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Jlocniooceno enaue weuOKocmi nepemiuly8ants, HAKIAOAHHA 308HIWHIX MAZHIMHO20 Ma
VILIMPA3zE8yKo8020 NONIG HA CMPYKMYpPY Ma e1acmuocmi HanouacmuHok Hikenio (Ni-NPs),
CUHME308AHUX 30 YMOG 2emepo2eHHOI HyKeayii. 3 6UKOpUCmanHaM Memooié eleKmpoHHOL
Mikpockonii ma nopowkogoi ougpakyii X-npomenie niomeepodiceno, w0 cepeoHili
diamemp Ni-NPs i posmip Kpucmanimie Hikemo NPAKMUYHO He 3ANeNCUmdb 8i0 YyMo8
cunmesy. 3a pisusHusm Binvsimcona-I'ona npoeedeno amaniz ougppaxmoepam Ni-NPs i
NPOOEeMOHCIMPOBANO, WO 3HAYEHHS MEXAHIYHUX HANPYJICeHb, 3YMOGIEHUX Oedexmamu
YNAKOBKU KPUCMANIB, 3pOCMAiomb 3i 30iTbUleHHAM WEUOKOCMI nepeMiuly8anHa ma 3a
VMO8 nposedeHHs peaxyii 6 yIbmpazeyko8omy nomi. Jocniodceno enekmponposionicms
HAHONOPOWIKIE HIKEN0 I 6UAGNEHO, WO 3HAYEHHS NUMOMOL eleKmponposioHocmi 6
N02apUPMIUHUX KOOpOUHAmax JNiHIUHO 3anedxcamv 6i0 IOHOCHUX 3HAYEHb MEeXAHIYHUX
nanpyoicerv Ni-NPs.

Knouosi crosa: nanouacmunku Hikenlo, MacHimue noie, Yibmpaszeyx, pieHanus Binvamca-
Tona.

BCTYII

HanocTpykTypy Ha OCHOBI d-eJeMEHTIB, 30KpeMa HIKeIto, 3HaX0AATh ITUPOKE BUKO-
pucTaHHSI B 0araThOX rajy3sX HayKH 1 TeXHIKH, HalpHUKIaa B Kartani3i (reHepyBaHHs
BoJHIO Tizpoinizom NaBH, [1-3] Ta po3knamom rigpasuny [4—6], BiAHOBIECHHS HITpOApo-
MaTHYHUX CHONyK [7, 8]), enekrporexHilli (IPUroTyBaHHs €JIEKTPOIPOBIAHUX HAHOKOM-
MO3UTiB [9] Ta KOMIIO3WTIB, 3MATHUX MOTJIMHATH 1/a00 BiNOWBATH EIEKTPOMATHITHE
BunpoMiHioBanHs [10-12]) tomo. Omxe, akTyalbHUM € po3poOieHHS e()EeKTHBHUX i
JICMEeBUX Croco0iB oTpuMaHHs HaHoyacTMHOK Hikemo (Ni-NPs). 3 mporo mormsmy
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MIEPCIIEKTUBHAM € XiMigHMA MeTon cuHTe3y Ni-NPs BiIHOBIECHHSIM 10HIB HIKerO
rigpasuHoM B etuiieHriikoni [13]. Takuii meton He MOTpeOdye BUKOPUCTAHHS CKJIaJHOTO
nmabopaTopHOTO OONagHAHHSA 1 JOPOTHX pearcHTiB, a 3a Hu3bkuxX (mo 0,005 momw/m)
KOHLIeHTpaliil peareHTiB (cuHTe3 Ni-NPs 3a yMOB roMoreHHoi Hykeallii) € KOHTPOJIbO-
BaHUM. OTHAK OCHOBHHMM HEIOJIKOM TaKOTO METOIY CHHTE3y € HeBeJHKa KUIBKICTB i,
BIZIMOBITHO, BHCOKa BapTicTh oTpuMyBaHuX Ni-NPs, ska BH3HAUa€ThCs BapTICTIO
po3umHHHKaA i Moxke mepeBumryBata 1000 rpH./r. BigmoBigHo, 11 3HIDKEHHS BapTOCTI
KIiHIIEBOTO TPOAYKTY Tpeba 3MEHINYBaTH CIIBBIIHOLICHHS “PO3UYMHHUK/TIPEKYpcop’.
Bonrowac 3i 30ibIIeHHSAM KOHIIEHTpamii HoHiB Hikemro moHan 0,01 monb/n, BHXimHa
peakIfiifHa cyMinn mepectae OyTH TOMOTEHHOK dYepe3 yTBopeHHs ocany Ni(OH),, a
MIBUAKOCTI 3apOJUKEHHS Ta POCTy HOBOi (ha3su pi3KO 3pocTaroTh, TOOTO KOHTPOIb
nporiecy dopmyBaras Ni-NPs yckiaamHioerbes. Y momepenHix nparsx [14, 15] Oymno
JIOCJTI/PKEHO BIUIMB TEMIIEpPAaTypH, KOHILEHTpAIll HOHIB HIKENIO Ta CKJIQJy PO3UYHMHHHUKA
Ha BiacTHBOCTI yTBOproBaHMX Ni-NPs. 3’sicoBaHo, 110 BU3HAYaJIbHUM (DAKTOPOM, SIKHIA
BIUIMBAE Ha po3Mip Ta popmy Ni-NPs € cxiiax po3unHHNKA, TPH YOMY CEpEeAHil TiameTp
Ni-NPs mpakTidHO HE 3MiHIOBAaBCS B [[iala30Hi KOHIEHTPAIlIH eTUICHTIIKOMIIO Big 33 10
89 % 06 [14]. BogHouac, He3Ba)karoud Ha TPAKTUYHO OJHAKOBHH CepenHii xiamerp
YaCTHHOK, CJICKTPOIPOBIIHICTH HAHOMTOPOIIKIB HIKEJIIO 3MiHIOBaIacs HEMOHOTOHHO.

Tomy MeTa HamIOl Mpary — AOCTIUTH BIUIMB OKPEMHX (DI3MYHNX YUHHUKIB (IIBUAKICTD
NepeMilllyBaHHs, HaKJIaJaHHS 30BHIIIHIX MarHiTHOrO Ta YJbTPa3ByKOBOTO IOJIB) Ha
CTPYKTYpY Ta BIACTUBOCTI oTpuMyBaHHuX Ni-NPs 3 MeToto ontumizanii MeTouK iXHBOTO
KOHTPOJILOBAHOTO CHHTE3y Ta, B MOJAJbIIOMY, ajanTaiii TaKHX METOAWK 10 YMOB
MIPOMUCIIOBOTO BUPOOHHIITBA.

BUXIAHI PEHOBUHHU TA METOJAUKH IMTPOBEJEHHSA JOCIIIKEHb

3Bakaroun Ha momnepeaHi pesyibratu [14, 15], ans nocmiJpkeHHS BIUIMBY YMOB
cuHTe3y Ha BiactuBocTi Ni-NPs BuOpanuwii Takuil ckiajx peakIiiHOi CyMimri:
[Ni(CH3COO),]o = 0,4 mons/n, [NaOH]o = 0,8 moaw/m, [N2Hs] = 3 monb/n. Ni-NPs
orpumyBanu 3a 70°C B CKITHOMY TEPMOCTaTOBAHOMY PEaKTOPi, OCHAIIEHOMY BEPXHbBO-
npuBigHoo Mimankow OS-20 (UOSLab, Ykpaina) 3 mudpoBUM KOHTPOJIEPOM YaCTOTH
oOepTaHHs poTOpa 3a TaKuX yMOB (Taddi. 1).

Tabnuys 1
YmoBu cuntedy Ni-NPs
Table 1
Conditions for the synthesis of Ni-NPs
3pa3ok HT[BHHKICTB O MarHitHe mosne VbpTpa3zByKoBe 1oJie
HepeMillyBaHHs, XB

Ni-200 200 - -
Ni-400 400 - -
Ni-800 800 - -
Ni-M 400 + -
Ni-US 400 — +
Ni-M+US 400 + +

Jlns HakmameHHS MarHiTHOTO MO Oyllo BHKOPHCTAHO JBa TOCTIHI Mar”itu 3
HanpyxeHictio nosst 50 MT11, po3MillieHi Ha TPOTHIIKHHUX CTIHKAaX peakTopa MiBHIYHUM
MOJTFOCOM JIO MiBJICHHOTO (BiJICTaHB MiX MarHiTamu ctraHoBmia 10 cm).
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Jlnst mpoBeneHHS peakmii B YIbTPa3ByKOBOMY IIOJNI BHKOPHCTAIN YIbTPAa3BYKOBY
BanHy “JP-4820” (Skymen, KHP, notyxsicts BunpominioBanss 120 Br, yacrora 40 x['m).

TpuBaxicTp HaKITaJaHHS MAarHITHOTO Ta YJIBTPa3BYKOBOTO TIIONiB 30iraerscs 3
TPUBAIIICTIO POBEJICHHS PEaKIIil.

®Dopmy Ta po3Mip HAHOYACTHHOK METAJIB OIIHIOBAIN 3 BUKOPUCTAHHSIM CKaHIBHOTO
enektponHoro Mmikpockomna (SEM) EVO-40XVP (Carl Zeiss). Po3mip HaHOYaCTHHOK
OIIiHIOBAJIN 3 BUKOPHUCTaHHAM TporpaMu AxioVision V 4.8.2.0.

CrpykTypy Ta (a30BUi CKJIa] OTPUMaHMX HaHOYACTHMHOK METATIB JIOCHTIIPKYBaJIU 3
BUKOPHCTAHHSAM METOJY ITOPOIIKOBOI Hu(pakmii X-IpOMeHiB 3 BUKOPHCTAHHIM X- -mpo-
MEHEBOTO MMOPOILIKOBOIO L[I/I(bpaKTOMeTpa Aeris-Malvern Panalytical (Cu—Ko Bumpowmi-
HioBaHHS). OTpuMaHi JlaHi aHaJIi3yBaIM IOBHOMPO(MLIEHIM YTOYHEHHSIM 332 METOJOM
PiTBenba 3 BUKoprctanHsaM nporpamuoro nakera WinCSD [16].

Cepenni po3Mmipn KpHCTaNiTiB Hikemo (L) Ta BiAHOCHI 3HAa4YeHHS MEXaHIYHUX
Harpy>eHb (&) 3pa3KiB po3paxoByBajM 3a piBHsHHIMHU [llepepa 1 Binvsmcona-Iona.

K2 |
" Bcos(8) M
p cos 0=%+4esin9. )

Tyt B — excnepuMeHTanbHE 3HAUYCHHS MiBIMPHHA pediekcy; K — xoedimieHT,
3HAYEHHs SIKOTO 3aJeXHUTh BiJl ()OPMH YACTUHKH; A — JIOBKMHA XBWIII X-BHUIIPOMi-
HIOBaHHS; 26 — KyTOBE IOJIOXKEHHS pediekcy.

[TuToMy eneKTpONnpoBiAHICTE HAHOMIOPOIIKIB HIKEJI0 BUMIpIOBAIN 32 JBOCJICKTPO-
HOI cxeMoro. HaBakky HAHOMOPOLIKY MHOMIIATK B CKJISIHY TPYOKy 3 BHYTpILIHIM
JiaMeTpoM 6,2 MM MDK JBOMa IIMJTIHAPMYHMMH CBUHIEBUMH KOHTAaKTaMH, SIKi Tepen
KOX)KHHM BHMIpIOBaHHsAM nonipyBanu untidysansaum nanepoMm P600. Koncrpykiito
BCTAHOBIIIOBAJIN BEPTUKAIIBHO, TICJISl YOTO HA BEPXHIH KOHTAKT HAKJIAAaIN HaBaHTAXECHHS
0,5 xr (170 kIla). Omip cucremu BUMIpIOBaIX 3a IOIOMOTOI0 IU(PPOBOTO MYyJIbTUMETPA
UT171A (UNI-T, Kuraif). [nsg KoxHOTO 3pa3ka IPOBOAWIM IIOHAHMEHIIE I SITh
BUMIpIOBaHb. BigHocHa moxubka He mepeBuiyBaia 10 %.

PE3YJIBTATHU JOCIILIXKEHb TA OBI'OBOPEHHA

3 BuxopucranasM SEM 3’sicoBano (puc. 1, a—6), 110 HAHOMOPOIIKH HIKEIIO,
OTpPHUMaHi 32 Pi3HUX MIBHUIKOCTEH MEpEeMIlIyBaHHS, a TAKOXK 3a HAKIAIaHHS 30BHIIIHIX
MAarHiTHOTO Ta yJIBTPa3BYKOBOTO TIONIB, € NMPAKTHYHO MOHOIUCIIEPCHUMH 3 PO3MipOM
gactruHOK Big 150 mo 200 HM.

BonHo9ac 3a 0gHOYaCHOTO HAKJIaJaHHS MarHiTHOTO Ta YJIbTPa3ByKOBOTO IIOJIIB, PO3-
mip Ni-NPs nepebysae B aianazoni Big 100 10 400 HM, a TakoX CIIOCTEPIracThCst yTBO-
PeHHS CynUTBHUX ariioMepatiB ToBmuHOK 300500 M i goBxuHOIO 1-3 MKM (puc. 1, 2).

Bci orpumani 3pasku Oynu JTOCHIKEHI 3 BHUKOPHUCTAHHSIM METO/AY ITOPOLIKOBOL
mudpaknii X-npomeHiB (puc. 2, a). Ha mudpaxrorpamax Hemae HeEineHTH(IKOBAHUX
MIKIiB, [0 MIATBEPIXKYE BIACYTHICTh 3aIMIIKIB TAPOKCHAY Hikemo. BoaHouac criocrepi-
raeTbes AESKe PO3IMIMPEHHS NUPPAKIIHHUX TMiKiB, MI0 MOXKE OYTH 3yMOBJIEHE MallUM
PO3MIpOM KPHUCTIITIB HIKEIIO 1 HAsSBHICTIO BHYTPINIHIX MEXaHIYHUX HaNpyKeHb,
CIpUYMHEHNX JedeKTaMH TOBEpXHi, yNaKOBKH, IUcHOKamissMu tomio [17]. Tomy 3a
piBasHHsIMU [llepepa (1) 1 Binvsimcona-I'ona (2) po3paxoBaHi po3MipH KPHCTAIITIB
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Hikemro (Lsy 1 Ly, BIATIOBIAHO) Ta BiTHOCHI 3HAYCHHS MEXaHIYHUX HANpPYXKEHb 3pa3KiB
(puc. 2, 6, Tabn. 2).

Mag= 10.00K X Mag= 1000KX -
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Puc. 1. SEM-306paxenns Ni-NPs: a — Ni-400; 6 — Ni-M; ¢ — Ni-US; 2 — Ni-M+US.
Fig. 1. SEM-images of Ni-NPs: a — Ni-400; b — Ni-M; ¢ — Ni-US; d — Ni-M+US.

Sk Oyso 3a3Ha4YeHO BHIIE, PO3LIMPEHHS MiKiB Ha qudpakrorpamax Moxxe OyTH CIpu-
YUHEHE MaJMM PO3MIpOM KPUCTANITIB 1 MEXaHIYHMMHU HaNpy>KeHHSMH, SIKI BHHUKAIOTh
Ha MDK(a3HUX MEXaxX, a BITHOCHUH BKJIJ TaKMX eEeKTiB B 3HAUCHHS MUPUHH Judpak-
LIHUX TIKIB ONHCY€ETHCS PIBHAHHIM Binvaucona-Iona. Tomy po3mipu kpuctamitiB Ni-
NPs, po3paxosadi 3 piBHIHHAM [llepepa (Lsp), Ne1Io MEHIi TOPIBHIHO 3 Ly (Tadm. 2).

3rigHo 3 maEuMu Tabn. 2, BITHOCHI 3HAYEHHS MEXaHIYHUX HamnpykeHb st Ni-NPs
3pocTaroTh B Takiid mocnigoBHOCcTi: Ni-200 < Ni-400 < Ni-800 = Ni-US < Ni-M+US,
TOOTO 31 30UTBPIIEHHSAM IHTEHCHBHOCTI (Pi3MYHOTO BIUIMBY 3POCTAIOTh HANPY)KCHHS, SIKi
MOXYTh OyTH 3yMOBIEHi AeeKTaMd yHakoBkH. Take sBHINE MOXKHA IOSCHHTH TaK.
3rigao 3 [15] dopmysanus Ni-NPs 3a yMOB rereporeHHoi Hykieallil BiZOyBaeThCs 5K
TIOCTIIOBHICTD CTaniit: popmysanns 3apookie Ni-NPs — xoazynayis 3apookie — picm
Ni-NPs. MoxHa TNpHUITyCTHTH, IO 30UIbLICHHS NIBUAKOCTI MNepeMillyBaHHS Ta/abo
MPOBEJCHHS Peakiii B yIbTPa3ByKOBOMY IOJIi CIIPUYMHSIE 3pDOCTaHHS KIIBKOCTI JieeKTiB
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YIAKOBKH Mijl yac koaryssinii 3apoakiB Ni-NPs. BogHouac 3a yMOB npoBezieHHs peaxiiii B
MarHiTHOMY IOJIi, 3HAYCHHS € MCHIIE HyJs, TOOTO B 3pa3ky Ni-M MpakTHYHO HEMa€e

MEXaHIUYHHUX Halpy>KeHb 3aBJISIKH “‘BHOPSIKOBaHIN

HaHO4YaCTHHOK.
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Puc. 2. Tudpaxrorpamu (a) Ta 3a1exKHOCTI MiX apamerpamu 3 1 ©® B KOOpIHHATAX

piBHSIHHS Binvamcona-I'ona (b) nns okpemux 3paskiB Ni-NPs.

Fig. 2. XRD-patterns (@) and the dependencei between parameters 3 and O in the
coordinates of the Williamson-Hall equation () for some samples of Ni-NPs.

Tabnuys 2
Po3mipu KpucTaniTiB, BiTHOCHI 3HaUeHHs1 MeXaHIYHHMX HANPY:KeHb i nuTomuii onip (p) Ni-NPs
Table 2
Crystallite sizes, relative values of mechanical stresses and specific resistance (p) of Ni-NPs
3pa3ok Lgp, aM Ly, HM € p, Om-cMm
Ni-200 15 16 6-107 15600
Ni-400 17 21 2-10* 1120
Ni-800 15 18 7-107 11
Ni-M 16 - -1-10°° 111
Ni-US 14 16 3-10* 107
Ni-M+US 15 20 13-10* 3

JlocuipKkeHo MUTOMY eeKTpOINpoBifHicTh oTpuManux Ni-NPs (tabm. 2).
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Puc. 3. KopensiiiiHa 3a1€XHICTh MK 3HAUEHHSAMH HAIPYKEHb iMUTOMOIO
enexTponpoBiaHicTio Ni-NPs.

Fig. 3. Correlation dependence between the values of stresses and
the specific conductivity of Ni-NPs.

3’sCOBaHO, 10 3HAYEHHS IUTOMOI EJIEKTPOIPOBINHOCTI (G) HAHOMOPOIIKIB HE
3aJexarh Hi BiJi pO3MIpiB YacTHHOK, Hi BiJ po3MmipiB kpucrtamitiB Ni-NPs. BogHouac
HEOYiKyBaHO BHSBJIICHO, IO B JIOTAPHU(PMIYHMX KOOpAMHATAX G JiHIHHO 3aICKHUTH Bix
BIZITHOCHUX 3HAa4eHb MeXaHIYHHMX HarpykeHb Ni-NPs (puc. 3). ABTOpH IpHITyCKaIOTh,
IO TaKa 3aJIeKHICTh MOKe OyTH OB’ s13aHa 31 3pOCTAHHSAM HEBIIOPSIKOBAHOCTI CHCTEMH,
IO TMPHU3BOAWTH 1O 30UIbIICHHS HMOBIPHOCTI ()OPMYBaHHS BTOPHHHHMX CYHIJIBHUX
TMHIHHEX arnomepatiB (puc. 1, 2), ki BiIirpaBaTUMyTh POJIb MEPKOJMIHHUX KIIACTEPIB.
OpHak Taka rinoresa noTpedye NeTAIBHINIOr0 eKCIEPUMEHTAIBHOTO MiATBEPPKEHHS.

BUCHOBKH

3’sicoBaHoO, 10 cepenHiil miamerp i po3mip kpuctamiTie Ni-NPs, cuHTe30BaHuX 32
YMOB T'€TepOreHHO1 HyKIIealii, MPakTHYHO HE 3aJIeKHUTh Bijl MIBHIKOCTI IepEeMillyBaHHS
peakiiiiHoT cyMilll 1 HakJIaJaHHS 30BHILIHIX MarHiTHOTO Ta YJIbTPa3BYKOBOTO IIOJIB.
ITponemoHcTpOBaHO, IO BIJHOCHI 3HaYeHHS MeXaHIYHMX HamnpyxeHb Ni-NPs 3pocraioTs
31 30UIBIIEHHSM HIBHJKOCTI TMEpEeMillyBaHHS Ta 3a YMOB IPOBEJCHHS peakiii B
YIIBTPa3BYKOBOMY I0JIi. BusBIEHO, 110 3HAUCHHS ITUTOMOI EJICKTPOIPOBIIHOCTI HAHO-
MOPOILKIB JIiHIHHO (B Jorapu(MIiuHMX KOOPIUHATAX) 3aJIe)KaTh BiJl BIJTHOCHUX 3HAYCHb
MeXaHIYHuX HarpyxeHb Ni-NPs.
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INFLUENCE OF SYNTHESIS CONDITIONS ON THE STRUCTURE AND PROPERTIES OF
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The influence of the stirring speed, the application of external magnetic and ultrasonic fields on the
structure and properties of nickel nanoparticles (Ni-NPs) synthesized under heterogeneous nucleation
conditions was investigated. Using electron microscopy and X-ray powder diffraction methods, it was
confirmed that the average diameter of Ni-NPs and the size of nickel crystallites practically do not depend on
the synthesis conditions. The results of studies using scanning electron microscopy showed that nickel
nanopowders obtained at different stirring speeds, as well as with the application of external magnetic and
ultrasonic fields, are practically monodisperse with a particle size from 150 to 200 nm. At the same time, with
the simultaneous application of magnetic and ultrasonic fields, the size of Ni-NPs is in the range from 100 to
400 nm, and the formation of continuous agglomerates with a thickness of 300-500 nm and a length of 1-3 um
is also observed. The obtained samples were studied using the X-ray powder diffraction method. There are no
unidentified peaks in the diffractograms, which confirms the absence of nickel hydroxide residues. At the same
time, some broadening of the diffraction peaks is observed, which can be due to both the small size of nickel
crystallites and the presence of internal mechanical stresses caused by surface defects, packing, dislocations,
etc. Therefore, the sizes of nickel crystallites and the relative values of the mechanical stresses of the samples
were calculated using the Scherer and Williamson-Gall equations. Analysis of the Ni-NPs diffractograms
showed that the values of the mechanical stresses caused by crystal packing defects increase with increasing
stirring speed and under the conditions of the reaction in an ultrasonic field. The electrical conductivity of
nickel nanopowders was studied and it was found that the values of the specific electrical conductivity in
logarithmic coordinates linearly depend on the relative values of the mechanical stresses of Ni-NPs. It was
found that the values of the specific electrical conductivity of nanopowders do not depend on either the
particle size or the size of the Ni-NPs crystallites. At the same time, it was unexpectedly found that in
logarithmic coordinates linearly depends on the relative values of the mechanical stresses of Ni-NPs.

Keyword: nickel nanoparticles, magnetic field, ultrasound, Williams-Hall equation.
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