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CHHTE3 HAHOIOSICKIB OKCHUY BAHAJIIO TA BUKOPUCTAHHA
KOHUEMNIII BAJTICTUYHUX CTPUBKIB IJISI OITUCY IX YTBOPEHHSI?

YV pobomi Oocnidoceno npoyec cummesy HAHONOACI@ NEHMAOKCUOY 6aHAOII0 Npu
IHMEHCUBHOMY NepemMiuty8anHi Cycnensii komepyitinoeo nopowky V205 y 600nomy po3uuni
NaCl. Posensanymo 3acmocyeanns konyenyii 6aricmuyHux cmpuokie 0Jisi Onucy (Gopmyeants
AHI30MPONHUX CMPYKMYP Y HEPIBHOBAJCHUX cucmemax nio O0Ii€r 308HIWHIX ¢hakmopis
(inmencugHoco  nepemiwtyéanus).  Ilpooemoncmposano  eéniue  memnepamypu — ma
IHMEeHCUBHOCMI nepemiuly8anHs Ha NPoyec CUHMe3y HAHONOACI8 NEHMAOKCUAY 8AHAOIIO.

KurouoBi ciioBa: HaHOCTPYKTYpH, HAHOIOSICKH, OKCUJIM METaJIiB, IEHTAOKCH]] BaHA/IIo,
HEpPIBHOBa)KH1 CUCTEMH, KOHIIETII{1s1 OaTICTUYHUX CTPUOKIB.

1. Beryn

VY po60oTi po3rIsHYTO €(PEeKTUBHUI METOJ CHHTE3y HAHOCTPIUOK MEHTAOKCHUIY BaHA[IIIO,
o MoXe OyTH 3acTOCOBaHHMM JUIs KOHTPOJIbOBAHOTO CHHTe3y HaHomarepiamiB [1]. Lleit
METOJ Ma€ psiji nepeBar Npu CTBOPEHHI HAHOCTPYKTYP 3a paXyHOK 3MIHM JUHAMIKU PEaKIlii,
Ky BaXXKO OTPUMATH 3 BUKOPUCTAHHSAM TBEPAOTILIBHUX METOAIB. MIKpOCTPYKTypa, po3Mip,
JMCTIEPCHICTh Ta MOPQOJIOTisi HAHOPO3MIPHUX 00’ €KTIB MOXKYTh OyTH CHIJIBHO 3MiHEH1 TAKMMHU
YMHHUKaMU SIK TeMIepaTypa, BOJHEBUN Noka3HUK pH, Thck Tomio. 3BU4aiiHO, iICHY€e BelMKa
KUIBKICTh aJbTEPHATUBHHUX CIIOCOOIB CHHTE3Y HAHOCPYKTYp [2-4], ane ciif 3a3Ha4MTH, L0
BOHM MOTPeOYIOTh OUIBII CKJIaJHUX TEXHOJOTTYHUX YMOB CHUHTe3y. OCTaHHI JOCHIKEHHS B

2 CraTTio HaNmMCaHO 3a pesyiapratamMu BukoHaHHs HJIP «BukoHaHHS 3aBJaHb MEPCHEKTHUBHOTO IUIAHY
PO3BHUTKY HayKOBOTO HampsMmy «MartemMaTHyHi HayKu Ta HpUpoxHudi Haykm» (Ne nep:kaBHOI peecrpariii
0121U113219), nepxo6romxerHoi TeMu « CHHTYIISIpHI pO3B’S3KH PiBHSHb MaTeMaTHIHO! (Di3WKH B aHI30TPOITHUX
1 HEOIHOPITHUX CepeNOBUINAX, MOJETIOBaHHS MpoleciB nudy3ii Ta adcopbmiin (Ne mepkaBHOI peecTparii
0119U100421), HAP «YTBOpeHHS HAaHOMOSACKIB OKCHIIB MPH IHTEHCMBHOMY IEPEMIlTyBaHHI — €KCIIEPUMEHT,
Teopis, 3acrocyBaHHA» (Ne mepkaBHOi peectpamii 0121U113851). ABropm Basuni mnpodecopy AHApPiO
Muxaitnosuay ['ycaky Ta SpocnaBy JImutpoBuuy Kopomio 3a momoMory y MOCTaHOBIN 3arajbHOi 3ajaadi,
(hopMyITIOBaHHI TEOPETHYHOI MOJIEN, 3MICTOBHI JAMCKYCII 1 JOTIOMOTY y XOJli BUKOHaHHS €KCIIEPUMEHTAIbHUX
JIOCITIJIKEHB.
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JAHOMY HAMpPSIMKY, MMOKa3ylOTh, IO IHTCHCUBHHMI MEXaHIYHUU BJIIMB Ha CHCTEMY MOXE
CYTTEBO 3MIHUTH JUHAMIKY PEaKIIiii 1 CTBOPIOE HOB1 MOYKJIMBOCTI /IS CHHTE3Y HAHOCTPYKTYP.

3HayHa yBara MpH PO3BUTKY JTAHOTO METOJY CHMHTE3Y BiJIBECHO MEHTAOKCUIY BaHAJIIIO.
3aBAsKkH CBOIM (DI3MKO-XIMIYHUM BJIACTUBOCTSAM 1 YHIKaIbHIA KPUCTAJTIYHINA CTPYKTYpl BiH
JI03BOJISIE OTPUMYBATH HAHOCTPYKTYPH SIKI MOXKYTh OyTH BUKOPHUCTaHI MPU CTBOPEHHI JIITiH-
10HHUX OaTapel IJIs1 HAKOMUYCHHS EJICKTPOXIMIYHOI eHeprii. BukopucTaHHS HaHOIOSCIB
NIEHTAOKCHly BaHAJIII0 B SIKOCTI KaTo/a y BTOPMHHUX OaTapesx 3a0e3nedye Jerkuil pyX 10HiB
1 MOJIMBICTh OKHCHO-BITHOBHUX PEaKIlil /I 3a0€3MeUeHHs] BUCOKOT MUTOMOI eMHOCTI. Kpim
TOT0, BUKOPUCTAHHSI HAHOTIOSCIB HA/Ia€ BETMKY MEXaHIuYHY THYYKICTh elekTpoay Oartapei [5].
OpHak BUHUKaE Tpo0sIeMa OB’ s13aHa 3 TEXHOJIOTIEI BEIIMKOMACIITA0HOTO BUPOOHHIITBA ITUX
HAHOCTPYKTYp, A€ MOXHa Oyno 3abe3meyntu 30epekeHHs iX BHCOKOI OJHOPITHOCTI 3a
PO3MipoM, MOP(HOJIOTIEIO 1 XIMIYHUM CKJIAJIOM.

JlocnmipkeHHsT Ta BUBYEHHSI HAHOCTPYKTYP Ha ChOTOJHI € aKTyallbHUM, OCKUJIbKM poOoTa
y JaHOMY HalpsMKY BIJIKpUBA€E WIMPOKHH CIEKTP TEXHOJOTIYHUX MOXKIUBOCTEH B
€JIEKTPOHII Ta 0COOIMBO y HaKOMM4YeHHi eHeprii. OHaK, po3poOKa METO/iB BUTOTOBJIICHHS
HAHOCTPYKTYP, SIKi MOXHA aJlaTyBaTH Uil BEJIMKOMACIITAOHOTO BUPOOHHUIITBA 3 HU3BKOIO
BapTICTIO 1 sKi Oynu © EKOJOTIYHO YHCTUMH, SK 1 paHille, 3aJIHMIIA€ThCS CEPHO3HOI0
npobiiemMoro. Y naHiii poOOTi 3[iliCHEHO cHpoOy 3acTOCyBaTH KOHIIEMINIO OaliCTUYHHUX
CTpUOKIB 10 ONUCYy TPOIECYy YTBOPEHHS BHJOBXKEHUX CTPYKTYp Ta TIPOBEIEHO
EKCIICPUMEHTAJIbHE JIOCIIDKEHHSI TIPOIIECY CHHTE3y HAHOIOSCIB TEHTOKCHIy BaHAIilo 13
BUKOPUCTAHHSM TiJPOMEXaHIuHOTO (TIAPOTEPMIYHOTO) METOY.

2. 3acTocyBaHHs TiIPOMEXaHiYHOr0 MeTOAY /10 CHHTe3y HAHONOSICIB NMEHTAOKCUIY
BaHaIio

Jlnist gocipKeHb BUKOPUCTAaHO KoMmepiiitauid mopomok V205 3 po3MipaMHu 4YaCTHHOK B
mexxax 10-100 mxm. I[lpurotyBanns cycrnensii BigOyBanocss HACTymHMM 4YuWHOM: y 150 mu
JTUCTUIROBAHOT BoaM posuuHsuiocss 2 monss NaCl, pinguHa BUBOIWIAch Ha poOoOUy
temneparypy (25°C abo 60°C) micns yoro gojaBaBcs komepiiiiHuii mopomok V205. Ha
HACTyMHOMY eTami 3a0e3nmedyBajlach  OJHOPIIHICTh  BHUXIJHOI  CyCHEH3li  MIISTXOM
BUKOPUCTAHHS YJbTPA3ByKOBOIO JAWCHEpraropa Jjs pyWHYBaHHS arjoMepaTiB BUXIJHHX
NOpOIIMHOK. JIyiss cuHTe3y HaHOMOsCIB OyB BHUIOTOBJICHUHM aBTOPCHKUN MPUCTPIA 3
MOYKJIMBICTIO KOHTPOJIIO TEMIEpaTypy Ta IBUAKOCTI MEPEMILTyBaHHS.

[lin wac mnepeminlyBaHHS TPOBOJWINCA BHUMIPIOBaHHS TeMIIEpaTypH, BOJIHEBOIO
nokasHuka pH po3umHy, B’SI3KOCTI AOCHIKyBaHOi cycrneHsii. CHHTe30BaHI HaHOMOSCKU
JIOCIIJKYBAIMCS METOJAaMHU pacTpoBoi enekTpoHHOoi Mikpockomnii (PEM) Ta peHTreHiBcbKOi
nupakToMeTpii.

BcranoBneHo, 1m0 Ha Mpoliec YyTBOPEHHS HAHOMOSCKIB BIUIMBAIOTh TaKi MapaMeTpH sK
TEMIEpaTypa, 1HTEHCUBHICTh IEPEMIIIyBaHHS a TAaKOXK BMICT MEHTAOKCHUIy BaHAIIl0 Ta
koHueHTpauis NaCl y po3uunHi.

[IpoBeeHO WK EKCIIEPUMEHTIB  JJIsl BCTAHOBJICHHS BIUIMBY IHTEHCHBHOCTI
nepeMilllyBaHHsS Ha MpOIeC YTBOPEHHS HAHOCTPYKTYp, Ta MoOy1oBaHi BIAMOBIAHI TpadiuHi
3anexxHocTi (Puc.1).
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Puc. 1. 3mina BoaneBoro nokasnuka pH po3unny y npoueci cuate3y HaHonosciB V205

JUTS Pi3HUX 3HAUEHB IIBUAKOCTI MEpEeMIlTyBaHHS MPHU TeMuepaTypi cycnensii 25°C.

Fig. 1. The change in the pH of the solution during the synthesis of V205 nanobelts at
different stirring rates and at suspension temperature of 25°C.

Ha puc. 2-3 mpenacraBneHa moeTamHa IOCHIJOBHICTh TPOIECY IEPETBOPEHHS
KOMEpLIITHOro MOpOIIKY NEHTAOKCUAY BaHaJilo y HaHomnosicu npu 500 o0/xB Ta mpu cramii
temneparypi 25°C npoTsATroM BCbOTO €KCIIEPUMEHTY.

30.00kV  x600 100pum J| SE

Puc. 2. PEM 3HIMKH BHX1IHOTO ITOPOILKY MEHTA0OKCUIY BaHAIiIO.
Fig. 2. SEM images of the original vanadium pentoxide powder.
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Puc. 3. PEM 3Himk# nporiecy ¢popmyBaHHs HaHomnosciB V205 npu iHTEeHCUBHOMY
nepemintyBaHH1 cycrnensii 3 vactororo 500 06/xB npu Temmneparypi 25°C mpotsirom: a) 4 rox;
b) 24 rox; ¢) 48 rox; d) 72 rox; ) 96 rox.

Fig. 3. SEM images of the process of V205 nanobelts formation with vigorous stirring
of the suspension with a frequency of 500 rpm at temperature of 25 °C for: a) 4 hours; b) 24
hours; c) 48 hours; d) 72 hours; e) 96 hours.

Metonom  peHTreHiBcbkoi  nudpakromerpii 3adikcoBaHO TOBHE IMEPETBOPEHHS
KpHUCTaTIYHUX arjoMepaTiB y HaHOKpHUcTaniuyHuii ctan (Puc. 4).
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Puc. 4. Criektpu peHTreHiBcbKo1 nudpakromeTpii nepeTBopeHHs B HaHonosicu V205 npu
nepemMinryBaHHi cycrnensii 3 yactororo 500 06/xB ipu Temmeparypi 25°C npoTsrom:
4 ron, 24 roxn, 48 rox, 72 rox, 96 rox.
Fig. 4. X-ray diffractometric spectra of transformation into V205 nanobelts with stirring
of the suspension with frequency of 500 rpm at 25°C for: 4 hours, 24 hours, 48 hours, 72
hours, 96 hours.

[IpoBeneHO NMUKII €KCIIEPUMEHTIB JIJIi BCTAHOBIICHHS BIUIMBY TEMIIEPATypH Ha IPOIEC
YTBOPEHHSI HAHOMOACIB Ta MOOYIOBaHI BiJMOBIAHI 3aJEKHOCTI BOJAHEBHX IOKAa3HHKIB Ta
B’SI3KOCTI JTOCHIKyBaHUX cycrieH3id. Ha pwuc. 4-10 mpexncraBieHi pe3ynbTaTH BILTHUBY
TEMIEpaTypd Ta IHTEHCHUBHOCTI MEpEMIllyBaHHS Ha BOJHEBUN MMOKAa3HUK Ta B SA3KICTh
CyCHeH31i y Ipolieci CHHTE3Y.

—a— 25°C
—eo— 60°C

26 %

24
I -
S50
4
=
SRR
& 2,0 \
4
5 \\!
E18
=
=
3 16
g \"-.\
@ 14

i N
1,2 L

IS
, ©

= T
o

0 10 20 30 40 50 60 70 80
t,ron

Puc. 5. 3mina BonHeBoro nokasHuka pH po3unHiB y npoiieci cuHTe3y HaHomnosiciB V205
JUTs TIBUAKOCTI mepeminryBanas 200 06/xB mpu Temneparypax cycnensii 25°C ta 60°C.
Fig. 5. Change of hydrogen index pH of solutions in the process of synthesis of V205
nanobelts at stirring speed of 200 rpm and at suspension temperatures of 25°C and 60°C.
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Puc. 6. 3mina B’A3KO0CTI JOCTIA)KYBaHUX PO3UMHIB Y MPOIleci CHHTEe3y HaHomosiciB V205
JUTSE IBUKOCTI repeminryBanHs 200 06/xB mpu Temrieparypax cycrnensii 25°C ta 60°C.
Fig. 6. Change of viscosity of the investigated solutions in the process of synthesis of
V205 nanobelts at stirring speed of 200 rpm and at suspension temperatures of 25°C and

60°C.
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Puc. 7. 3mina BomHeBoro nokaszuuka pH po3uuHiB y nporieci cuaTe3y HaHomnosiciB V205
JUIs MBUAKOCTI nepemimnyBanHs 50006/xB mpu Temrneparypi cycnensii 25°C ta 60°C.
Fig. 7. Change of hydrogen index pH of solutions in the process of synthesis of V205
nanobelts at stirring speed of 500 rpm and at suspension temperatures of 25°C and 60°C.

17



Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

—u8—25°C
3,6 —eo—60°C
3,4 2 }
3,2
[
- 1 5
g )
gaop—
2 o
[ai] q}’ /./
2,8
|
L 7
_—
2,6 /
b
2,4 : : : : :
0 10 20 30 40 50

t, rog.

Puc. 8. 3mina B’A3KO0CTi JOCTIA)KYBaHUX PO3UYHHIB Yy IpOIleCci cMHTe3y HaHomosciB V205
JUTS IIBUAKOCTI niepemimryBanHs S0000/xB mpu Temmieparypax cycrnensii 25°C ta 60°C.
Fig. 8. Change of viscosity of the investigated solutions in the process of synthesis of
V205 nanobands at stirring speed of 500 rpm and at suspension temperaturei of 25°C and

60°C.
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Puc. 9. 3mina BomHeBoro nokaszuuka pH po3uuHiB y nporieci cuaTe3y HaHomnosiciB V205
JUIs BUKOCTI iepemimryBanHsa 80006/xB npu Temnepatypax cycrnensii 25°C ta 60°C.
Fig. 9. Change of hydrogen index pH of solutions in the process of synthesis of V205
nanobands at stirring speed of 800 rpm and at suspension temperatures of 25°C and 60°C.
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Puc. 10. 3miHa B’SI3KOCTI AOCHIKYBAaHUX PO3YUHIB Y MPOLIECI CUHTE3Y HAHOTOSCIB
V205 s mBuakocti nepemimryBanas 80000/xB mpu Temmieparypax cycnensii 25°C ta 60°C.
Fig. 10. Change of viscosity of the investigated solutions in the process of synthesis of
V205 nanobands at stirring speed of 800 rpm and at suspension temperatures of 25°C and
60°C.

Takosxx OyJi0 IPOBEICHO IMHKJI eKCIepUMEHTIB Oe3 nepemimryBanns (Puc. 11-12) Ta 6e3
nonaBanHs NaCl (Puc. 13-14) y cycnenszito. Ha puc. 11-12 mpencraBneHi pesynbTatu
MpoIeCy TOBHOTO TepeTBOpeHHs 1 r. komepiiitHoro mopomky V205 3a 864 roa. B
HaHOCTpyKTypu. Ha puc. 13-14 mnpencraBneHi pesyibTatd BIMBY BiacyTHocTi NaCl Ha
nperBopeHHs 10 r. komepuiitHoro nopomky V205 npu 500 06/xB. Bopoaosx 1010 rox.
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Puc. 11. 3mina BogHeBoro nokasHuka pH po3unHy y npoiieci nepeTBOpeHHs B
HaHoMosicu 6e3 nepemillyBaHHs cycreHsii npu Temnepatypi 25°C npotsrom 864 ros.
Fig. 11. Change of hydrogen pH of the solution in the process of transformation into
nanobands without stirring of the suspension at temperature 25°C for 864 hours.
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Puc. 12. PEM 3HiMKH Tipoliecy MepeTBOPEHHSI B HAHOMOSICKH 03 iIHTEHCHBHOTO
nepeminryBaHHs cycriensii npu Temmneparypi 25 °C 3a 864 rox (a, b).
Fig. 12. SEM images of transformation into nanobelts without vigorous stirring of the
suspension at temperature 25 ° C for 864 hours (a, b).
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Puc. 13. 3mina BogHeBoro nokasHuka pH po3umnny y npoueci cuate3y HaHomnosiciB V205 nis
mBHIKOCTI iepeminryBanHas 500006/xB pu Temmiepatypi cycnensii 25°C npotsirom 1010 rog.
Fig. 13. Change of hydrogen pH of solution in the process of synthesis of V205 nanobands
at stirring speed of 500 rpm and at suspension temperature of 25°C for 1010 hours.
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Puc. 14. 3miHa B’A3KOCTI pOo34nHY y IpoLeci cuHTe3y HaHonosAciB V2OS5 mpu MIBUIKOCTI
nepeminryBanas 500 06/xB Ta Temneparypi cycnensii 25°C npotsirom 1010 roz.
Fig. 14. The change in the viscosity of the solution during the synthesis of V205
nanobelts at a stirring speed of 500 rpm and a suspension temperature of 25°C for 1010 hours.

Byno mpoBeaeHO [OCHIIKEHHS BIUIMBY IHTEHCHBHOCTI TIEpEMIIIyBaHHA 1 CKIIQAy
CycleH3ii Ha pO3YMHHICTh IEHTAOKCHJy BaHAil0, B SIKOCTI IOKa3HHKa Oylio 0O0paHo
eJIeKTPONPOBITHICTh cycmen3ii. Ha pwuc. 15-18 300paxeni rpadiku 3aleXHOCTI 3MiHU
€JIEKTPOMNPOBITHOCTI BiJl Hacy.
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Puc. 15. 3miHa enekTponpoBiAHOCTI PO3YMHY Yy MPOLIEC] IHTEHCUBHOTO TEpeMIlyBaHHS
(200 06/xB) 1 rp. mopomky V205 npu temmepatypi cycnensii 25°C.
Fig. 15. Change in the electrical conductivity of the solution during intensive mixing at
200 rpm of 1 gram of V205 powder at suspension temperature of 25°C.
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Puc. 16. 3miHa eneKTpOIPOBIAHOCTI PO3UMHY Y MIPOLIEC] IHTEHCUBHOTO MEPEMIIITyBaHHS
(500 06/x8) 1 rp. moporiky V205 npu temneparypi cycnensii 25°C.
Fig. 16. Change in the electrical conductivity of the solution during intensive mixing at
500 rpm of 1 gram of V205 powder and at suspension temperature of 25°C.
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Puc. 17. 3miHa e1eKTpONpoOBITHOCTI PO3UHHY Y MPOLECI IHTEHCUBHOTO MEPEMILITyBaHHS
(80006 xB) 1 rp. mopommky V205 Ta mpu temneparypi cycrnensii 25°C.
Fig. 17. Change in the electrical conductivity of the solution during intensive mixing (800
rpm) 1 gram of V205 powder and at a suspension temperature of 25°C.
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Puc. 18. 3Benenuii rpadik 3MiHU eIEKTPOMPOBITHOCTI PO3UUHY Y MPOIIEC] IHTEHCUBHOTO
nepeminryBanas (200 06/xB ,50006/xB Ta 80006/xB) 1 rp. mopomky V205 npu tremmnepatypi
cycnensii 25°C.

Fig. 18. Summary graph of changes in the electrical conductivity of the solution in the
process of intensive mixing (200rpm, 500rpm and 800rpm) 1 gram of V205 powder and at
suspension temperature of 25°C.

3. 3acTtocyBaHHsl KoOHUenuii 0ajdicTHYHMX CTPHOKIB /10 YTBOPEHHSI BH/I0BKEHHX
HAHOCTPYKTYP

UncenbHa cxeMa MOJETIOBAHHS €BOJIONII aHcaMmONiB HAHOMOACIB 0a3yeTbcsi Ha
YHCeNbHOMY pO3B’sA3Ky MeronoMm Eilinepa cucremu 3 x Ny nudepeHLianbHUX PIBHSAHB JUIs
PO3MIpiB YaCTHHOK 13 B’5I3310 y BUIJIA/II 3aKOHY 30€pEKEHHSI PEUYOBHHU:

% _ rkinet A _ rgherm _ T.lgherm _ T.‘ll'zal ]
dt a Ci Bi T'glnet
@ _ T.kinet A _ T.‘tltherm _ rgherm _ rl?al ] (1)
ac ~ b A ci riinet
ﬁ _ T.kinet A _ Tgherm _ rlt;herm _ rgal ]
dt ¢ A B; Téanet
1<i<N,
N(t) N(t)
(g + 40) (1 - 2 A ) | 21 A
eq [ total [ total -
Z?’(O) AjoBioCio 2?’(0) AjoBioCio
- (Xeq + A(t - O)) (1 - ytotal + jtotal (2)

PiBusaas tumy (1) Oynm BBemeHi B crarTsax [6-8] i BpaxoByHOTh SK TepMidHi
NpUETHAHHA-BIA €JHAHHA aTOMIB (10HIB), Tak 1 OalliCTUYHY aHI30TPOIIHY €pOo3il0 3 PI3ZHUX
rpaHeil BHACIIJIOK IHTEHCHBHOTO NepeMilryBaHHs. be3po3mipHuil nmapameTp | xapakTepusye
IHTEHCUBHICTh IEPEMIIITyBaHHS.
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Ilepecuuenns A(t) mepepaxoBYeThCSI Ha KOXXKHOMY KpOIl MO 4acy 3 piBHSHHS (2).
[ToyaTkoBi yMOBH:
Ny = 200000,
Ay = By = Cy = 200,
ptotal = N x A, * By * C, * 100.

[TouaTkoBe nepecHUeHHS:
A(t =0) = 0.01.
[ToyaTkoBUH PO3KUI PO3MIPIB:

A; = Ay * In(1/random) ,
B; = By * In(1/random) ,
C; = Cy x In(1/random).

[Ipu MonentoBaHHI KIHETUKH 3MIHHM PO3MIpiB aHCAMOJIF0 HAHOYACTHUHOK, K TIILKH OMH
13 po3MipiB CTa€ MEHIIUM ab0 PIBHUM HYJIO, YaCTUHKA BBAKAETHCS 3HHUKIIOK 1 KUIBKICTH
YaCTUHOK 3MCHIIYETHCSI HA OJMHUINIO. 3 4aCcOM OUIBIIICTh YCEPETHEHUX MapaMeTpiB CUCTEMHU
(cepenmHiii 00’eM, cepemHi pPO3MipH, IUIONIA, KUIBKICTh YAaCTUHOK, IO 3MEHIIYETHCA Y
pe3yJbTaTi KOAIECIEHIN) aCHMITOTUYHO BHXOJSTh Ha CTENCHEBI 3aJICKHOCTI, MOKa3HUKU
SKUX 3aJIeXaTh BiJl acHMMeTpii epos3ii Ta BiJ IHTEHCHBHOCTI mepemimryBaHHs. [lokasHUKH
CTEMEHEBHX 3AJIKHOCTEH BIIOBITHUX IMTapaMeTpiB MpUBeEIeHI B Ta0auI 1 Ta B Tabmwmii 2.

Tabmuus 1
ACHUMIITOTHYHI TIOKa3HUKHU CTETICHEBUX 3aJIS)KHOCTESH CePEIHIX M0 aHCAMOIIIO BETMYNH
00’eMy YaCTHHKH V, TiHIHHUX po3MipiB (a, b, C), mepecuuenns d, KiTbKOCTI YaCTUHOK N B

ancamOi Ta noBHoi mwiomri P. [apamerpu: rfheTm = perm — pherm — 1 = pkinet — pkinet
rckmet — 1’
T.abal — rl?al — rcbal =1.

Table 1
Asymptotic indicators of power dependences of the average ensemble values of particle
volume v, linear dimensions (a, b, c), supersaturation d, number of particles n in the ensemble
and total area p. Parameters: rthemm = pherm = pherm — 1 = pkinet — pkinet — kinet — 1

phal = phal — phal — 1

j=0 j=0.002 j=0.004 j=0.006 | 1=0.006
v 1,17799 117418 1,16867 115856 | 1,15456
a 0,39403 0,39452 0,39558 038044 | 037816
b 0,39446 0,39306 0,39131 038154 | 0,37996
c 0,39259 0,39208 0,39141 03855 | 0,38354
d 10,40443 021085 | -014324 | -0,10897 | -0,08908
n 1,12823 111776 | -1,10358 | -1,0809 | -1,05861
p 10,34047 033193 | -032059 | -0,31067 | -0,29123
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Tabmums 2
ACHMITOTHYHI TOKA3HUKHU CTETIEHEBHX 3aJISKHOCTEH CEPEHIX 10 aHCaMOJII0 BETHYHH
00’€eMy YaCTUHKH V, TiHIHHUX po3MmipiB (8,b,C), nepecuuenns d, KITBKOCTI YaCTHHOK N B

ancam6ni Ta moHoi mwiomi P. Iapamerpu: rhe™™ = pierm = pherm — 1 ykinet — ykinet —
rckinet — 1’
rbal = %; rg)al =2 rbal = V2.
Table 2

Asymptotic indicators of power dependences of the average ensemble values of particle
volume v, linear dimensions (a, b, c), supersaturation d, number of particles n in the ensemble
and total area p. Parameters: rhe™m = pherm — pherm — 1 pkinet — jkinet — pkinet — 1

1 bal
rhal = =, phal = /2, rbal =./2,

2

j=0 j=0.002 j=0.004 j=0.006 J=0.008
v 1,17799 1,25359 1,36573 1,44414 1,53739
a 0,39403 0,64191 0,80326 0,88527 0,94017
b 0,39446 0,32247 0,30907 0,2975 0,31707
c 0,39259 0,31992 0,30776 0,29887 0,32287
d 10,4043 0,17418 -0,09191 -0,05467 -0,03938
n 71,12823 71,0143 '1,31354 71,38962 "1,46779
p -0,34047 -0,32486 -0,30795 -0,30062 -0,29067

&) B

[
[«2]
L

-2 0 2 4 6 8 10 12 14

In(t)

Puc. 19. 3anexHicTh cepeqHbOI BEMYNHKA 00’ €My YaCTHHKHM V BiJ yacy, pu napamerpax j=0.008,

a) rathe‘rm — Télerm herm _— 1’ n{cmet — r[;cmet

=7 kinet bal bal — 1,

— — bal _— —
=1, =1, /% =" =1
therm _—_ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ 1, bal _ . bal _—
b) r; =1 =1, =1, =1y =1, =1, 15 =2 T =+2; 7% =+2.

Fig. 19. Dependence of the average particle volume v on time at parameters j=0.008,

th — herm _ ,.h — kinet _ ..kinet _ ,.kinet _ bal _ ..bal _ ,.bal _
a) 1t erm_rb = pherm = 1, ykine =1 = pkinet — 1 pha =1} =rbpal =1,
. ; . 1
b) rathe‘rm — réle‘rm — Tcherm =1, n{cmet — rlgcmet — 7,.Ckmet =1, Tabal — E; 7,.ngal — /2; ,r.cbal =+/2.
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—=—a)

=b)

In(d)

-2 0 2 4 6 8 10 12 14

In(t)

Puc. 20. 3anexHicts cepeHbol Benuuunu nepecuuenns d Bin yacy, npu napamerpax j=0.008,
a) .ratherm — rglerm — Cherm =1, T‘;cinet — rl;cinet - Ckinet =1, rabal — rgml — Cbal =1,
b) ratherm — rgterm — Cherm =1, T‘;cinet — Técinet — Ckinet =1, rabal — %; rl?al — \/Z .rcbal — \/7
Fig. 20. The dependence of the average value of supersaturation d on time at parameters j=0.008,
a) ,r.atherm — rélerm — Cherm =1, ré(inet — récinet — Ckinet =1, rabal — rbbal — Cbal =1,

therm _— ,.herm _ ..herm _ kinet _ ,.kinet _ ,.kinet _— bal _ 1, bal __ . bal _—
b) =1, =7, =1, 1 =1y =7, =1, 1 =2 T =+/2; rpad =4/2.

—=— 3)
—e— D)

12

11

10

In(n)

-2 0 2 4 6 8 10 12 14

In(t)

Puc. 21. 3anexHicTh BETMYHHHN KiJIbKOCTI YaCTHHOK N Bijx wacy, nmpu napamerpax j=0.008,

th — herm _ ,.h — kinet _ ..kinet _ ,.kinet _ bal _ ..bal _ ,.bal _
a) 1t erm_rb = pherm = 1, ykine =1 = pkinet — 1 pha =1} =rhal =1,
; i ; 1
b) ratherm — rl:wrm — rcherm =1, 7,.Lixtmet — 7,.lgxtmet — rckmet =1, rabal — E; rgml — /2; chal =+/2.

Fig. 21. The dependence of the number of particles n on time at parameters j=0.008,

th — herm _ L.h — kinet _ ..kinet _ ,.kinet _ bal _ ,.bal _ ..bal _
a)r! erm_rb = pherm = 1, ykine =1} = pkinet — 1 rha =1t =rpal =1,
; i ; 1
b) ratherm — rl:wrm — rcherm =1, 7,.Lixtmet — 7,.lgxtmet — rckmet =1, rabal — E; rgml — /2; chal =+/2.
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25,0 —&—3)
- b)

24,5

24,0
=
£ 235
23,0
22,5
2 0 2 4 6 8 10 12 14
In(t)

Puc. 22. 3anexxHiCTh BETMYHHU MOBHOT TUIOLI YaCTHHOK P Bif 4acy, npu napamerpax j=0.008,
therm _ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ ,.bal _ ,.bal _
a) Ta =T —fc - 1! Ta =T —fc - 11 Ta =T - fc - 11

therm _ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ 1. bal __ . bal _—
b) r} =1, =7 =1, 7 =1y =7 =1, /% == 1 =2; 7 =+/2.

2 )
Fig. 22. The dependence of the total area of particles p on time at parameters j=0.008,
a) ,r.atherm — rélerm — Cherm =1, ré(inet — récinet — Ckinet =1, rabal — rbbal — Cbal =1,

therm _ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ 1. bal __ . bal _—
b) r} =1, =7 =1, 7 =1y =7 =1, /% == 1 =2; 7 =+/2.

2:

—a—|n(a)
—e—In(b)
—4—In(c)

In(t)

Puc. 23. 3anexHicTh CepeHix BEIUYHMH YacTHHOK (a,0,C) Bix uacy, npu mapamerpax j=0.008,

,r.atherm — ,rl;lerm — rcherm =1, rakmet — rlicmet — rckmet =1, rabal — rgml — chal =1.

Fig. 23. Dependence of average values of particles (a, b, ¢) on time at parameters j=0.008,

therm _— ,rl;lerm — rcherm =1, rakmet — rlicmet =1, rabal — rgml = rbal — 1.

kinet
L c

=T'C
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—a—In(a)
—o—In(b)
—4a—In(c)

»

16

In(t)

Puc. 24. 3anexHicTh cepeHiX BEeINYUH YacTHHOK (a,b,C) Bix uacy, mpu mapamerpax j=0.008,
. . . 1
r;herm — rlglerm — Cherm =1, r{flnet — ,rkllcmet — rckmet =1, r;:lal — E; ré)al — \/E; T.Cbal — \/E
Fig. 24. Dependence of average values of particles (a, b, ¢) on time at parameters j=0.008,

, . , 1
r;herm — rlglerm — Cherm =1, r{flnet — ,rkllcmet — rckmet =1, r;:lal — E; ré)al — \/E; T.Cbal — \/E

4. BucHoBknu

Y po6oTi MpOBEACHO eKCIEpUMEHTATbHE JOCIIIPKEHHS IMPOIEeCy CHHTE3Y HAHOIOSCIB
MEHTAOKCHly BaHAJIl0 METOJOM IHTEHCHBHOTO IE€pPEMIIIyBaHHS CYCHEH3ii BUXIIHOTO
nopoiiky y BogHomy posuwHi NaCl. BceraHoBnena kopensilis €BOJONIT aHacaMOJIiB
HaHOBOJIOKOH MEHTOKCHJTy BaHa/Ii10 3 IMHAMIKOIO 3MIHU KUCIIOTHOCTI 1 B’SI3KOCTI CYCHEeH3I1.

BusiBneHo, M0 XapaKTepHOI OCOOJHUBICTIO TPOIECY CTPYKTYPHOTO II€PETBOPEHHS
YaCTUHOK y HaHomosickk V205 € 3MeHIIeHHs BOJHEBOro nokasHuka pH po3unny, mo mMoxe
OyTH BHMKOPUCTAHO SIK IHIUKATUBHY IHTETPaJIbHy XapaKTEPUCTHKY IIBHJKOCTI IpOLECY
CHHTE3Y HAHOIOSCIB MEHTOKCHTy BaHa 1110 IIPHU MIPOMHCIOBOMY BUPOOHHUIITBI.

Bapto 3a3HaunTH, 0 BaXIUBUMH YHHHUKAMH, SKi MOXYTh KPUTHYHO BIUIMBAaTH Ha
Ipollec CHHTE3y HAHOCTPYKTYp HpU IHTEHCHUBHOMY IEpEeMIlllyBaHHI € CKJIaA CcycneHsii, ii
TeMIeparypa, IBUAKICTh mepeMinryBaHHs. [Ipomec cuHTe3y HaHocTpidok V205 pi3ko
HPUCKOPIOETHCS IHTEHCUBHUM MEPEMIITYBaHHAM Ta 30UIbIIEHHSIM TEMIIEpaTypu.

Jnst ommcy Tpolecy YTBOPEHHsS BHUJIOBKEHHX HAHOCTPYKTYp 3aCTOCOBAaHO HOBY
(eHOMEHOJIOTIYHY TEOpilo MepeKpucTaizalii 3 ypaxyBaHHSM JOJATKOBHUX aHI30TPOITHUX
OanicTUYHUX (HETEPMIYHMX) YacTOT B €AHAHHS CTPYKTYPHUX OJAMHHUIIb BiJl PI3HMX I'paHei
Ipy IHTEHCUBHOMY nepemimyBaHHs. OTpUMaHI pe3ysibTaTH KOMIT IOTEPHOTO MOJIEIIOBAHHS
BIJIMOBIAI0Th €KCIEPUMEHTAIIbHUM JaHUM — BEJIUKHM CTYMiHb BUTSTHYTOCTI MOSCIB MICHS
TPUBAJIOTO TEPEMIlIyBaHHS Ta MPUOJIM3HO JiHIHHA 3aJeXKHICTh CEpelHbOI JOBXKHHU BiX
IHTEHCUBHOCTI ME€pEeMiIIyBaHHS.
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SYNTHESIS OF VANADIUM OXIDE NANOBELTS AND THE
APPLICATION OF THE CONCEPT OF BALLISTIC JUMPS FOR THE
DESCRIPTION OF THEIR FORMATION

Summary. The process of synthesis of vanadium pentoxide nanobelts during intensive
stirring of a suspension of commercial powder V205 in an aqueous solution of NaCl was
investigated. The application of the concept of ballistic jumps to describe the formation of
anisotropic structures in non-equilibrium systems under the influence of external factors is
considered. The effect of temperature and stirring intensity on the process of synthesis of
vanadium pentoxide nanobelts is demonstrated.

The correlation between the evolution of nanobelts ensemble of vanadium pentoxide and
the dynamics of changes in hydrogen index pH and viscosity of the suspension was
established. It was found that a characteristic feature of the process of structural
transformation of particles V205 into nanobelts is a decrease in the hydrogen index pH of the
solution, which can be used as an indicative integral characteristic of the rate of the synthesis
of vanadium pentoxide nanobelts during industrial production.

It is worth noting that the composition of the suspension, its temperature, and the speed
of mixing are important factors that can critically affect the process of synthesis of
nanostructures under intensive mixing. The process of synthesis of V205 nanobelts is sharply
accelerated by intensity of stirring and increasing temperature. To describe the process of
formation of elongated nanostructures, a new phenomenological theory of recrystallization
taking into account additional anisotropic ballistic frequencies of detachment of structural
units from different faces during intensive mixing is applied. The obtained results of computer
modeling correspond to the experimental data - a large degree of elongation of the belts after
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long-term mixing and an approximately linear dependence of the average length on the
intensity of mixing.

Keywords: nanostructures, nanobelts, metal oxides, vanadium pentoxide, nonequilibrium
systems, ballistic jumps.
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3ACTOCYBAHHSI METOZY SKMF 10 MOJIEJTIOBAHHSI B3BAEMHOI TA
PEAKIIAHOI AU ®Y3Ii B TOTPIMHUX CIIVIABAX?3

Hewo0aeno pospobnena aemopcoka mooughikayiss cepeOHbono1b08020 Memoody Onucy
peaxkyitiHoi ougysii ma KOHKYpeHyii npomixcHux a3z y3aeaibHeHa 3 6UNAOKy OIHAPHUX
cucmem Ha NOMPIHI Cnaasu (meepoi po3uuHU, BNOPAOKOBAHI NPOMINCHI (hazu ma 080¢a3Hi
30nu). Ilpu ybomy 8paxo8yemvcsi 63aemMo0ist Midic amomamu y 080X KOOPOUHAYIIHUX chepax.
s sionpayrosanus memody memnepamypa ma emepeii 63aemodii nidiopani max, wjob Ha
06ox cmoponax (AB i BC) xonyenmpayiiino2o mpuxymuuka Oy10 no OOHIl NPOMINCHIU
VROPAOKOBaHiU (azi 3 8y3bKUM IHMEPBAIOM 2oMo2eHHOCmI, a Ha mpemiti cmoponi (AC) 6yna
nosHa posuuHuicms. Jocniodxceni aubip ougysitino2o wiiaxy ma KiHemuka 83acEMHoi ougysii,
BNOPSAOKYBAHHS MA POCMY NPOMINCHUX (a3, & 3anexncHocmi 6i0 CKIady SUXIOHOI Oughy3iuHoi
napu.

KurouoBi ciaoBa: nudysis, ¢pa3oyTBOpeHHs, PICT, YHNOPSAKYBaHHS, JiarpamMu CTaHy,
HOTPIiHHI cucTeMu, TUQY3iiHI TpaeKTOpPil, KOHKYpeHIis (a3.

1. Beryn
[Tpouecu B3aemMHOI AMQy3ii y crjiaBax 13 YTBOPEHHSIM 1 POCTOM HPOMDKHHX (a3 €
aKTyaJbHOIO 3ajiayero (i3MYHOTrO0 MaTepialo3HABCTBA, PO3B’SA3aHHS SKOI HEOOXiIHO JUIs

3 PoGora Bukonana npu migrpumii MOH Vkpainu.
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