax mis 000X cucTeM 10 MOMEHTY YTBOPEHHS TPUBUMIp-
HOI CTPYKTYpPM Ta B TO4YI|i T€JIEyTBOPEHHs, a TaKOXK [Y-criekTpy njux cucrem micia peakiii
TBEP/IHEHHA. YBary NpuUi/IeHO XapaKTepy BIUIMBY JOIIaHTa Ha IIPOLEC TBEPAHEHHA Ta JI0T0
cran y cymimi/komnosuti cknagy JEI/IIEIIA/LiCIO,. Ilepxnopar nitito LiClO, € edextns-
HIJM KaTaJli3aTOpOM aMiHO/1i3y OKCMPAHOBOI'O Ki/IbL, 1[0 IOACHIOE IPUIIBY/IIIEHHA peaK-
Liil TBEpAHEHHA CUCTEMM 3a IIPUCYTHOCTI COJIi.

Krogosi cnosa: [Y-ciekTpockomnis, peonoriyumit aHasiis, mepxjaopart JIiTilo, elOKCUaMiH-
Ha CUCTeMa.
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KIHETMKA TBEPOHEHHSA ENOKCUAMIHHWUX CUCTEM, AONOBAHKX LiCIO,

BCTVYII. TepMopeaKTVBHi CMO/M € BEINKOO
TPYIIOX0 KOMEPLIMHO LIIHHUX IPOJYKTIB, AKi
BI/KOPMCTOBYIOTD Y Pi3HMX Iajy3sX: IOBEpXHe-
Bi MOKPUTTS, KJlei, TEKCTU/IbHI 0300/MI0BaIbHI
areHTy, MaTpuLi I KOMIIO3UTHUX MaTepiasliB
tomo [1-4], i ki HabyBaOTH Aefasli MMPIIOTo
3aCTOCYBaHHA B IPOMMCIOBOCTI [5].

[TepimoyeproBoo 0co6MMBIiCTIO TepMoOpe-
aKTVMBHUX CMOJI € Te, LIO IiJ 4ac 00pobieH-
HA BOHM TIPOXOJATH IPOLEC, AKUI HasMBa-
€TbCSI TBEPAHEHHAM, Iifi Yac AKOTO0 CMOIN
HE3BOPOTHO 3MIiHIOIOTBCSA Bifl B'SI3KMX pifuH
[0 JKOPCTKMX 1 CWJIbHO 3IINTUX IOTIMEPHUX
tBepaux Tin [5]. Ilig yac popmyBaHHA CTPYyK-
TYPU TEPMOPEAKTUBHIX IIOTIMEPHUX CUCTEM Y
nporeci nonimepusariii 3mina ¢isn4yHuX mapa-
METPiB 3a3Bu4all Ma€ MOHOTOHHUII XapaKTep.
3pocTaHH:A BMICTY OJHIEI 31 CKITaJilOBUX B 00’€-
Mi normiMepa, 1m0 GOpPMYETHCS, TPU3BOSUTD 10
MOC/IiMOBHOI 3MiHM 3HaYeHb KIHETMYHUX IIa-
paMeTpiB (HampyK/Iafl, KOHCTAHTY MIBUAKOCTI
peaxiiii, 4acy reJleyTBOpeHHA i T. i.) [6].

KineTnyni mMeTomM aHali3y € BaXKIMBUM
HaIpsAMOM [OC/IiPKEHb, OCKI/IbKM fK 1 B iH-
XX TEPMOPEaKTUBHUX MaTepianax, TBEpJH-
HEHHA eNOKCUIHUX CMOJI IOTpebye peTenb-
HOTO KOHTPOMIO YMOB (OpPMyBaHHA JUIA
3a0e3reyeHHsT B'SI3KOCTi, SKa 3a/IeKUTh Bif
TeMIIEpAaTypu 1 XIMIYHOrO CKIagy KOMIIO-
suty [7]. Ximiuni peakuii, fki BigOyBaoThCA
Iif| 9ac TBepAHEHHsA, BU3HAYAIOTh MOp(oIIo-
Til0 Ta CTPYKTYPY CMOJIM, 11O CBOEI 4EProxo
IIO3HAYA€TbCA Ha BJACTMBOCTAX KiHIIEBOTO
Marepiany [8]. besnepepBHmMit epexin cMon
Bifl piIKOr0O MOHOMepa 3 HU3BKOIO B'SI3KiCTIO
IO TBEPAOTO IOJIiMePa BIUIMBAE Ha YCAJKEH-
HA, IIOPUCTICTD, 3a/JIMIIKOBI HaIpyrum Ta BU-
3HaYa€ OCTATOYHI MeXaHiYyHi XapaKTepucCTu-
KU TpORYKTY [7]. MoxxmBicTh 06po6ieHHA
TE€PMOPEaKTVBHUX KOMIIO3UTIB 3a/€XUTh Bif
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B3a€EMOJIil  CK/IIA[IHUKIB TE€PMOPEAKTUBHOIO
MaTepiaay Ta BIUIUBY Lji€l B3a€EMOAII Ha IIPO-
nec TBepiHeHHA [5]. [Ina Bubopy Bimnosin-
HJX YMOB YCIIIIIIHO 3aCTOCOBYIOTb NIPOLIENly U
OITMMi3alil Ta KOHTPOIIIO, 10 6a3y'IOTbC}I Ha
3HaHHi (QyHIaMEHTA/JbHMX SBUIL i MOJEIIO-
BaHHI KiHETUKM TBepAHEHHS [5, 7].

Meroto 11i€l po6OTH € JOCiKeHHs apa-
MeTpiB TBEPAHEHH:A IONIMEPHOI MaTpuIili Ha
OCHOBI ai()aTMYHOTO EeMOKCUIHOTO OJliroMe-
pa Ta MOJieTWIEHIIONiaMiHHOTO TBEPAHMUKA,
JOIIOBAHOI CI/ITI0 IIEPX/IOPATY JITiI0.

EKCIIEPMMEHT I OBI'OBOPEHHA PE-
3VJIPTATIB. [Ina mocnmifykeHHA BUKOPUCTO-
BYBa/IMl €IOKCUJHUI ONIIrOMep — NUITIUIN-
noBuit erep nomietunenrikonto (JIEL) i cinp
nepxyopar nirito (LiClO,), sxi monepenxbo
cymmau 3a remrnieparypu 80 °Cy Bakyymi mpo-
TsiroM fo6wu. ITics BucyuryBaHHs Cinb po3un-
Hsm B oniromepi JEI. OtpumyBanu po3unHn
HNEI-LiClO, 3i BmMicToM comi 0 Ta 10 M. 4. (Ma-
coBux yacTuH) Ha 100 % monimepHOI MaTpuIi.
SIK TBepIHMK BUKOPUCTAHO I0OJTie TUIIEHIIONia-
min (ITEITA), BmicT sikoro cranoBuB 10 %.

[Y-crieKTpocKomiyHi JOCTiPKEHHA BUKO-
HyBa/M Ha cleKTpomeTpi 3 Dyp’e-nepeTBo-
penHaM «TeHsop-37» BupoOHMLTBA «bpykKep
Omnrik» y miamasoHi xBmiboBux umcen (600-
4000) cm™!' i3 pospginbHOIO 3maTHICTIO 4 M.
BigmosigHo [0 macmopTa mpuiajgy BiTHOCHA
HoXMOKa pe3y/IbTaTiB BUMIPIOBAaHHS CTaHO-
BUTH <2 %.

Peomnoriyni BMacTMBOCTI KOMIIOSUTHUX CY-
Millleyt JOCTIPKyBalIu B JUHAMIYHOMY pEXMI-
Mi, BukopuctoBytounu peomerp AR2000ex (TA
Instruments), Mix napajaebHMMI IO MHA-
Mu pgiameTrpoM 30 MM Ta nmpomMibkkoM 0,5 MMm.
Peanpumit (G') ta yasamit (G") momymni BuMi-
proBamu fAK QYHKIIiI0 9acy (3a/e)HO Bif B'A3-
KOCTi 3pa3ska) 3a 50 °C.
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ITormiuanna
E

2000 1500 1000
XEIBOES W0, CM-

Puc. 1. I49-ciextpn cnonyk HET (1) i IIEITA
(2), cymini cxmagy JEI/TIEITA (3), coni LiClO, (4)
Ta cymimi cknagy JIEI/IIEITIA/LIiCIO, (5)

Fig. 1. IR spectra of DEG (1) and PEPA (2), a
mixture of DEG/PEPA (3), LiClO, salt (4) and a

mixture of DEG/PEPA/LICIO, (5).

T T T
4000 3500 3000 2500

Ha puc. 1 nasemeno IY-cnextpu cnomyk
JEL ITEITA Tta LiClO,, a Takox cymimeit cka-
ny HEI/IIEITA (cmiBBimHOmeHHsA 90/10 %,
Binnosinno) i JEI/ITEITA/LiCIO, (cmiBBifHO-
meHHA 10 M.4. comi go 100 % marpui), oTpu-
MaHi 6e3locepegHbO MiC/IA IPUTOTYBAHHA
CyMileit.

Cmyru nornmunanna LiClO, inteprperosa-
HO 3TiffHO 3 po6oTtamu [9, 10], a cmyru mormm-
HauHs JIED i TTEITA - 3 po6oramu [11-13].
Cinp mepx/opary JITil0O XapaKTepU3Y€ETb-
cs cMyramMy IOIIMHaHHA B o6macti 3100-
3600 cMm!, ski BimOBiZalOTh Ba/€HTHUM KO-
nuBanHAM —~OH-rpym; cmyra npu 1637 cm™' €
xapakrepHoio i comi LiClO,. B IY-cnekrpax
ClO , “TpymaMm BifJIOBI/Jal0OTh CMYTY KONTMBAH-
Ha nipu 1086, 1113, 1146 cm™* Ta 941 cm™, ski
BiJHOCATH JO BAJIEHTHUX ACUMETPUYHUX Ta
BAJIEHTHUX CHMETPUYHMX KONMBaHb BifIo-
BiflHO, a miK mpu 627 cM™' XapakTepusye He
3B’s13aHmit 3 Li* anioH (puc. 1, cuektp 4).

https://ucj.org.ua

CMyTH KONMMBaHHA iHAMBilya/lbHOI CIIOTTY-
ku JJET (puc.1, cnexrp 1) mpu 3057, 1254, 912
Ta 856 cM™' B/IaCTVBi Ba/IeHTHUM KO/MMBAHHAM
enokcupgunx C-H-rpyn, BajeHTHMM cuMe-
TPUYHUM KONMBAaHHAM €NOKCUJHUX TPYII, Ba-
JIEHTHUM acUMeTpUYHUM KomuBaHHAM C-O
Ta C-O-C enokcupgHMX rpyn BifIOBigHO.
Cmyru npu 2914 ta 2872 cMm™' BifnmoBifaoTh
aCMMETPUYHMM i CUMETPUYHUM KO/MBaHHAM
rpyn ~CH- ta -CH -, a 1457 i 1352 cm™ xa-
PaKTepu3yIoTh JeopMalliiiHi KOMMBaHHA 3a-
3HaueHMX rpym. Cmyra 3 yactoToro 1105 cm™
XapaKTepusye BaJIeHTHI KONMBAHHA TPy
C-0, a 760 cm™ - pedopmauiitHi KOMMBaHHA
rpymn ~CH -

[Y-cnexTp momieTnnennomiaminy (puc. 1,
cnexTp 2) xapakrepusye rpynu NH, Ta NH,
AKMM BifTIOBiJalOTb Ba/IeHTHI acMMeTpUYHi
3352 cm!, cumerpuuni 3287 cm™' Ta medop-
ManiHi 1641 i 1585 cM™' cMyru KonuBaHb.
Cmyry pn 2941 cm' i 2827 cm™! BigHOCATD,
Bi/INOBIHO, JO BaJIECHTHUX aCUMETPUYHUX TA
BAJICHTHUX CUMETPUYHUX KOJMBAHHb IPyNN
-CH,-. TIpu 1462 i 1310 cMm™' mposABIAIOTH-
cs medopmariitni konusanusa rpymu —CH -
Cmyra 3 yacrororo 1124 cm™' Bipmosifgae Ba-
neHTHUM KonmuBaHHAM C-N-C-rpynmn.

XapakTep poO3NOAiMTy CMYI KOJIMBAaHHA B
cucremax JIEI/TIEITA Ta IET/IIETIA/LICIO,
IIOKAa3y€, 110 KPMBI IUX CyMilllell ABIAKTH
cobor cyneprosunito [Y-cnekTpiB BUXigHUX
KOMIIOHEHTIB.

Cnip 3asHaunTy, mo B [Y-cnexTpi cymimi
HEL/TIEIIA (puc. 1, cuektp 3) micTATbCs ABi
CMYT¥Y IOITIMHAHHA B o6macti 1570-1700 cm !,
IO TOB'sI3aHO 3 AeOpMaLifiHUMU KONMBAH-
HAMM AK NEPBUHHUX, TaK I BTOPUMHHUX aMiH-
Hyx rpyn. Haromicts IY-cnextp JET/IIEITA/
LiClIO, (puc. 1, cexTp 5) y 11ift 06macTi xapax-
TEPU3YETHCA HAABHICTIO OfIHI€I IMPOKOI CMYI U
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KIHETMKA TBEPOHEHHSA ENOKCUAMIHHWUX CUCTEM, AONOBAHKX LiCIO,

HoINMHAHHA 1py 1637 cM™ BHaCIifoOK mepe-
KpMBaHHA CMYT IOIVIMHAHHA aMiHHMX TPy i
KOJIVIBaHb, IIOB'SI3aHUX i3 HEMMCOLIOBAaHUM
cranom LiClO,.

Bigomo, 1m0 nmpomnec TBepAHEHHSA EIOKCUTL-
HIX CMOJI € aBTOKaTa/liTuIHuUM [14-16]. Me-
togoM [Y-cmekTpockomii mokasaHo, WO 3a
KiMHATHOI TeMIlepaTypu Bifl0yBaeTbcsl aMiHO-
mi3 enoxkcupgHux rpyn HEI 3a mpucyTHOCTI
teeppgHuka IIEITA. Ha puc. 2 npencraBneno
IY-cnexrtpu spaska JJEI'/IIEITIA, ButpumaHo-
ro 3a KIMHaTHOI TeMIlepaTypu 1 pi3HOTO Jacy
peaxiil.

1000-1200

2800-3000

1570-1700 810-875

4000 3500 3000 2500 2000 1500 1000

XBHIIbOBE YHUCIIO, oM’
Puc. 2. IY-cnextpm cymimi JEI/ITEITA (1)
mica 20 (2), 60 (3) i 90 (4) XB BUTpUMYyBaHHA
Fig. 2. IR spectra of DEG/PEPA mixture (1) af-
ter 20 (2), 60 (3) 1 90 (4) min.

O6nacTp fedopManifiHNX KONMMBAHb TPYII
NH nepBrHHUX i BTOPMHHMX aMiHHMX TPyl
(1570-1700 cm™') 3a3Hae HaMOiIBIIOI 3MiHM,
[0 IIOB'AI3aHO 3i 3MIHOK CIIiBBiIHOIIEHH
IEPBUMHHMX aMiHOTPYII O BTOPMHHUX Y pe-
3y/lbTaTi peakuii TBEpAHEHHA 3 YTBOPEHHAM
BiIMOBiHO 260 BTOPMHHUX, a00 TPETMHHUX
aminorpym. Ciift BigdHa4mUTH, 10 3i 36i/bIIeH-
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HAM 4acy peakuii cmyra mornmHaHHsa OH-
TPYII 3CYyBA€THCA B 00IACTh KOPOTKUX XBUJIb,
I1I0 MTOB'SI3aHO 3 MOSIBOIO BIIBHYX TiZIP OKCH/Ib-
HUX TPYI, fKi YTBOPIOIOTbCA B IPOILECi po3-
KPUTTA €NOKCUIHNX IMKIIiB.

3rigHo 3 paHumu [Y-cnekTpockomii, 3a
TpuBanocTi TBepAHeHHA 90 xB y cucremi JJEI'/
ITEITA 3anuiaeTbcs 3HaUHA KiZIbKiCTh HEIIPO-
pearoBaHMX eNOKCUMAHUX Ipym. [ami cmyru B
[9-cnexTpax, 10 XapaKTepU3YITb IOI/IN-
HaHH: €MIOKCU/IHOTO LIVMIK/TY, IOBVHHI 3HUKATH
Iapasie/IbHO 3 BiINIOBiZHNUM 30i/IbIIEHHAM 1H-
TerpajbHOI iIHTEHCUBHOCTI CMYT IIOITIMHAHHA,
Hanpukiag, 38’ a3kiB C-0, C-N i CH,. Tomy
I1A BUBYEHHA KiHETUMKM TBEPJHEHHSA 3pasKa
HEI/IIEITA 3a xiMHaTHOI TeMIIepaTypyu MeTO-
noM IY-criekTpockomii 6y10 npoaHanizoBaHO
TaKi BaJIeHTHi KO/IMBaHHA: cMyTa 1Ipu 856 cM ™,
xapakTepHa 1y 3B’ 13KiB C-O-C enokcugHo-
ro IUKITY; cMyra npu ~1106 cM™', xapakTepHa
nns 38°a3kiB C-O i C-N cnonyk JIEL i IIEITA
BifimoBifHO; cMyra mpy 2872 cM ™!, XxapaKTepHa
pns CH,- (CH-) rpyn. 3asnadeni cmyru Gymm
IPOiHTErpOBaHi, MPMYOMY IIPY iHTETPyBaHHI
cMmyru mpu 856 ¢cM™' BUKOPUCTOBYBa/IN iHTep-
Ban sHayeHb 810-875 cm™' (S, ), mna cmyru
npu 1106 cm™' - 1000-1200 cm™* (S, ), @ mans
cmyru mpu 2872 cv™' - 2800-3000 cm™' (S, ).
[na moOymoBy KpMBUX KOHBepCil ermoKcup-
HUX TPYIl He3a/IeXKHO OfIMH BiJ OJHOTO BUKO-
PUCTOBYBaIM CIBBiIHOLIEHHS IHTErpaabHOI
iHTEHCMBHOCTI IBOX TiKiB S /S . a Takox
Se/S,s,» TIEPEBENIEH] Y BIATOBINHI BifICOTKO-
Bl €KBiBaJIeHTM, BUXO[AYM 3 IPUIYLIEHHA,
mo BuxigHa cymim JET/ITEITA mictuts 100%
eTIOKCUTHMNX TPy (puc. 3).

OTpuMaHi TakuM YMHOM KiHETMYHI KpHU-
Bi KopemooTb MiX cobor. Tak, mporsarom
nepmnx 20 XB peakiili BUTpadaeTbca ~15%
€TIIOKCUJHUX TPYII, OfHAK Jja/i IpolLec TBEpH-
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HEHHA CIIOBIIBHIOETHCA, OCKIIbKM HACTYIIHI
~15% enoKCUJHMX TPYIl pearyrThb yxKe IIpo-
tAroM 70 xB. [IpoTe yTBOpeHHA TPUBUMIPHUX
CTPYKTYPp i, BifITIOBifIHO, IIOSABM TOYKM Trejie-
YyTBOpeHH: He 3a(hikCOBaHO.
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Puc. 3. YacoBi 3a51e>KHOCTI KOHLJ€HTpaLii eIoK-
cupHux rpyn y cucremi JET/IIEITA, pospaxoBaHi
IIpY BUKOPUCTAHHI CIIIBBiJHOIIEHb iHTErpaabHOI
inTencuBnocti S, /S, (kpmea 1) i S, /S, (kpu-
Ba2)

Fig. 3. Time dependences of the concentration
of epoxy groups in the DEG/PEPA system calcu-
lated using the integrated intensity ratios S, /S
(curve 1)and S, /S,  (curve 2).

1106

1106

2872

Ha puc. 4 npencrasneno IY-cnexrpu cuc-
temu JEI/TIETIA/LiCIO,, BuTpumanoi 3a
KiMHAaTHOI TeMIlepaTypU YIPOAOBX Pi3HO-
ro 4yacy. IBepjHeHHS €MOKCUIHOI CMOIM 32
npucytHocTi comi LiClO, noumnaerbcs Bxe
3a 1 XB, Ha 1110 BKa3ye 3MiHa CIIiBBi/JHOIIIEHHA
CMYT IOIJIMHAHHA B 00/1acTi eopManiinHmx
KO/IMBaHb IEPBMHHUX i BTOPMHHMX aMiHHMX
rpyn (1570-1700 cm™) (puc. 4, ciextpm 1 i 2).
B>xe 3a 20 XB peakuyii 3a KIMHAaTHOI TeMIIepaTy-
pu B [Y-cnextpi cucremu JJET/TIEITA/LICIO,
y niit o6macTi MiCTUTBCA TIIBKM OffHA YiTKO

https://ucj.org.ua

100

BUpaKeHa cMyTa (puc. 4, criekTp 3), 1[0 CBif-
YUTH PO IPAKTUYHO IOBHY YYacTh y peakuii
TBepAHEHHA INepBuHHMUX ami”orpym IIEITA.
Bopnovac B [9-cnexrpi cucremu JET/IIEITA/
LiCIO ,» 3HATOMY 4epes 90 XB peaxilii, 3HOBY
3'AB/IAETBCS CMyTa IOIIMHAHHA Crmabkoi iH-
TeHCUBHOCTI ipu 1574 cm™! (puc. 4, criektp 5).
BoueBnpp, Ije MOB'A3aHO 3 iOH-AVIIOIBHMMU
B3aEMOJiAMM KaTioHy Li*, yrBopeHOro B pe-
synbrari guconianii LiClO , B TIOZIIMEpHIN Ma-
TpuLi, nepenycim 3 aminorpynow IIEITA, a
TaKOX 3 eTepHuM 3B s13koM i OH-rpynoro JIEL.
Kpim 1poro, anion ClO,” Takox 3maTHuii 10
YTBOPEHHs KOOPAMHALIHNX 3B'A3KIB i3 IO-
3UTHUBHO 3aPAIKEHNM aTOMOM BYTJIEIIIO.
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4000

ITornuuanus

T T T
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- ]
XEMIbOES UMCITO, Ch

T T T T
3500 3000 2500 2000

Puc. 4. I9-cniextpu cymimi IEI/TIEITA/LICIO,
(1) BuxipHoi Ta BUTpUMaHOi mporsirom 1 (2), 20
(3), 60 (4), 90 (5) i 120 (6) xB

Fig. 4. IR spectra of DEG/PEPA/LiCIO, initial
mixture (1) and after 1 (2), 20 (3), 60 (4), 90 (5) and
120 (6) min.

ImoBipHO, 1[0 B Ipoleci TBepAHEHHA BCi
BUIIle3a3HaYeHi KOOpAMHALHI 3B'SI3KM I10-
CTITHO YTBOPIOIOTHCA I PYMHYIOTHCA, a OTXKE,
cvyrn nornuHa"Ha JEL, TIEITA ta cmyrn
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LiCIO, MOXyTb TpOXM 3MiHIOBATU K CBOE
IIO/IO’KEHHS, TaK i IHTeHCUBHICTb. Y 3B’A3KY 3
LVIM, 2 TAKOX 3 OIVIA/ly Ha Te, 11O JIeAKi CMy-
ru nornvHanHa LiClO, nepexpusaroTbcs 3i
cmyramy, xapakrepunmu g JET i TTEIIA,
KiHeTuKy TBeppHeHHA cucremu JIET/IIEITA/
LiCIO, sa panumu [Y-crexkTpis He BUBYANNL.
[Ipore Ha mifcTaBi UMX JAHUX CIIif Bi3HA4M-
T, W0 11 micna 120 xB peakuil 1 y BUXifiHiN,
1 B IOMNOBaHIil cUcTeMaX 3ajMmIazacs 3Ha4Ha
Ki/IbKICTb ~ HENpOpearoBaHMX eMOKCUJHUX
rpyn (puc. 4, criexTp 6).

3aleXXHO Bif TeMmIepaTypu TBEPIHEH-
HA TEPMOPEAKTMBHI CUCTEMM) INOAIIAKTb Ha
HM3bKO- 11 Bucokoremneparypsi [2]. [Ipomec
TBepJHEHHA 3a y4acTi aMiHy BimOyBaeTh-
CA 3a KIMHATHOI TeMIIEpATYpM, aje peakijisd
IPOXOJIUTH TOBITBHO i 4acTo He 10 KiHus [1,
17]. 36impIIeHHA B'A3KOCTI cuCTeMM OOMEXYe
B3AaEMOJIil0 KOMITIOHEHTIB 1 /IS IIOJaJIbIIIOIO
TBepAHEHHA HeoOXiTHO MiABUIINTY TeMIepa-
TYpYy Ipolecy, o6 3abe3meunTy 3pOCTaHHA
CErMEHTa/IbHOI PYX/IMBOCTI MaKpOMOJIEKYII,
AKi 6epyTb y4acTh y peakuii [2].

Ha puc. 5 HaBefjeHO pe3y/nbTaTu peoKiHe-
TUYHUX BUMipIOBaHb, IPEJCTaBIEHNX Y KOOP-
AMHATaX MORY/IA IpYy>kHOCTi (abo pilicHOro)
G' Ta Mmomyna B's3kocTi (abo yasHoro) G" Bix
Jacy 3a migBuienoi remneparypu 50 °C; npu
1IboMy AiicHnit Mopynb G' € miporo eHeprii
3BOpoTHOI (mpy>xHOi) medopmarii, a yIBHUI
G" sBsiEe c06010 Mipy eHeprii, [0 PO3CilETh-
s MiJ] Yac IPOXO[KEHHA peakliii, He3BOPOT-
Hoi medopmanii [18]. Yac remeyrBopenHs t
(MoMeHT, Ko/ B 06’eMi kommosniiii popmy-
€TbCA IPOCTOPOBA OpraHiyHa CiTKa) BU3HAYa-
IV SIK 3HaYEeHH: oci abCLyC Ha IepeTHI Kpu-
Bux G'ta G".

Ha mipcraBi ananmisy puc. 5 MOXHa 3po-
OUTM BUCHOBOK IIPO MOCTAAillHMII MeXa-
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Hi3M mpouecy ¢GOpMyBaHHS TPUBMMipHOI
eIOKCUMaMiHHOI CiTKU, IKM BKJIIOYA€E CTail0
HepeBa>KHOTo (pOpMyBaHHS JIiHITHOTO MOJTi-
Mepa (iHiViHY 067acTb, sIKa XapaKTepuaye
He3HaYHY 3MiHy B’A3KOCTi cucTeMM B 4Yaci),
CTaZiil0 yYTBOPEHHA IPOCTOPOBO 3MIUTUX
arperariB Mikporemwo i cTafito popMyBaHHA
CYLIiZIbHOI TPUBUMIPHOI CTPYKTYpH (piskoro
30i/bIlIeHHSA B A3KOCTi).

[TipBuiieHHsA TeMIlepaTypy peakuii o
50 °C npusBOAUTb [0 TeleyTBOPEHHA CUCTe-
mu JJET/IIEITA 4epes 66 xB. 3a mpUCYyTHOCTI
LiCIO, Touka reiey TBOpeHHs COCTEPIra€ThCs
3a TakKoi caMoil TeMneparypu Ha 30 XB paHilie.
3HauHe NPUCKOPEHHA peakliii TBepAHEeHHA B
cucremi IET/TTIEITA/LiCIO , IOSICHIOETBCA, AK
Bigomo, tum, mo LiClO, € edbexTuBHNM KaTa-
Ni3aTOpPOM aMiHOJ1i3y OKCHPAHOBOIO Ki/bLiA
[19, 20].
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Puc. 5. Hiiicanit (G') (kxBajpaTu) Ta ysABHMI
(G") (xpectmxm) mopmyni cucremm HEI/TIEITA
(xkpusa 1) ta JIEI/IIEITA/LICIO, (xpuBa 2) 3a
temnepaTypu 50 °C

Fig. 5. Real (G') (squares) and imaginary (G")
(crosses) modules of the DEG/PEPA (curve 1) and
DEG/PEPA/LICIO, (curve 2) systems at 50 °C.
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Puc. 6. I9-cnextpn cymimert JEI/IIEITA (1),
JIET/TIETIA, (2), JET/TIEITA/LICIO, (3) Ta JIET/
TEITA/LICIO, , (4)

Fig. 6. IR spectra of DEG/PEPA (1), DEG/
PEPA  (2), DEG/PEPA/LICIO, (3) and DEG/
PEPA/LiCIO i) (4) mixtures.

B I'Y-cnexTpi B TOYLi refIeyTBOPEHHA CHUC-
remu IEI/IIEIIA (puc. 6, kpuBa 2) crocre-
piraeMo TilIbKM OffHY CMYTY IIOITIMHAHHA B 00-
macti 1570-1700 cm™ (mpu 1647 cm™), Ha Bifg-
miny Big cymimen JJET/IIEITA, Burpumanux
3a KIMHATHOI TeMIIepaTypMy, ajie Pi3HOro 4acy
(puc. 2). BoueBupap, 11e BKa3ye Ha Te, 11O B CVIC-
TeMi 3 YTBOPEHHAM TPUBUMIPHOI CTPYKTYypu
B TOUlli 'e/IeyTBOPEHHA NMPAKTUYHO MTOBHICTIO
BUTPAYalOThCA NEPBUHHI aMiHOTpyNM, fAKi €
Halbinp peaxiirtHosgatHuMu. llikaBo, 110
iHTeHCHBHICTD CMyTM HOIIMHAHHA 1649 cm™
cucremn [JEI/IIEITA/LICIO, B Toumi rerme-
YTBOPEHHA 3HAYHO 3MEHIIYETbCA IIOPiBHA-
HO 31 CMYTOI0, AIKa XapaKTepHa I BUXIiZHOI
cymii (puc. 6). lle noB's3aHo 5K 3i BcTynom
y peakuito NH -rpyn, Tak i 3 pmconiari€ero
LiCIO , B IOCTIIKyBaHiit cucremi. B Toui re-
JIeyTBOPEHHA, 3TifHO 3 aHanisoM [Y-cnekTpis
BEI/IIEIA | i BET/IIEIA/LICIO, , y cucre-

https://ucj.org.ua

Max 3a/IMIIAEThCA 3HaYHA KIIbKICTD He IIpope-
aroBaHMX OKCMPAHOBUX Ki/elb.

1300-1520

860-864
1000-1190

IMormmuannma

4000 3500 3000 2500 2000 1500 1000
HEMNNEOES LFICIO, onf’
Puc. 7. IY-cekTpu 3aTBepgHEHNX CHUCTEM
JEI/TIEITA (1) Ta IEI/TIEITA/LICIO, (2)
Fig. 7. IR spectra of hardened DEG/PEPA (1)

and DEG/PEPA/LICIO, (2) systems.

[ToBHe TBepAHEHHA CUCTeM BiOyBaeThbCA
npu tepMoobpobienHi 3a 50 °C mpoTarom
4 TOJ, OCKIJIBKM BiICYyTHICTb IHTEHCUBHUX
cmyr nornmvHaHHA B IY-cmekTpi 3arBeppHe-
HUX KOMIO3WTIB (puc. 7), XapaKTepHUX s
€IIOKCUJHOI TPyNly, CBiYUTh IIPO IPOXOH-
JKEHHs peakllil TBEepAHEHHs 3 IIOBHOI KOH-
Bepciero. B IY-cniextpi 3paska 3 10 m. 4. coni
LiClO, s’aBna€eTbcss HOBA CMyTa MOTMMHAHHSA
npu 864 cMm™'; IMOBipHO, ii MOXKHA BiTHECTH O
YTBOPEHHSA JIITIEBOrO aMiHO-KOMIIJIEKCY, Ha-
SABHICTb IKOT'O BIIIMBAE i Ha KOJIMBaHHA METH-
JIEHOBMX TPYTI, 1O 3HAXOAATbCA nopyd. Cmy-
I'M IOIJIMHAHHA B OiamasoHax 1300-1520 cm™
i 1000-1190 cm™!, gki BifgImoBifga0Th KOMMBaH-
Ham -CH - i (C-O-C i C-NC)-rpymn, sipo-
BiJJHO, PO3IIMPIOIOTHCA i 3MILI[YIOTbCA B HU3b-
KOYaCTOTHY O0JIacTbh, LIO IIOB'S3aHO 3 YTBO-
PEHHAM KOODPAMHALI/HUX 3B I3KiB 32 y4acTIO
ionis Li*i ClO, [20].
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BMCHOBK/M. TlokasaHo, III0 aMiHOJIi3
enokcupHux rpyn JJEI' y nmpucyTHOCTI TBepp-
Huka [TEITA BinOyBaeTbhcs 3a KIMHATHOI TeM-
nepaTypu: nporArom nepmmnx 20 XB peakxiil
BUTPAYAETbCA ~15% eNOKCMOHUX Tpym, Jai
IIpolleC TBEPJHEHHA 3HAYHO CIIOBi/IbHIOETDH-
€A — HaCTYIHi ~15% enoKCuaHuX Ipyn BCTy-
NaTh y peakuiro nporarom 70 xs. IligBu-
meHHA TeMieparypu o 50 °C Ta gofaBaHHA
LiCIO, npumBupurye peakiiiio reeyTBOpeH-
HA KOMII03UTY. ONITMMaTIbHMMI YMOBaMU 1A
IIOBHOTO TBEPJJHEHHS CIICTEM € iXHeE (iHa/mbHe
TepMo0OpobIeHHs npotsarom 4 rop 3a 50 °C.

—,, JI. K. MaTKoBCcbhbKa BUCIOBIIOE BIA4-
HicTh 3a ¢diHaHCOBY migTpmmMKy Mi-
HICTEPCTBY  3aKOPJIOHHMX CIIpaB
®panuii, rpanT Eiidensa Ne 870734L.

KINETICS OF HARDENING OF EPOXY-AMINE

SYSTEMS DOPED WITH LiCIO,

L.K. Matkovska', V.L. Demchenko’,
O.K. Matkovska?

Institute of Macromolecular Chemistry of the
NAS of Ukraine, 48, Kharkivske Chaussee,
02160 Kyiv, Ukraine

’PHEE “Kyiv Medical University”, 2, Boryspil-
ska St., 02099 Kyiv, Ukraine

Email: dvaleriyl@ukr.net

Kinetic methods for analyzing the curing
process of thermosetting polymer systems are
an important area for controlling the forma-
tion conditions for viscosity, which depends on
the temperature and chemical composition of
the composite. The curing reactions determine
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the morphology and structure of the system,
affecting the properties of the final material.
This work analyzes the curing process of po-
lymer composites based on epoxy oligomer -
polyethylene glycol diglycidyl ether (DEG),
polyethylene polyamine hardener (PEPA)
and lithium perchlorate salt LiClO,. The ini-
tial components, the mixture of DEG/PEPA
composition and the DEG/PEPA/LiCIO, sys-
tem supplemented with salt were investigated.
Using the methods of Fourier-transform in-
frared spectroscopy and rheological analysis
in dynamic mode the curing conditions of the
systems were established. It was shown that the
nature of the distribution of vibration bands
in the IR spectra of the DEG/PEPA and DEG/
PEPA/LICIO, systems is a superposition of the
IR spectra of the initial components. Lithium
perchlorate in the salt-doped initial system is
in an undissociated state and dissociates in the
polymer matrix over time during the curing of
the system. In particular, the time dependences
of the concentration of epoxide groups in the
DEG/PEPA system calculated using the inte-
gral intensity ratios were analyzed by IR spec-
troscopy data. To study the curing process with
increased segmental mobility of the reacting
macromolecules, rheokinetic measurements
were performed at 50°C. Analysis of the nature
of changes in the elastic and viscosity moduli
over time allowed us to estimate the gel time
of the initial and doped systems. Differences
in the IR spectra for both systems before the
formation of the three-dimensional structure
and at the gel point, as well as the IR spectra
of these systems after the curing reaction, were
analyzed. Attention was also paid to the nature
of the influence of dopant on the curing pro-
cess and its state in the mixture/composite of
DEG/PEPA/LICIO, composition. Lithium per-
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chlorate LiClO, is an effective catalyst for the
aminolysis of the oxirane ring, which explains
the acceleration of the curing reaction of the
system in the presence of salt.

Key words: infrared spectroscopy, rheolo-
gical analysis, lithium perchlorate, epoxy-
amine system.
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