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TepminoJiorisa

Tunu HaHOMaTepiasiB

[I[pyYnHY 3MiHU BJIaCTUBOCTEHN
Oco6JIMBOCTI BJIACTUBOCTEM HaHOMAaTepiaJiB
Knacudikarniis HaHoMmaTepianiB
XapaKTepUCTUKU AUCIIEPCHUX CUCTEM
[TopucricTb
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0. XiMmiuHa TepMoJMHaMikKa

1. TloBepxHeBa eHeprig

12. Tuck nij BUKPUBJIEHO NMOBEPXHEIO
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PR O©O~NOUAWNE

Hanokpuctan LiFePO, -
HaMNepPCNeKTUBHILWOro KaTog4HOro maTepiany
ana nitiesnx gxtpen crpymy

CunTe3oBaHo Ha kadeapi MiHT B 6epe3ni 2014 poky



IcTopida npeameTy

400 p. fo H.e. - 'peupkuint ¢isnocod /leMokpiT BHepiue
BUKOPUCTAB CJIOBO "aToM", 1110 B NepekJiajii 3 rpenbKoro
O3Haya€ "'HEpPO3KOJIIBAaHUH " [Ji ONUCYy HaWMeHIOi
4aCTKU PEYOBUHHU.

1883 - /bxopmx Ictmen (3acHoBHUK komnaHii Kodak)
BUHAMUIIOB POTOMIIBKY, [0 CTaja NPUKJIAZOM IMepLIOro
BUKOPUCTAHHS HAHOTEXHOJIOTIM.

1905 - IlBeMuapcekuil ¢isuk Anbbept ElHIITeNH
ony6J/iKyBaB po0OTY, B IKili []OBIB, 1110 PO3Mip MOJIEKYJIU
LIyKpy CTAHOBUTb NPUOJIN3HO 1 HAHOMETP.

HaHomaTepia/u Ta HaHOTexHonorii




. HaHomatepianu Ta HaHOTEeXHONOTII
[cTopida npeameTy

1931 - Himenpbki ¢pisuku Makc Knosn i Epact Pycka
CTBOPHUJIU IPOCBIYYIOYHU eJIEKTPOHHUHM MiKpOCKOI

1959 - IIpodecop KanidopHilicbkkoro TEXHOIOTIYHOTO IHCTUTYTY
Pivapn ®eiiMman BucTtynuB 3 gonoBigaw «Tam BHU3Y 6Garato
mics» («There's Plenty of Room at the Bottom») Ha mjopivHii
3ycTpiui AMepukaHcbKoro ¢isuyHoro ToBapucTBa. PelHMaH
NPUIYCTUB, L0 MOXJUBO MEXaHIYHO IepeMillyBaTyU OJUHOYHI
aTOMH, 3a JOIOMOT 00 MaHINyJATOpPa, IPUHAKWMHI, TAKUU NpoI1iec
He cynepeyruTb Qi3MYHUM 3aKOHAM




[cTopia npegmeTy

1968 - Asnbdpen Yo 1 /[xoH ApTyp OOrpyHTyBaiu
TEOPETHUYHY MOXJIMBICTb BUKOPUCTAHHS HAHOTEXHOJIOTIH y
BUpIllleHHi 3a/la4 06pO6KM MOBEPXOHD i JOCATHEHHS aTOMHOI
TOYHOCTI IPU CTBOPEHHI eJIEKTPOHHUX NIPUJIALIB.

1974 - AnoHcbkuit ¢isuk Hopio Tanirydi BBiB y HayKOBUH
00ir c/10BO "HaHOTeEXHOJIOTII".

1982 - Himenpki ¢isuku lepg Binuir i T'enpix Popep
CTBOPUJIM CKaHYIOYUM TYHEJbHUM MIKPOCKOI, 3JaTHUU
[I0Ka3yBaTH OKpeMi aTOMMU.

HaHomartepianu Ta HaHOTeXHoONOTII




HaHomartepianu Ta HaHOTeXHoONOT Il
IcTopida npeameTy

1985 - AmepukaHcbki ¢pizuku PobepTt Keps, Xeposbs KpoTo i
Pivapg CMmeilsii CTBOPUJIM TEXHOJIOTIIO, 110 J03BOJISE TOYHO
BUMIpIOBATU IpeAMeTH, JiaMeTpoM B OJUH HaHOMETp I
BiIKpUJIK QyJjiepeHU - MOJIEKYJH, L0 CKJajawTbcad 3 60
aToMiB ByIJIell0, po3TalloBaHUX y Gpopmi chepu.

1986 - ®yTyposor Epik /Ipekciaep ony6/ikyBaB KHUTY, B SIKil
nepej6ayas, 1[0 HAHOTEXHOJIOTiA He3a6apoOM NOYHE aKTUBHO
pPO3BUBATHCS.

[llecTepHi 6ysnu po3po6JieHi B 2004 poui. Tisa mectepeHs -
HAHOTPYOKHU, 3yO11i — MOJIEKY/IU KapOiy 60py




HaHomatepianu Ta HaHOTeXHoNOT il

[cTopida npeameTy

1991 - Anoucekuii npodecop Cymio Jligkima, 110 npaioBaB B
kommaHii NEC, BukopuctoByBaB QysiepeHU [Jil CTBOPEHHS
ByIJIelleBUX TPYyOOK (a60 HaHOTPY6OK) AiameTpoM 0,8 HM. Ha
IX OCHOBI B Halll YaC BUIIYCKalOTbCA MaTepiaJud B CTO pasiB
MilHilI 32 CTaJib.

1999 - AMmepukaHcbKi BYeHi - npodecop ¢pizuku Mapk Pifg
(Enbcbkuil yHiBepcuTeT) i npodecop ximii [pkeiimc Typ
(Padicckiii yHiBepcuUTeT) - pO3pPOOHJIM €MUHI TNPUHIUIIH
MaHInyadanii 4K OAHIE MOJIEKYJIOK0, TAK I IX JIAHLI0XKKOM.

2002 - Cus Jlexkep 3'egHaB BymieneBy Tpybky 3 /JIHK,
OTPUMAaBLIM EAMHUNA HAHOMEXaHi3M.

2010 - A. K. l'eiimy i K. C. HoBocesioBy 6ysia mpucyaKeHa
Hob6eniBchbka npemisi 3a OTpUMaHHS Ta onuc rpadeny




JI/IS1 4OT0 1€ JIOAAM HaHomatepianu Ta HaHOoTexHoAOri|

* [lparHeHHs /0 MiHiaTIOpHU3alil BUpPO6iB

YHiKaJIbHI BJIaCTUBOCTI MaTepiaiB B HAHOCTPYKTYPHOMY CTaHi

Heo6xiHicTb po3p0o06KU i BNpOBaaKeHHsI MaTepiasiB 3 IKICHO Ta KiJIbKICHO HOBUMM BJIAaCTUBOCTSIMU

*  P03BUTOK HOBUX TEXHOJIOTIYHUX NPUHOMIB i METO/IIB, 1[0 6a3yI0ThCS HA MPUHIUIIAX CAMO30ipKH i
caMooprasisariii

e [IpakTu4yHe BOPOBAKeHHSI Cy4YaCHUX NPUJIAJIB AOC/iPKEHHS, N1iarHOCTUKHU Ta Moaudikairii
HaHoMaTepiaaiB

* Po3BUTOK i BOpOBa/’)KeHHsI HOBUX TEXHOJIOTIH, 1110 MPeACTaBJASAITb CO6010 MOCAiIOBHICTh MPOIlECiB
JiTorpacdii, TEXHOJIOTiIM OTPMMaHHS HAHOOPOUIKIB

* HabamxeHHs1 10 PyH/IaMeHTaIbHUX 0OMEXXEHHSAM (LIBUAKICTb CBITJA, CIiBMipHICTh HAHOCTPYKTYPHUX
eJIeMEeHTIB 3 JIOBXXMHOI0 XBUJIi eJIeKTPOHA)

* Hosgi 3aco6u Ta MeToY reHepallii Ta HAKOMIMYEHHS eHepril

IIpukiaa: MeTamaTepiaiu Standard Lithiom polymer Battery Standard Supercapacitor
Charge
T
Bischargs f—
/A =
Cathod Pobamer Anade
Saparator
+ =
l ke Traupen . .
Electrcde/ / \Separator
Activated carbon




HaHomartepianu Ta HaHOTeXHoNOTiI
HaHoTexHos0Ti]

HaHomexH002iA - e CYyKYIHICTb METO/IB i IPUHUOMIB, IKi BAKOPUCTOBYIOTh NPU BUBYEHHI,
NPOEKTYBAaHHI, BAPOOHUITBI Ta BUKOPUCTAHHI CTPYKTYP, IPUCTPOIB i CUCTEM, 1[0 BKJIIOYAIOTh
1iJlecnpsiMOBaHUM KOHTPOJIb i Moaudikalito ¢popmu, po3Mipy, iHTerpaliii i B3aemMoii
CKJIQJIOBUX, iXx HaHOMacuiTabHoro ejgeMeHTiB (1-100 HM) A/ OTpUMaHHS 00'€KTIB 3 HOBUMH
XiMiYHUMH, PiI3UYHUMH, 6I0JIOTIYHUMH BJIACTUBOCTSIMU.




: . HaHomartepianu Ta HaHOTeXHONOTII
TepMmiHoJioTiA

Hanomamepiaau - p[ucnepcHi i MacuUBHI MaTepiaji, 10 MICTATh CTPYKTYpHi esieMeHTH (3epHa,
KPHUCTaJIiTH, 6JIOKH, KJIaCTEpH), TeOMeTPUYHi po3Mipu SKHX, X04a 6 B OJJHOMY BUMIipi, He MepeBULIYIOTh

100 HM i gki BOJIOLIIOTb AKICHO HOBMMM BJACTHUBOCTSAMH, (YHKLIOHAJBHHUMH i eKCIJyaTaliiHUMH
XapaKTepUCTUKAMHU.
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I um <h,r, R(L) <100 um

IIpuk.aadu - TOHKI MJIIBKY | NOKPUTTS, HATKOBU/AHI KPUCTA/IX Ta
IIOJIIMEPHI BOJIOKHA, YJIBTPAAUCIIEPCHI TOPOILIKHU Ta IX KOMIIAKTH,
NOpH i BUCOKOJUCIIEPCHI BUAiJIeHHA $a3 y MOHO Ta
MOJIIKpUCTAJIAX.



Tunu HaHOMaTepiaJsiB

Tunu HaHomamepiaiis:

Hanomamepiaau 0ij1s1meb 3a Npu3HaA4eHHAM Ha.

HaHOIIOPUCTI CTPYKTYpPHU
HAaHOYaCTUHKU

HAHOTPYOKM i HAHOBOJIOKHA
HaHoaucnepcii (KoJoian)
HAHOKpPUCTAJIY | HAHOKJIaCTepHU

byHKIiOHAbHI
KOMIO3UILIiMHI
KOHCTPYKIIiKHI

3a KinnbKicmio eumipie:
Hy/IbMipHi / KBa3iHy/IbMipHi;
oaHoMipHi / kBasiogHOMIpHi;
JiBoMipHi / kBasigBoMipHi;
TpUMipHi / KBa3iTpuUMipHi.

HaHomaTtepianu Ta HaHOTeXHoONOTII




Tunu HaHOMaTepiaJiiB

Hanomarepianu ‘
Hanocrpykryposani Hanokommozutu
Marepianu
| |
Hanoxpucramiusi Hanoxkpucramiysi
Marepianf KOMITO3HTH
| |
HanoxkmactepHi abo Hanogsomoxuucti
KJIACTEPHI Marepiaim KOMIIO3MTH
| |
Hanoxeaziamopdni HanoknactepHi
Marepiani KOMITO3HTH
| 1
Hanowapysari HaHorumBKOBI
Marepianu KOMITO3HTH
| 1
HanonuiBkosi Trmi
MOKPHTTS KOMITO3HTH
200 HAaHOMOKPUTTS
|
Hanomopoimkogi
Matepiain
|
[Hum
HAHOCTPYKTYPOBaHI
Matepiain

HaHomartepianu Ta HaHOTeXHoNOTiI




Hawnoenexrponixa CrinrpoHixa Hanobiomoris

.,

HaHomartepianu Ta HaHOTeXHoNOTiI

— ; MoneryispHa
Hanomexanika |« Hanorexnomor? = J_..J ?
"/I/ \ CICKTPOHIED
HanoonThka Hanocencoprka

HaHoesekmpoHiKa - rajy3b eJeKTPOHIKH, KA 3aMa€EThCs
pPO3p06KOI0 Gi3UUHUX | TEXHOJOTIYHUX OCHOB CTBOPEHHS
IHTerpaJbHUX €JIEKTPOHHUX CXEM i3 XapaKTepHUMU
TONOJIOTIYHUMU PO3MipaMHU eJ1IEeMEeHTIB, MEHIIVMHU 3a

100 HM, Ta 6a3y€ETHCS HA BUKOPUCTAHHI KBAaHTOBHUX e(EKTiB
B HAHOCTPYKTYpax.

CniHmMpoHIiKa — HanpsM Cy4acCHOI eJIeKTPOHIKH, 110
6a3yeThCsl HA BUKOPHUCTAHHI ClliHOBUX eeKTiB Ta

Electrical spin
KBAaHTOBUX BJIACTUBOCTEU CIIHY €JIeKTPOHIB, 110 SEnsrn
Mechanical J Spin-orbit
XapaKTepHU3YIThCA ABOMAa KBAHTOBUMHM cTaHaMu (yropy Ta rotation s effects
BHU3). 3MiHa opieHTalii ciHiB BiI0yBa€ThCS 32 paXyHOK ‘9
BIIJINBY BUCOKOI T'YCTUHU CTPYMY, 1110 [IPOXOAUTH Yyepes . ‘?
HaATOHKI ¢pepomarHiTHi cTpykTypu (ceHaBiui). OpieHTarlis Spifis 9
CIIIHIB 3aJIMIIAETHCA HE3MIHHOIO, AKIIO JKepeso ‘ Y ? Electric field
. . Geometrical phase | > application
MOJIAPU30BAHOI'0 CTPYMY BUMUKAETHCH, TOMY CIIIHTPOHHI ; 1
IPUCTPOI AyKe LHUPOKO BUKOPUCTOBYIOTHCA AK IOJIOBKHU $ R
34MTyBaHH{, NpUcTpoi nam’aTi Ha aBulli 'MO i TyHesbHOMY 8
MO, reHepaTopu 3MiHHOI HAaNIPyTry, KOHTPOJILOBAHI 3a .? B

CTPYMOM, TPAH3UCTOPH Ha ePeKTi MoJisl. —— G n2anetic

thermal gradient wave
application
Spin-band splitting



Hawnoenexrponika Crinrponika Hanobiomoris

.,

T ; Monekynapra
Hanosexanixa * Hanorexpomord = . s Ij
"/I/ \ CICKTPOHIED
Hanoormrrka Hanocencoprka

HaHobionozia — rany3b 6ionorii, npucBaAYeHa BUBYEHHIO CTPYKTYPHMUX,
6ionoriyHux, 6iodisnyHMX Npouecis y NPUPOAHMX BIONOTIYHMX CTPYKTYpaXx
abo ix HaHobionoriyHnx aHanorax. [lisBHaHHS Ha Lik OCHOBI Ail0OYUX
HaHOMO/eJieH 6i0JIOTIYHUX CTPYKTYP CbOr0/IHi CTAaHOBJISITH OCHOBY
HaHoO6ioJiorii. locirHeHHs1 HAHO6i0JI0Tii CKJ1ala€ 0CHOBY PO3BUTKY
TaKWX HaNpPsIMKIiB HAaHOHAYKH, SIK 6ioopraHiuHa HaHOXiMis,
HaHodapMmallis, HAHOCEHCOpPHKa, HAaHOMeIUIIMHA.

MousekyasipHa es1eKmMpoHiKa J0CTIIPKY€E eJIeKTPOHHI HAHOCUCTEMH,
1110 MiCTSITh, SIK CKJIaZIOBi YaCTHUHU, MOOAUHOKI MOJIEKYJIH 200
MOJIEKYJIAPHI KOMIIJIEKCH, A TAKOX TEXHOJIOTIl BUTOTOBJIEHHS TaKUX
HAHOCHUCTEM, L0 TPYHTYHTHCA Ha BUKOPUCTAHHI NPOLLEeCiB
CaMOCKJIaZlaHHA, BKJIIYAl04YU NPOLLeCH MaHINyJII0BAaHHA AK
MNOOJUHOKHUX MOJIEKYJIAM, TaK I MOJIEKYJIAPHUX KOMIJIEKCIB.

HaHoceHcopuKka - rajiy3b HAyKW NIPO CEHCOPHI HAHOCUCTEMH, Jid AKUX
TPYHTYETHCS HA CEJIEKTUBHOMY CIIPUMHATTI CUTHAJIIB Pi3HOI MPUPO/HU:
6io/10TiYHUX, XIMIYHUX, TEMIIEPATYPHUX i T. 1., TA IX IEPETBOPEHHI B
eJieKTpu4Hi (6ioHaHOCEHCOPH, SIKi MOXKYTh He JIUIIE BiCTeXXyBaTH
CTaH OpraHiamy, ajie i aBTOMaTUYHO BUKOHYBATH JlesIKi HeoOXiHi Jii).

HaHomartepianu Ta HaHOTeXHoNOTII




Hanoenrexrponika Crintrponixa HanoBiomoris
I HaHomaTtepianu Ta HaHOTexHoAOTiT
: ; Moneryiuapua
Hanomexanika |e o YIAp
;TTEHHE:TH\]‘ . EICKTPOHIKD

Hanoonryxa Hanocencopnka

HaHoonmuka - rajiy3b HayKH, IPUCBSIYe€Ha ONTUYHUM
HAaHOCUCTEMAaM, 1110 BUKOHYIOTh QYHKIIiI iHPopMaliiiHOro
KepyBaHHS, 3[iACHIOI0YU 00POOKY, 30epiraHHs i nepeaady
iHpopmaliii y BUIJIs/li ONTUYHUX CUTHAJIIB.

[lepcrieKTUBHUM PO3/]iJioM HAHOONTHUKU € HAHODOTOHIKA, il
eJlIeMeHTHY 6a3y CKJ/a/ialoTb GOTOHHI KPUCTAJH, L0
e(peKTUBHO BUKOPUCTOBYIOThCS B IPUCTPOSIX 0OPOOKH,
30epiraHHs i nepeaadi inpopmariii.

HaHomexaHika (HaHOPOOGOTOTexHiKa) — rajy3b TeXHiKH,
1110 3aliIMa€EThCSl CTBOPEHHSIM HAHOPOOOTIB, 3JJaTHUX
BMKOHYBATH II€BHI MeJWYHi onepalil B Tl NalieHTa
(HaHOKaTeTepH, SIKi A03BOJIAIOTh ePEeKTHUBHO 3/1iCHIOBATH
JIIarHOCTHUKY U Tepallilo B KPOBOHOCHUX CYAMHAX i
KUIIKOBOMY TPaKTI, a TAKOX J03YBaJIbHI i po3M10Ai/IbHI
HaHONPUCTPOI, 1[0 3a6e3Me4Yy0Th JOCTAaBKY JIKiB,
noTpi6bHUX nanieHTam). Kpim Toro, Mmasi po3mipu
MIKPOKOMIIOHEHTIB POOJIATH iX iilealbHUMU [IJI51
MaHinyJIloBaHHA 0i0JI0TIYHUMU 3pa3KaMH Ha
MIKpPOCKOIIIYHOMY PiBHi.




. . HaHomaTtepianu Ta HaHOTEeXHONOTII
HpI/I‘II/IHI/I 3MIHU BJIACTHUBOCTEHU
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3MIHA CMPYKMYpPHUX, MA2HIMHUX, ONMUYHUX,
‘ e/1IeKmpoHHUX 81acmugocmell ma peakyitiHoi
JlopaTKoBi 3damHocmi

36i/1b1IeHHS] TOBEPXHEBOI eHepPrii YaCTUHKU /10 3HAYEHD,
CHiBpO3MipHUX 3 06'EMHOI0 EHEPTIEILD.

ExkcTpeMasibHi yMOBHY CUHTE3Y, 1110 CIPUSAIOTh dikcalyii
HepiBHOBAXXHUX (MeTacTabiibHUX) CTaHIB.




. . HaHomartepianu Ta HaHOTeXHoNOTiI
HpI/I‘II/IHI/I 3MIHU BJIACTHUBOCTEHU

30uIBIIeHHS 00'€MHOL
YACTKH TPAHUITH POBILTY
<A
HEHACHYEHICTh AaTOMHHAX
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— MEXaHIYHHX BIACTHBOCTCH v HV
TOHKL (bl?__Hqu e(peKT,H _— | TBHIIEHHS MKipOTBEPIOCTI |Z> X
— B32€MOJIII eeKTPOHIB G ¢

13 BUIBHOIO [IOBEPXHEIO

CrpHsTIMBICTh MIrpariii aToMiB 3aJIeKHICTh IPONECIB MEePEHOCY i
BiJ] po3MIpiB 1 popMu nipr B<l, r'
Biblne BUpaXeHi CHIK o- - L.~ e(eKTUBHA JOBKHHA BUTBHOTO , I \
IPHTSITAHHS MIX aTOMaMH I poOiry Hicis I (@
(JToB:kWHA MPOOIry MTUCIOKAII, N
. e L~
CXHITLHICTD /10 > @ nudysiiftHa T0BKHHA, TOIIO) JA)
caMoopraHizanii .0 ® | — : . -
KIIACTEPHHIX CTPYKTYD % & (po3cisiHHS, PEeKOMOIHAILIS) ) _

31aTHICT NPOSIBIICHHS! KBAHTOBUX e(eKTiB IpH D cIiiBpo3MipHe i3 A B ‘

y €IeKTpoHa A B ~(m, E)'l/ - , Ie m,- e(eKkTuBHA Maca eleKTpoHa, £ - eHeprig Depmi, [\
A 1B JUIS METamiB = 0,1...1 uM, JUIA PAIY HAIBIPOBIHHKIB i TYTOIUIABKUX 3'€IHAHb = 10...100 M ! =
JUTA 9aCTHHKHY 3 MAJIOIO0 €HEPTIEI0

A B =h/mvy. 1e m1 v— Maca i IBUAKICTh YaCTHHKH, h - cTama [lmanka




Oco6/IMBOCTI CTPYKTYPU HAHOYACTUHOK

* 3MiHa NepioAy rpaTkKu

* 30iJIbLIIEHHS CepeJHbOKBAAPAaTUYHUX
3MillleHb aTOMIB. IMHAMIYHHUX I CTATUYHUX
* 10IBa MIKPOBUKPUBJIEHHD -
HeoJiHOpiAHA AedopMallis

* Yy TBEpPJAUX PO3YUHAX - KOHL|eHTpalilHa
HEOJHOPIAHICTb pO3NOAiNY LJOMIIIKHU I10
paziycy 4aCTUHKU

* y 1BoX-(6araTo-) ¢pa3HUX CUCTEMAX -
da3oBa HEOAHOPIIHICTb

* po3ynopsaaKyBaHHA (amopdizaris) 3i
3MEHIIEeHHAM PO3Mipy YaCTUHOK -
30i/IbIIIEHHAAM BiTHOCHOI KiJIbKOCTI
NpUIIOBEPXHEBOI 06J1ACTI.

* HEOJHOPIAHICTb PYHKIiI aTOMHOTO
po3noainy

HaHomarepianu Ta HaHOTeXHoANOT Il

) : o 6)

a) - aTOMHa MOZe/lb HAHOCTPYKTYPHOro MaTtepiany
(YopHUM NoO3HaYeHi aToMK 3epHOrpaHMYHOI obnacTi B
AKux 3cys nepesuwye 10 % Big mixkaTomHUX BigcTaHewn);
6) - rpaHuLi 3epeH B HAHOCTPYKTYPHIN Migi (3Haukamu
Bi4MiYEHO BHECEHI 38 pHOrpaHUYHI gncnoKauii)



. . . HaHomartepianu Ta HaHOTEXHoOANOTII
OCco6JIMBOCTI BJIACTUBOCTEH HaHOMaTeplaJilB

MexaHiuHi
36i/blIeHHsI TBepAOCTi (Yepe3 BiJICyTHICTb MPOTSHKHUX AedeKTiB) y NMOEAHAHHI 3 IJIACTUYHICTIO (3aBASKHU
PO3BHHEHIH CITIi Mi>k3epeHHUX IPaHUIlb) . 30i/IbIIeHHS MeXi TeKy4OCTi, 3SMeHIIIeHHsI MOPOTry JIAMKOCTI.

EaekmpuuHi

3a/JIeXKHICTh OMOPY BiJ, pO3Mipy 4acTOK, HAMiBNPOBIIHUKOBUM XapaKTep MPOBIAHOCTI HAHOYACTUHOK MeTaJliB
(uepe3 oO6MeXKeHe YHCJIO BiJIbHUX €JIEKTPOHIB).

3MiHa TeMnepaTtypy Kropi BUCOKOTeMIlepaTypHUX HAANIPOBIJHUKIB i3 3MEeHIIIeHHAM pO3Mipy 4YaCTUHOK.

MazHimHi
3aJIe’KHiCTh HAMarHi4YeHoCTi BiJj po3Mipy 4acToK (MaKCUMYM JIJIsI MOHOIOMeHHHUX). CynepnapaMarHeTusM (pu
po3Mipi yacTHUHOK MeHIe 1 fomMeHa). [iraHTCbKHUM MarHiTOOIMip, MarHiTHI piIMHY, TACTH i MOJIiMEPH.

TepmiuHi
3MeHIlIeHHs TeMmnepaTyp /lebas, mJaBJjieHHs], pa30BUX Nepexo/iiB, cnikaHHda Ha 15 - 20% npu 36isblieHHi
TEIJIOEMHOCTI (Uepe3 3MiHU clieKTPy POHOHIB).

OnmuyHi XimiuHi
3MiHa CHEKTpiB BUIPOMIHIOBaHHSA 1| MNOMIMHaHHA. 30iJbmeHHA posduHHOCTI (o 20 - 25%) vy
36isbllIeHe pO3CiloBaHHS, peasi3allisi «<40pHOTO Tijay. KMCJI0TaX, 3HWKEHHA TeMIlepaTypHy peakLii.



Knacudikalis HaHoMaTepiasiB

HAHOMATEPIAIH

HaunoBupoou MacuBHi HaHOMAaTepiaau
XapaKTepHHit XapaKTePHUH po3Mip Ginpmie 1...2 MM
po3mip
menme 100 am | | .
oauo(daszmi | GararodasHi
| HaromopomKE (MiI(pOCTp}’I(T.ypHO (MiKpOCpr.KTy.pHO
L HasoZpIT OJTHOP1/IHI) | HEOTHOPIJIHI)
- HAHOBOJIOKHO :
- TOHKI IUTiBKH crto CKITaJtH1 CITaBA
- HaHOTPYOKH rem ) i Kepamiku
HepeHacHYeHi
TBEPIIi PO3UMHU
Mikposupoou Kommno3utu 3 KOMNoOHEHTAMH i3 HAHOMATepiaJiB
XapaKTepHUH | |
po3MIp r 1 . 7
MeHmIe 1.2 mm | 3 HAHOBUPOOAaMU \| | 3 MiKpOBHPOOaMuU |

JpiT
ILTiBKA
(ompra

3 HAHOYACTHHKAMH
3 HAHOBOJIOKHAMH
3 10HHO Mo (i-

3 HAHOCTPYKTYPHUMH
BOJIOKHAMHU 1/a00
YaCTUHKAMU

KOBaHOIO 3 HAHOCPYKTYPHUMHU
MOBEPXHETO MOKPHUTTSIMHU YU
mapaMu
i3 CKJIAHAM
CIIIBBITHOIICHHIM
KOMITOHEHTIB




YnsrpamikporereporexHi IcTuHHI

(konoigHo-aucnepcHi) cucremu PO3YMHM
AuncnepcHi cuctemun
m ; Po3mip
1 0-7 10.3 1 0-9 YaCTUHOK, M

JucnepcHolo Ha3UBalOThb CUCTEMY, B SIKill 0/jHa pedyoBUHa (AucnepcHa ¢asa) po3noAiseHa B
iHWiNi (gucnepciiHOMY cepeloBHILi), MPUYOMY Mi>K HUMHU iCHY€E Mexka po3/iny das

JlicriepcHi CUCTEMU CKJIAAA0THCA 9K MIHIMYM 13 IBOX KOMIIOHEHTIB

Kaacugikayiss duchepcHux cucmem
3a gidmiHHOCMAMU 8 azpecamHomy cmaHi ducnepcHoi gha3u i ducnepciilHo20 cepedosuwa

lMo3Ha4yeHHA OucnepcHa dasa [ducnepciHe cepenoBuLle HasBa i npuknag

r/r la3onopgibHa lazonopibHe AwncnepcHa cuctema He YyTBOPHOETLCA
P/T Pigka lasonopibHe Aepo3oni: TymaHu, xmapu
T/T Teepaa lasonopibHe Aepo3oni (nun, gum), NOPOLLKK
r/pP la3onopibHa Pinke [a30Bi emynbCii i NiHKU
P/P Pioka Piake Emynbcii: HadTa, Kpem, MoIOKO
T/P Teepaa Pigke CycneHsii i 30ni: nynbna, Konoig, nacra
r/T lasonopibHa TBepae MopwucTi Tina

. KaninapHi cuctemu:
P/T Pinka Teepae ) )

PigUHM B MOPUCTUX TiNax, rPyHT

T Teepaa Teepae TBepAi reTeporeHHi cucTemu:

cnnasu, KOMMNO3UTU




AncnepcHi cuctemun

Xapakmepucmuku ducnepcHux cucmem

JlvcriepcHicTb - BeJIMYKMHA, 06epHeHa /10 MiHiMaJIbHOMY po3Mipy D= E
eJileMeHTa AucnepcHoi ¢pa3u d d
CTyniHb UCNIepCHOCTI AUucnepcHOi ¢pa3y BeJIMYKMHA piBHA
MiHiMaJIbHOMY pO3Mipy esieMeHTa AucnepcHoi ¢asu d
1. pyboaucnepcHi cuctemm d >100 um
2. KonoigHo-amucnepcHi cuctemm d=1-100 um
3. MoneKynapHo-ioHHI cuctemu d<1uMm
[IuToMa mJioia noBepxHi S D
S So = Z = M - Maca 4YaCTUHOK JUCNepCHOi ¢pa3u
So =) — V-
0~ P P
m

[Tumoma nogepxHst akmugo8aHozo gyziaas cmanosums 500-1500 m?/2, cusikazenie - do 800 m?/2

KprBu3Ha noBepxHi 1( 1 1

[l YaCTUHKY HenpaBUJIbHOI GOPMHU: H=—|—+—

H=s® 2\,
2dV

fer;ir,-paailycu KpUBU3HU NTIOBEPXOHDb IIPU MPOXO/PKEHHI Yepe3 MOBEPXHIO 1
HOpMaJib J10 Hel B [JaHiM TOYlli ABOX MepNeHJUKYJIAPHUX MJIOLUH



Mopucmicmu AuncnepcHi cuctemu

Po3mip nop

Mikponopucri MeHlle 2 HM
MesonopucrTi 2-50 M
MakpomnopwucTi 6inbie 50 HM

Acc.V Spt n Det WD
15.00 kW, 4.0 340x TLD 5.8




JliogpinbHi ma aiogho6HI cucmemu AucnepcHi cucremum

Jliodo6HIi cMcTEMU - CUCTEMH, B IKUX AUcCIepcHA ¢pa3a He B3aEMO/II€ 3 AUCIIEPCIMHUM cepeIOBUIIEM i He
PO3YUHAETbCA B HbOMY. BisibHa eHepria ['esibMrosibua aiopoouux cuctem AF > 0.

JucnepzayeaHHs 30ilicCHIOEMbCS1 a60 3a paxyHOK 308HIWHBLOI pobomu, abo 3a paxyHoOK eHepeii XiMiYHUX peakyiii
I Xapakmepu3yrmbCsi BUCOKUM 3HAYEHHSIM NOBEPXHE8020 Hamsi2y Ha Medxci po3diiy ¢as, wo sidnogidae
Ma/10My 3HAYEHHI0 eHepeil conbeamayli.

JliodinbHI cucTeMU — CHCTEMH, B SIKUX AUCIIepCHA ¢a3a B3aEMO/II€ 3 AUCIIepPCiHHUM cepe/IoBUILEM i 3a
IIEBHMX YMOB 3/]aTHA B Hil PO3YMHSATUCS, XapaKTEePHU3YIOTbCSA MaJlMM 3HAaYEHHSM [MOBEPXHEBOrO HATATY
Ha MeXi po3ziny ¢a3. Bisbna eneprisa [esbmrosibia AF < 0.

[lepebir camogizibHO20 npoyecy B Hei30JIbOBAHIN CUCTEMI MOXKJIMBUH JIMILIE B HAIPSIMKY,
npy ikoMy 3a yMoB T=const, P=const 3meHuwlyemucs eHepeisa I'i66ca
i 3a ymoB T=const, V=const ameHuwyemucs eHepeisa leabmeoavya, To6TOo AG <0iAF <O.

Axmo AG > 01 4F > 0 - 3MiHa cmaHy cUCcTeMU BiIOYBAETHCS TiJIbKW NPU BUKOHAHHI 30BHILIHBOI pobomu.

Axmo AG i AF nopiBHIOIOTH HY/10, TO CUCTEMA NepebyBa€E y pIBHOBA3I.

3miHa BijibHOI eHeprii ['i06ca BU3HAaYa€ 000POTHICTH NpPOLECY



XimiyHa TepmoguHamika

XimiyHa TepMo/iMHaMiKa — BUBYA€E Pi3UKO-XiMiyHi mpoliecy B pi3HUX $pa3ax peyYOBUHH.

da3za - CyKynHIiCTb YaCTHUH TEPMOJAMHAMIYHOI CUCTEMHU 3 OJJTHAKOBUM CKJIAJIOM i BJIACTUBOCTAMU. [oMOTreHHa

CUCTEeMaA CKJIAJIAEThCS 3 O/IHI€l pa3u (ras, po3uuH),
[eTeporeHHa cucteMma - 3 KiJibkox ¢as, Biili/iIeHUX 0HA Bif 0HOI MOBEPXHAMU MoAiay (mapa-pigruHa).

[lepiuie Hayasi0 TepMOJUHAMIKHU
NOrJIMHYTe TijioM Temio Q i BUKOHAHA Haj HUM po6oTa A € 00 = dU + 0A

MipO0 3MiHU BHYTPIilIHBbOI eHeprii U Tisa.
H=U-+pV
0Q =dU +d(pV) =dU +pV)

ExTanbnia H- eHepria cucteMu pu CTajioMy TUCKY
BinbHa eneprisa ['i66ca G - yacTWHA BHYTPILIHbOI €HEPril, 1Ky MOXHa G=U+pV —-TS=H-TS
epeTBOPUTHU B POOOTY MPH CTAJIOMY THUCKY i TeMnepaTypi ( i306apHo- _

i3oTepMiuHUI MOTEHLiaN). AG = AH — ATS —TAS

Enepria 'enbmrosibna F- xapakTepusye nponecu npu F=U~—TS
cTasoMy 06’'emi cucteMu (i30XOpHUH MOTEHIIA )

() -KiJIbKICTbh MiKPOCKONIYHUX CTaHIB,

ExnTpornisa S - Mipa Heo60pOTHOTO PO3CitOBaHHS eHeprii, S=kinQ
sKi QOPMYIOTb IaHU UM MaKpOCTaH

CTYIIHb PO3BNOPAAKYBAaHHA TEPMOAUHAMIYHOI CUCTEMHU



NosepxHeBa eHepria
A [Tapa

o A, TN [loBepxHeBi  MOJIeKyJIU  BOJIOAIIOTH  HAJJIULIKOBOIO

—__:: ke j—_Piﬂ,—HHﬂ__ II0OBEPXHEBOK EHePri€l, gKa MOXKe MepeTBOPHBATUCH B

I i e S e poOOTY, L0 BUTPAYAETHCS HA MepeMillleHHS MOJIEKYJ 3
_—___R};*B = il NOBEPXHi po3Ainy ¢a3 y rIMOUHY.

~v ¥ TloBepxHeBa eHeprid - eHepris, Ky HEOOXiZJHO HAZATH MOJIEKYII
s i i S ~ U4 NlepeMillleHHA 3 NIOBepXHi po3finy ¢as y IIIMouHy

MousieKyipHi cUIY, AKi LIFOTb Ha MOJIEKYJIM Y IOBEpXHEeBOMY Liapi
Ta B 06'eMi pigunu (R - piBHOJIMHA CHJT MOJIEKY/ISIPHOT B3aEMO/IiT)

[loBepxHEBUU HATAT

A=P-dh P

=) 0 — —.
0 _ _ 2L
dE; = 0dS = 20Ldh
- /-/ff}
|£ _,:“ [l TBepAOTO Tijla NOBEPXHEBUW HATAT PiBHHUM POOOTI, 1110
P T| BHUTpPAYaETHCS HA YTBOPEHHS OJAMHMIN IJIOIi TOBEPXHi
= ] p yTBOD AMHUL 1101} p
L
* g KochimienT mopcpxseBoro HATATY (@) JAICKITE BiL:
"
Cxel\./la 1) poay peuoBHHR [-:rm v = zzﬂ.gpm, = 4Eﬂﬂ :
Aocuainy e M ' M
[ronpe 2) remneparypi  (NpH  MOBHINEHHI — 3MEHIIYETLCA, NPH  KPHTHYHIG
T'EM"EPET}I]'“ 3 ':” [CFHH."I e = T{‘rﬂ‘ﬂ-u:m. [y = Sqﬂ .
' M ' M
;
3) nosimox erw TR 4&31-'—, i H{iﬂ-
G Mo : M)



TUCK nia BUKPUBAEHOIO NOBEPXHED

[ToBepxHEeBUN HATAT NPU3BOJAUTD 10 MOSIBU 10AATKOBOTO
TUCKY MiJj BAKPUBJIEHOIO TOBEPXHEIO PiUHU

F=cM
F, = Fsin = c—Af
R

2

r r r r
F=Yoc—-AMM=0Cc—Y M=C—2m=21C—
Z Z R RZ R R

TE
P, =—2—=E PJ? = | — + — | PiBHAHHA JTannaca

nw? R R R

Ry 1R, —JioKa/ibHi paAiycy KpUBU3HU MOBEPXHI,
0 — KoeQillieHT MOBEPXHEBOT'0 HATATY.

e (- ey
Tuck lannaca Tum BinbWNA, YUM MEHLLUM €
pagiyc KpUBMU3HKU Nepepisy

-~

[lin onyks0r0 moBepxHE MeHiCKa TUCK Jlanaca no/1aTHiN
(BiH ofaeThes A0 aTMochepPHOTO TUCKY Py), &
[liz yBIrHyTOO MOBEpPXHEK MeHicKa THCK Jlamiaca BilEMHUN

(BiH MeHIIMI aTMOocdepHOro TUCKY Py Ha BesimyuHy Pp). %&
P
b

Py + Py a)

Fy
6) 3a donomozorw 080X cnoJsyveHux mpy6o4oK 8udys8arkmvCsl MUJbHI
6yavbawku, nicas Yybo2o mpybouka 3akpusaemucs. Padiycu 6ynavb6awok
sunadkogo 8I0pi3HAIMbCA Midc cobor. BcepeduHi 6ynvbawku MmeHwo20
PP pgdiycy muck Jlanaaca 6iabwut, .i nosimps 3 Hb020 NO4YHe nepemiyamucs 8
6inbuly 6ynv6awky. B peayromami masenvka 6yab66auika 3HUKHE.



3MOUYyBaHHA Ta PO3TiKaHHA

AKIi0 Ha MOBEPXHIO TBEPJIOTO TiJla HAHECTU KPAIJIMHY PiAMHU, TO 3'BJASATHCS TPU NMOBEPXHi noAiay ¢as:
MDX piIMHOIO i TBEPAUM TiJIOM, piIUHOIO i Mapoto (MOBITPAM) i TBEPIUM TiJIOM i Maporo

Op—T, Op—T, OT—T apa Ghr
Kpanasi pidunu Ha nosepxHi meepdozo mina a) 0)
- Ky/a1bogull cezmenm 3 sucomoro H, padiycom .
Kpugu3Hu r i padiycom Kos1a mpboxg@azHozo e C'JCT :
KoHmakmy (nepumemp 3M04y8aHHS) I;. '
Teepne
: GTr> Gtp Gror< GTrp
TUIO

JliHig nepeTHHY yCiX TPbOX IOBEPXOHb NO/i/Iy HA3UBAETHCSA JIIHIEIO 3MOYYBUHHAI.
3aMKHyTa JIiHigd 3MO4YyBaHHA YTBOPIOE IepPUMETP 3MOYYBaHHA.

Kpaiiosuii kym 3mo4y8aHHA O - KyT MiXK NOBEPXHAMM PigMHa-
napa i Teepae Tino-pianHa

Or—_r = Or—p + 0p_r COS O
piBHAHHA FOHTa

__ Or_r —O7-p
cosf, =

Op-r




Apcopbuis

Adcopbuyis — aBuLle 30inblUEeHHS KOHUEHTPaL,i 04HOro 3 KOMNOHEHT CUCTEMM Ha FPaHuULi po3ainy
¢a3, pywirHO CUI0K AKOrO € MParHeHHA CUCTEMM A0 3MEHLIEHHS MOBEPXHEBOI eHeprii yepes
3MEHLLEHHA NOBEPXHEBOrO HATATY

Adcopbmus- pe4yoBMHa LLLO NOMNHAETLCA (aacopbyeTbCA) 2 o 3 s %empﬁum
AdcopbeHm — maTepian, Wo NOrMHAE ras napy Ym pianHy F::OL 7 4

5

lMpupoda adcopbuyiliHux cun —

cunu BaH-gep-Baanbca (gucnepcividi, opieHTaliHi, iHAYKUiMHI), |

YTBOPEHHSA BOAHEBOTO 3B’ A3KY, I j
b

AOHOPHO-aKUENTOPHI B3aemogaii,
YTBOPEHHA KOBA/ZIEHTHOTO 3B’A3KY

®izuyHa adcopbuis - BiabYBaAETbCA Ha aKTUBHUX LEHTPaX NoBepxHi aacopbeHTy (By3nax KpUCTaNiuyHOI rpaTky,
BMCTYNax), AKi BONOAi0Tb 6iNbWO HAaANULLIKOBOK MOBEPXHEBOK EHEpTieto

XimiyHa adcopbyia (xemocopbuia) - 3yMoOBAEHA XiMIYHOIO B3aEMOZIEI0 MiXK MOBEPXHEBUMM MOJIEKYNAMMU
afcopbeHTy i aacopbTMBY, AKa NPUBOAUTL A0 YTBOPEHHSA XiMIYHMX CNOJYK 3 MEBHMMM BRacTMBocTamu (agcopbar)

Xemocopbyis — HeobopoTHa ABOMIPHA XiMiYHa peakuis, o
LLLO He BUXOAMUTb 33 MeXi MOBEPXHEBOrO LWapy i

Merka Mix Pi3nyHoo Ta XimiyHo aacopbuismu ymosHa
E(¢pizuyHa adcopbyia )<40 rOx/monb <E(ximiyHa adcopbuyia )

Lecopbuis — npouec, NPOTUAEKHUI aacopbuii

B

HaHnouacmuHka 3a41i3a 3 OKUCHOMN N/1I8KOH



Aekiga 2

Po3uunu. Hykaeariid.

Po3unHun

MoABiMHUI eNeKTPUYHUI Wap

Teopii 6yaoBu NOABIMHOIO €NEeKTPUYHOTO Lapy
PiBeHb KMCNOTHOCTI pH . AKTUBHICTb

dakTopu , Wo BNAMBatoTb Ha MELL

Bnane enekTponitiB Ha NOABIMHUIA €NEKTPUYHUI LWap
Bnave pH Ha noAaBiHUIN eNeKTPUYHMI LWap
3apoaKoyTBOPEHHA

fOMOreHHe i30TPONHEe 3apPOAKOYTBOPEHHS

10. KpwuTWMYHUIA po3Mip i CKNag i30TPONHOro 3apoakKa
11. leTeporeHHas Hykneauin

12. EniTtakcia

13. TigpokomnseKcu i HyKkneauia y BOAHUX PO3UYMHAX
14. OpraHi3auis i camoopraHisauis KONOIAHUX CTPYKTYP
15. CriliKicTb gMcnepcHUxX cuctem

16. Koarynsuia niopobHmx Konoiais

17. Koarynsuis 30niB enekrponitamm

©WooNoOk~ WD

HaHokpucTtan kap6igy KpeMHiro
OTPYMaHUK KOHTPOJIbOBAHOK HYKJIEALIE



Po3unHu

Po34uH - roMoreHHa CTiika cUcTeMa 3MiHHOT'O CKJIaJy, 1110 CKJIAJA€EThCS 3 ABOX ab0 Gijibllle KOMIIOHEHTIB.
Po34uHM - pijki, razono/ii6Hi Ta TBepAi
Po3uuH, y skomy peuosuHa npu daHiil memnepamypi He pO34UHSEMbCS - HACUYEHUU

Po3yrvHeHHs1 — MepexiJi pedyoBUHH 3 OJHIEI da3u B iHIIy B pe3ysbTaTi B3aeMozii aToMmiB (MoJieKy.)
PO3YMHHUKA i PO3YUHEHOI PEUOBUHHM, CYNIPOBOKYEThCS 30i/IbIIEHHAM €HTPOIii MpU PO3YMHEHH] TBEPAUX
PEYOBUH i 11 SMEHIIEeHHAM [IPpU PO3YUHEHHI rasis.

5+ &+
" - - o - 6+
3dammuicmb pevo8uH po3YUHAMUCL 8 PO3HUHHUKY 3d/excumb 8id smiHu enepeii INbcca AG  ®*
), o &
: L . - A
CosibBaTallisl - eJIeKTPOCTAaTUYHA B3AEMO/Iisl MiXK YaCTUHKaMU (i0HaMH, MOJIEKYJIaMH )
pO3YMHEHOI PEYOBUHM i PO3YMHHHUKA, fIKa MNPU3BOAUTH [0 iX MepedyJOBU Ta
YTBOPEHHS MOJIEKYJIIPHUX arperariB (CoJIbBaTH, TiJpOKOMILJIEKCH, TiAPaATH) .
CosibBaTallil y BOAHUX PO3YMHAX HA3MBAEThCA TifpaTali€lo.

EfleKTpoJIiTH — pO34UHHU JIYTiB, KUCJOT, COJIEH, IPOBIIHUKU JAPYTOro POAY

Bojaa — HaWMomKpPEeHIKY NOJIDHUN DO3IYUHHUK
H

=
ST e

Water Hydrated Hydrated
molecule cation anion

0.8584 A




MNoaBitHMN eNneKTPUYHUM Wap

MexaHizmu ymeopeHHA noosiliHo20 eseKmpu4yHo20 Wapy

HJucoyiamuegHuii - T1EIIl yTBOpIOETHCSA B pe3y/IbTaTi Mepexo/y eJIeKTPOHiIB
abo ioHiB 3 ojHiei pasu B iHmY (mpu emicii eseKTPOHIB 3 MOBepXHi
MeTasly YTBOPIOETHCS €eJIEKTPOHHA XMapa); AaHAJIOTiYHO YTBOPHETHCS
[IEII Ha w™ixkdas3Hiil noBepxHi MiXK pO3YMHOM Ta YACTUHKOKW - B
PO3YUHHUK NEPexXofdaTh 10HHY, [0 CUJbHINIE IpaTyThCH; YV pe3ybTaTl
Ha MOBEpPXHI KOJIOIJHUX YaCTOK YTBOPIOETHCA Ha/JIUIIOK
NOTEeHIiaJIOBU3HA4YaJIbHUX 10HIB, IKUA KOMIIEHCYETbHCSA HAJJMUILIKOM iOHIB
IPOTUJIEKHOTO 3HAKY (TPOTHUiOHIB), IOKA/I30BaHUX HA MeXi po3finy ¢a3
B 00'eMi AucnepciiHoOTO cepeioBuIa (aBToa[copoIis).

AcoyiamugHnuii - [1EIIl yTBOPIHOETHCSA IPU CeJIEKTUBHIN aZcopoOIlii B
Mixkda3HOMY IIapi NOTeHIlia/l0BU3HAYaJIbHUX 10HIB, 1110 BXOASTh /10
CKJIaJly Pe4OBHHU AHcCIepcHOI pa3u.

[Ipuknan - agcop6bilis i0OHIB eJ1eKTPOJIITIB.

OpienmayitiHuii - TIEIIl yTBoOproeTbca B pe3yabTaTi opieHTalii
NOJIIPHUX MOJIEKYJ (YaCTUHOK) BcepeauHi a3, J/sa 3abe3nedyeHHS
MiHIMaJIbHOTO 3HaYEeHHA IOBEPXHEBOr'0 HATATY Ha MeXi po3ainy.

[Ipuknaz - agcopob1iis HeAUCOIiMOBAaHUX MOJIIPHUX MOJIEKYJI B PO34YUHI
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Teopii 6ya081 NoaBiMHOro eNeKTPUYHOrOo Wapy

MoTeHUian Ha NOBEPXHi YaCTUHKN @,

MoTeHuian { (a3eTa) amdysHoi yacTmHm MNELL —
eNeKTPOKIHETUYHNI A3eTa-noTeHuian.
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rno lenemaonsyy i lNeppeHy no lyi i YenmeHy

EdbekTnBHaA TOBLWMHA AMPY3HOrO Wapy d ekg
Teopisa [ebas-XoKkena

.
.

rno LLimepHy

EdekTuBHA TOBIIMHA AUY3HOrO 1Iapy MPOTHIOHIB
Ta epeKTUBHUH pajiiyc MilleJiu 3a/1eaThb Bijj ioHHOI

— cusn po3uuny (1) Ta Big Temneparypu (T): po3mipu
I dir,=r, +d 36i1bply0OTbCA NPU HarpiBaHHI Ta

3HUKEHHI 1I0HHOI CUJIU.



PiBeHb KucnotHocri pH

pH (sodHesull nokasHuk )— BeJIMYHMHA, 1110 € Mipol aKTUBHOCTI ioHiB BojHI0 (HY)

B PO34YMHi, TOOTO CTYMiHb KUCJOTHOCTI a60 JIY?)KHOCTI 11bOTO PO3YUHY.

Jlndg po3BeleHUX PO3YUHIB BUKOPUCTOBYIOTH TEPMIH «KOHLEHTpaLifg» 3aMiCTb

«aKTUBHICTb» ¥ [IbOMY BU3HAYEHHI.

Y BOAHMX pO34YMHAX AaAKTHUBHICTb

I0HIB BOJHK BM3HAYAETbCA KOHCTAHTOM

nucornianii Boau (K,=1.011 x 10714 npu 25 °C) Ta B3aEMO/i€0 3 iHIIMMH iOHAMU B
I0HIB BOJHIO [OPIBHIOE
aKTUBHOCTI riipokcuabHux rpyn OH') mMae 3HauyenHs pH, ujo gopiBHioe 7. BogHi
pO34MHU i3 3HayeHHAM pH, MeHWIMUM HiXK 7, BBaXalTbCd KUCJIOTHUMH, i3

PO34YKHI.

3Ha4eHHAM pH GUIbIINM 7 — JIyKHUMH.

HeliTpasibHUil pPoO34uH (JIe aKTUBHICTH

dopmyna ansa obuncaeHHs seavunun pH pH = —lg [H+]

[H+] mnokasye konuentparito ioHiB H* (asd BogHUX pO34YMHIB - iOHIB

rizpokcoHito [H3;0*]), BUMipsiHy B MOJISIX Ha JITP

Kucne

-

FII I

HeuTpanbHe
I*H
|
pH = —1g |H'|

A7 x [B]"

[A:B,]

NYXKHE

-IIH

4 5 B 7 H 5



AKTUBHICTb

AKTUBHICTL a - edeKTHBHA KOHIleHTpallisi, BUKOPUCTOBYBaHa B TEPMOJMHAMiYHHUX pO3paxyHKax
3aMICTh ICTUHHOI, 1[0 /03BOJIAE PIBHAHHA [Jid iJlea/lbHUX PO3YMHIB 3aCTOCOBYBATU [JJi OIMUCY
NOBE/IIHKW pea/ibHUX PO3UMHIB; BUPAXKAETHCS K N0OYTOK KoedillieHTa aKTUBHOCTI Ta KOHIIeHTpaliil.

a=fC_,

BigHol1eHHs akTUBHOCTI 0 3arajibHOI KOHIIeHTpallil pe4OBMHU B PO34YMHI Ha3UBA€EThCS KoedilliEHTOM
AKTUBHOCTI.

AKTHBHICTH 3aJIE2KUTh BIJ;

* KOHILEeHTpalil pO34YUHY

* IPUPOJU €JIeKTPOJIITY

* TeMIlepaTypu

* 10HHOI CUJIY eJIEKTPOJIITY

KoedimieHT aKTHBHOCTI € Mipow BiJXWJIeHHs TOBEJiHKKH PO34YMHY (260 KOMIIOHEHTA PO3YMHY) Bi
1leaJbHOTO.

BiaxuieHHs BiJl ijeaiIbHOCTI MOXKYyTb 6YTH 00YMOBJIEHI Pi3HUMU XiMiYHUMHU i GiISUYHUMU NPUYMHAMH -
duno/bHi 83aeMo0ii, nossipu3ayis, ymeopeHHs 800He8uUX 38'53Kig, acoyiayis, ducoyiayis, conbeamayis

Li—~Rb—K—Ba—Sr—Ca—Na—Mg—Al—-Mn—Zn—Cr—Fe—Cd—Co—Ni—Sn—Pb—H—Sb—Bi—~Cu—Hg—Ag—Pd—Pt—Au

Meman, wo 3Haxodumecs 8 pA0y akmusHocmeli nisiwe 800H0, 30amHull BUMICHUMU 800eHb 3 Kucsiom abo coned.



dakropu , wo snamneatoTb Ha MNELU

[Ipy mocTiiHOMYy pO3Mipi YaCTMHOK Ha 3aps/ 4YaCTUHKU X BIJIMBAKTb JBa YMHHUKU — KIJIBKICTh
aJicopboBaHUX MOTeHIliasoBU3HadaAbHUX i0HIB (Q) i po3mojis npoTHioHIB MiX HIIbHUM i AUY3HUM
mapaMu (YUM 6iNBLIOIO € YacTKa «AU(PY3HUX» NPOTHUIOHIB, TUM MeHIle 3Ha4YeHHd J,,,

)
. . EkB T
i dakTopu 3asexKaTh Bij d= |—/m— |+
memnepamypu 8N ke I

[ligBuUIlleHHS TeMIepaTypu NPU3BOAUTbL [0 PO3UIMPEHHS AUM(PY3HOro UIapy HaBiTh MPU CTAJOMYy CKJAJi
nporvioHiB. HabyBatouu BHCOKOI TemJOBOi eHeprii, YacTUHA NPOTUIOHIB MepexoJUTh 3 IiJIbHOTO LIapy B
AUQY3HUH, TOMy 30IIbINYETbCA i 3apAaj, YaCTUHKU X (depe3 3HMKeHHA (, ). lli dakTopy BHUK/IMKAIOTh
3pOCTaHHA {-IIOTeHLiany

po36as.ieHHs cucmemu
[Ipu 36iab11eHHI 06'€EMy AMCIEPCHOI CUCTEMM 3a PaXyHOK J0JlaBaHHS YUCTOTO PO3YMHHHUKA (HANpPUKJA/,
BO/IM) 3HMXKYETbHCS iOHHA CUJIa PO3YHUHY

0d0dasaHHA eseKmpoaimis

[ligBUIyeTbCA iOHHA CUJIa B pe3yJibTaTi YOro 3MeHIIYETbCSA TOBIIMHA Audy3HOro mapy d i BigbyBaeTbcs
3MiHa po3Mo/iJly MPOTHIOHIB MiX IIiIJILHUM i JUY3HUM IIapaMu Y OiK 1IiJIbHOTO Wapy (3MeHIIeHHs 3apsaay
KOJIOITHOT YaCTHUHKHU X), 110 MPU3BOJUTH /0 3HWKEHHSI {-MOTeHIiaay. K10 3HWKeHHsI 3Ha4yHe, AUCIEPCHi
YaCTUHKU OYHYTH KOAryJIl0BaTH.

"

lonHa cwina  po3uumHy -  Mipa  IHTEHCUBHOCTI L:: lE [{BE%

€JIEKTPUYHOrO I10J11, CTBOPHOBAHOI'0 10HAMHU B PO3YUHI - 2

niBcyMa JI0O0yTKiB KOHIIEHTpallil BCiX i0HiB B po34MHi Ha B=1

KBa/ipaT IX 3apAanay. Jie Cg - MOJIAPHI KOHLeHTpalil
ioHiB (MoJib/11), Zg 3aps/u iOHIB



Bnaune eneKkTponiTis Ha NOoABIMHUNA eNEeKTPUYHUM Wap

[To BiiHOILIIEHHIO [0 3apoJKa YaCTUHKU eJIEKTPOJIITH NMOAJIAKTHLCA Ha:
[HOugepeHmHi - ix i0OHM He MOXKYTb J00YyAYyBaTHM KPUCTANiYHYy pEUITKY TBepAOi YacTUHKU (TOOTO He
MIiCTSTh i0HH, 1110 YTBOPKIOTb KPUCTaAJ); i0HU LIUX €JIEKTPOJITIB He MOXYTh OYTH MOTEHIiaJIOBU3HAYAJbHUMH,
a 3HAYUThb He MOXXYTh IIOMIHATH OTEHIiaJ IOBEPXHI A4pa Po.
HeiHdugepenmni - iX i0HM MOXYTb A00y/lyBaTU KPUCTaJiYHY PEUIITKY TBEP/AO0i YaCTUHKU (TOOTO MIiCTATH iOHH,
10 YTBOPIOIOTH SIAPO Milleik), iOHH IIUX €eJIEKTPOJIITIB MOXYTh OyYTH NOTeHIiaJIOBU3HAYaJbHUMHU,i MOXKYTb
3MIHUTHU TEPMOJMHAMIYHUN MTOTEHLia/l TOBEPXHI @y,

Bnaue enekmposimie Ha { - nomeHyian

IHOugpepenmui *  HE SMIHIOIOTB @,
* JloAaBaHHA NpUBOAUTH 10 3BYyKeHH4 [IEI i 3MeHIIeHHda (-noTeHiany;

» BruiuBae Ha [IEIl To# i0H es1eKTpOJIITY, y IKOTO 3HAK TAKUU Ke K y IPOTUHMOHA MilleJIu- I0H-KOHKYPEHT;

*  YUM OiJIbLIKY 3aps/ iIOHA-KOHKYPEHTA, TUM CUJIbHilIe BiH cTuckae [1EII;

*  iOH-KOHKYpEHT i3 3apsA0M 3 i 6isiblile i JoJaHUI Y BEJUKIN KiJIbKOCTI, BUKJIMKAE Nepe3apsaKy KOI0ifHOI
YaCTUHKHU (a,copbLiiiHy Mepe3apsAKy)- 3MiHIOETbCS 3HAK ( - IOTEHLia/, TPU HE3MIHHOMY @,

*  3MIHIOIOTb @y,

. BaHHA HeiH/gi HTHOTO eJIEKTPOJIITY IPUBOJUTH TU - 3MeHIIeHHd (-TIoTeHLiany;
Heindughepenmui oJZlaBa einniddepe Oro eJIEKTPOJIi 0 o ctucky IIEII- 3MeHIIE OoTeHIlia

Ti, sixi ymeopromu [IELI Hi/IBULLYIOTb (g, IPHU J0JaBaHHI B BEJIUKIHN KiZIbKOCTI 3HMXKYIOTb (-nmoTeHLiaa ax A0 0
(cmaé6inizamopu)

Ix ioHu maromo 3Hak
npomu.iexcHull 0o
nomeHyias108uU3HaA4a/AbHUX

3HWXKYIOTb (g IpPU [JOJaBaHHI B BeJIMKIA KIJIBKOCTI BHUKJIMKA€E Nepe3apsafKy I[OBepXHi
YaCTHUHKH - XIMiUHY Nepe3apsAaKy (3MiHIOETbCS 3HAK (Y i (-MOTEeHIia/ly Ha MPOTHUJIEXKHUI)



Bnane enekTponiTis Ha NOABIMHUWN eNIeKTPUYHUM Lap

Mg2+

MgCO,

+N O+ EN N
1
1

® MgCl, + Na,CO5; = MgCO4 !l + 2NaCl

d - ToBImMHA aCOPOIIHHOrO Mapy;
A - BificTaHb 10 MeXXi KOB3aHHS
AB - MexXa KOB3aHHH:

d - ToBUIMHA AMPY3HOTO LIApY.




Bnaune eneKkTponiTis Ha NOoABIMHUWN eNIeKTPUYHUM Wap

{m [MgCO;] - nMg?* - (2n-x)CI-}*- x CI-

Ne| esekTpoJiiT I0H-KOHKYpEeHT
""" BUXIJHUU 1 o, -

Z K,SO, S0,
3 Nas;PO, PO,*

>

r

Y Bunagky 3 (max) 3MiHUBCS 3HAK
C 1 {-noTenuiany (Big6ynaca nepesapazgka

(Max KOJIOiJHOI YaCTUHKH).
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Bnaus pH Ha noaBIMHUW eNeKTPUIHNIA Wap

[30esiekTpuyHa TO4YKa - PH, npu skoMy
/13eTa-MoTeHIiaJl pPIBHUU HYJIIO

)pH

\ 4



3apoaKOYTBOPEHHA

daza - yacTHHA CUCTEMU 3 NEBHUMU (i3UKO-XIMIYHHMH BJIACTUBOCTSMH BiJJOKpeMJieHa BiJ| iHIIKMX YaCTUH
IIOBEPXHEI pO3iay. g

Po3uuHU

HeHacuueHi - nepeBaXkalOThb NPOLECU PO3YMHEHHA

Hacuueni - UIMOBIpHOCTi pO34YMHEHHS i $a30yTBOpPEeHHS PiBHi
IlepecuueHi - BifOyBa€eTbcsi popMyBaHHS 3apO/IKiB HOBOI pa3u Neperpita_{ —7

MNepecnyeHa

5/ napa
4

. J
pianHa 7
BigHocHe Ta abcosil0THe MepecuyeHHs v,
L
Ac = Cpep — Cuac AP = Prep — Phac AT = Tpep — Tin CTyniHb nepecuyeHHs
Ac Ap }/:CHﬁ y:pnep y:h
B = 100% B = 100% Cyac Puac Tipn
CHaC pHaC

YMoBa 3apoAKOYyTBOpPEHHS
HasBHicTh nepecuyeHHs, neperpiBy abo nepeoxosioPKeHHsI cucTeMu (MeTacTabiJibHUNA CTaH)

Ctyninb nepecuueHHs po3dyuHiB 10-1000

[lepmionpuyrHA YTBOPEHHS 3apPOAKiB HOBOI ¢pa3H B IepecCu4YeHUX rOMOreHHUX PO3YHUHAX -
daykTyarii KoHeHTpalii abo I'yCTUHU



3apoaKOYTBOPEHHA

Hyksieanjis - nepia ctaziss ¢a3zoBoro nepexoay, Npu SKOMy YTBOPIOOThbCS
3apOJKH HOBOI, CTabi/ibHOI PasH, SIKi CTIKKO POCTYTh.

3apo/IKOyTBOPEHHSI . FOMOTEHHE i reTeporeHHe

OMO2EHHe — TB HHA B Mi MaTepPUHCHKOI U
Ik 3apo/IKOyTBOpE 06'eMi MaTepUHCbHKOI (a3

[emepozeHHe - B3aeMofii, 10 NPU3BOAATH [0 MOSABU 3apPOJIKiB
HOBOI das3u, BiAOYBalOTbCA MNPU KOHTAKTI 3 CTPYKTYPHUMH
HEOJHOPIAHOCTAMM 4YHM [JOMIIIKOBUMHU LIEHTPAaMH, AKI MOXYTb
OyTHU MPUCYTHIMU B MaTEPUHCHbKIN da3i Yu Ha MOBEPXHi PO3/iay
(nepecnyeHa napa i NpUCyTHI B ii 06'emi Yy»KOpiAHI YaCTUHKN)

[losiBa cTabisibHUX s1/1ep HOBOI ¢pa3u noB'si3aHa 3 GopMyBaHHAM MOBEPXHi po3ainy ¢a3 Ta
reTeporeHHiCTIO0 NPOolLeCy NOsIBU HOBOI dasHu.

HykJieanisi Moke NpoXoAWTH B IOpax i HA MOBEPXHIi a/ICOPOEHTIB Ta MOPUCTUX CUCTEM



fomoreHHe i30TponHe 3apoaKOYTBOPEHHS

TepMmoavHamiyHa Teopisi yTBOpeHHs HOBOi pa3u B nepecuyeHux po3unHax lioca-Posibmepa

Mogesb

1. llosiBa 3apoAKiB HOBOI pa3u B MeTacTabiJibHIA CUCTEMIi MOB'sA3aHa 3 MepPexo/ oM
pEYOBUHM B TEPMOJUHAMIUYHO CTAbOI/IbHIMIKMI CTaH 4Yepe3 CIOHTAHHE YTBOPEHHS
KJlacTepiB aTOMiB MaTepHUHCbKOI pasy LIJISAXOM iX MOCAiJ0BHOI 060pOTHOI acoliiallii.

2. 3apojiku € cGepUUHUMHU KpamJIsiMHU, SIKi BOJIOJII0Th BJIACTUBOCTSIMHU PiUHU

Enepris l'ibca yTBopeHHS 1leHTPiB KOHJeH callil AG = AGV + AGS

AG 06’eMHa ckJ1a/10Ba,
V' 3MiHa eHeprii 0HOTO MOJISI pEYOBHUHU MPU MEPEXO/i 3 IEPECAUYEHOr0 PO3UMHY B KOHJ€HCOBAaHU U
CTaH, epexiJ CynpoBOKYETHCA 3MEHIIIEHHAM eHepril CUCTeMHU

|74
AGy = _n(.up - .UK) — TV (.up - .UK)
m

N - YUCJI0 MOJIIB PEUOBUHM Y 3aPOJKY

V, - MOJIApHU 06'€M pedOBHUHHU B KOHZIEHCOBAHOMY CTaHi; pi3HMIIA XIMIYHUX IOTEHIia/iB pe4OBUHU
V - 06'eM 3apojKa B pO34HHi i B 06’eMi 3apoka



fomoreHHe i30TpoOnHe 3apOAKOYTBOPEHHA
Enepris l'i6ca yTBopeHHS 1leHTPiB KOHJAeH callil

AG == AGV + AGS
HOBerHEBa CKJIaZ OBa
AGs

dopMyBaHHSA 3apO/IKa, 110 MICTUTH N MOJIIB pe4HOBUHU, BUMAra€ 3aTpaT eHepril Ha yTBOPEHHS
HOBOI [MOBEPXHI

AGS = oS

o - IOBEpXHEBUU HATAT HA MeXi po3/ijly 3apoJioK / cepeZloBUllle

Mopesb : 3apo/iok HOBOI pa3u € chepUuHUM Ta MiCTUTh N MOJIiB pe4OBUHHU i Ma€ pajiyc I

o [Ipy Manux r, (Masie 3HaY€HHsI n) MepeBaXKae
Enepris I'ioca 3apoaka

% IOBEpXHEBA CKJIaZ0Ba
AG = AGy + AGg = 0S5 — — (‘up — ‘uK) Ilpy BenuKuX I, (BeJMKe N) OCHOBHY POJIb BiJirpae
Vin o6’emHa cknagosa,
3
AG = 4mr2o — anr (.U —u ) IcHye eHepreTUYHUM 6ap'ep, MOTOKEHHS aA_G —
3V, VP «

AKOro R, BU3HAYa€TbCA 3 YMOBH piBHOBAaru or

OAG 4 A

— 2 — 47 (20' — 17 —> =0 = m
R —_ 7 . —_ Tk
: 8nro 37'[ 37 O - V » p A




fomoreHHe i30TponHe 3apoaKOYTBOPEHHS

®opMyBaHHSA 3apO/IKiB CTA€ MOKJIMBUM MPU AOCATHEHHI KPUTHUYHOI Mipu NepeHacu4eHHS PO3YUHY

[IpyyrHa - yTBOpeHHS HOBOI a3y CympoBOAXKYETbCH Pi3KUM 30i/JbIIEHHSIM NOBEPXHEBOI eHepril, 1110
POOGUTH HEMOXKJIMBUM CaMOBIJIbHUN IMepeo6ir mporiecy.

Mipa nepeHacuyeHHsl HeoOXifgHaA [Jisl YTBOPEHHS AG,
LeHTPIiB KOHAeHCallll B TOMOTeHHUX yMOBax
p c
Ap = RTIn—==RT Iny,, Au = RT In=2 1
Ps Cs
B s e,
AG L .
/A M i
Moasapna maca M = pV,, m= ] — i
Joxp i
L]
0 ' ' R,
20M 16703 RO \R®
er S AGKp = 53 2/A 3 Joxp Jp
Aup 3p2(Aw)
) 3 2
Hacnizok 3asiexxHOCTi 3MiHM eHeprii ['i6ca cucTeMu
_ _ _ Bif, paziycy 3apoJiKy HOBOI ¢pa3u npu
BUCHOBOK : eHeprid yTBOpeHHd 3apojKa i po3Mmip pisHux AL
KPUTUYHOTO 3apO/iKa 3aJ1eKaTh BiJ Mipy llepeHacu4eHHd 1-Ap=0;
CUCTEMU. YUM BOHA BUIIA, TUM MEHILI pO3MipH 3apOJKIB, 2~ Ap@;

1110 YTBOPIOKOThCA, 1110 3aTHI [0 0AaIbIIOr0 3pOCTaHHSA 3—Ap® (Ap® > Ap@)



KputUuHMi po3mip i CKnag, isoTponHoro 3apoakKa

Cucmema, ujo Micmums 3apo0KU KpUumu4Ho20
po3mipy, 3HaAXo0umbsbCsi 8 CMaHi HecCmilikoi pieHosazu.
[nd KnacTepiB 31, <, TMOTEHI{iaJl CHCTEMH
3MEeHUIYETbCA: arperaTH, MeHi r, ., pO3MnaJaloThCs.
[nd KnacTepis 31, >r, ., IOTEHI{ia/l CHCTEMH 3POCTaE,
1[0 TAKOX 3HUXKYE €Heprito CUCTEMHU.

(2
AG/ L,

CaMe 1li YaCTUHKHM i 6yAyThb 3apo/iKaMu.

PictT  nmepecHyeHHs CyNpPOBO/DKYETbCS CHOHTAaHHUM
YTBOPEHHSIM 3apO/IKiB HOBOI (a3u.

3apo/iKM pOCTYTb NMOKU CTaH CUCTEMHU (KOHIeHTpallis
pedyoBUHM ab0 TUCK Napu) He CTaHe pPiBHUM 3HAYEHHIO
HacudeHHs (pi3HUILA XiMIIOTEHIialiB piBHA HYJIIO)

[Ipu yTBOpEeHHI 3apO/IKiB KOHKYPIHOTbh MiXX COO0I0 [iBa NPOLECH:

AG

- ————

L

- iepexij y HoBY a3y TepMOAHMHAMIYHO BUTIIHUH, IPU HbOMY BUAILISETbCS NPUXOBaHa TEIJIOTA,

- YTBOPEHHS NMOBEPXHi po3/ily Mixk IBoMa ¢pa3aMu TEPMOJUHAMIYHO HEBUTIJHE.

EHepreTU4HuM BUTpall NPONOPLiMHUN 00'€MY 3apo/iKa, NMpOorpaul - Moy MOBEPXHi.
[cHy€e neBHUM KPUTUYHUKUPO3MIpP 3apOJIKa, IPU IKOMY BUTpAll NIEPEBAXKAE HAJ, IPOrpalIeM.

3apoaku dasu 3 po3MipoM, OIIbIIMM 332 KPUTHYHUK pafiyc, cTabiibHI ¥ MPOJOBXKYIOTb POCTH, 3apOJKHU

MEHIIOr0 PO3Mipy - pO3CMOKTYIOThCS.



3apoaKOYTBOPEHHA

Ilapamempu cunmesy, Ki 6u3Ha¥armMsv KpumuyHuil padiyc 3apodka

*[lepecuyeHHA A C
*TemnepaTypa [ - PicT KoHneHTpAarii o=
[I- YTBOpEeHHA 3apo/KiB C
[II- PicT 3apoakiB o o
EBoJsionisl cuctemMu = 0
YTBOpeHHA 3apOJKiB — piCT 3apOAKiB — &
JludysiiiHe mepeHOC, KoaJleCleHIlisl - CTallioHapHUN CTaH E
Arperarnig npu3BOAUTH [0 3MEHIIIEHHS BEJIUYUHU q:')r
BIJIBHOI eHepril NOBepXHi YaCTUHKHU g'
| | <z |/ | I I
Mauii 4aCcTKU 4epes3 BeJIMKYy KPUBU3HY [MOBEPXHI >
PO34YUHSIOThCS, Oi/IbLII POCTYTh Yac
C _ 20V,
C_o =exp|l+ rRT PiBHssHHA KesbBiHa - @perHtixa [Jiarpama JlaMepa

10 nm



3apoaKOYTBOPEHHA

Crabisiisallii HAHOYACTHUHOK 32 PaXyYHOK

Mo udikalii moBepxHi

2
% % © m.. ©
(=} ™ (o]
R | £ 2 = & *
-.rm m m m 2
AN | 8 2 a :




FeTeporeHHa HyKneauis

['eTeporeHHe 3apoKOyTBOPEHHA
Ha ioHaX, moBepxHAX (MiAK/IaAKaX)

vapor liquid
o A Q/q
\\\ T “\\ g \_\_‘\\_ \\\
NS RO N SN N RN N RN H
N A SN RN solid
RTS8
AG (eemepoaeH.)>A G (2omozeH.)

HasiBHiCcTb 3apsify iOHIB 3MeHIIyE POOOTY YTBOPEHHS 3apO/IKiB

YuM 6i1bIIMMHU € 3MOYYBaHICTb, a/iresis, JioPiJbHICTD,
THUM MeHIlIa po60Ta yTBOPEHHS 3apO/JKiB @1

Po60Ta yTBOpeHHs 3apo/IKiB B KaHaJlaX, opax, Ha 4
CXOJIMHKAX MeHIla Hi>K Ha MJIOU[HHI




3apoaKoyTBopeHHA. EniTakcia

MexaHi3MU reTeporeHHOro 3apoJKOyTBOPEeHHS Ha NiJKJIaJKax- eliTakcil

1. Mexanism Ppanka —-ean-dep-Mepse (Frank-van der Merve, FM) AW- pobota agresii

AW<O, lMomapoBui pict Au/Ag, Fe/Au

2. Mexanizm @oavmepa-Bebepa (Vollmer-Weber, VW)
AW>0 OcTpiBKOBUH picT Au/NaCl

3. MexaHizm CmpaHcbkozo-KpacTaHoBa (Stransky-Krastanov, SK)

AW<O0 (nepmuii map) AW>0 (HactynHui pict) lllap+ocTpiBku

Time 4
Mode

FM

vw

Bl
e

SK




YMo0oBM roMOreHHOI HyKJiealii y BOAHUX PO3YHUHaAX

Bucoka noJisipHiCTb pO3YMHHHUKA (BOJH)

ConbBaTalis ioHiB (akBakomiiekcy) [M(OH,)y]**

[IpoaykTH ocajkeHHs €J1ab0 PO3YHMHHI B YMOBax CUJIbHUX NlepeCUYEHD
IIBUAKICTB pOCTY 3a/I€KUTh BijJj pO3Mipy HAHOYACTUHKU

Arperaiiisi cu/IbHO BIJIMBA€E Ha MOPQOJIOTiI0 YACTUHOK

agkrowdpE

FeCl; © Fe3*t + 3CI~

Fe3t + H,0 © Fe(OH)?** + H*
Fe(OH)** + H,0

& Fe(OH); + HT

Fe(OH)3 + H,0

3apoaKOYTBOPEHHA

L= F€(0H)3 +H+

e R s OH

H,0

H,0 OH
3 (Fe(OH,)/* 4 Si(OH),




Frigpokomnnekcu

[Ti(OH,)c]**+h-H,O = [Ti(OH),(OH,)s  J#M*+y-H,O".

cTyniHb rigponisauii MoHoMmepiB h

//

// CxeMaTU4He 300pakeHHsA MOHOMepa
-/ [Ti(OH),(OH,),]%
YOpHI KyJbKU — rpynu OH', cipi— OH,*

MonbHa gons
= R~

-

-

BenuyuHa pH peakuinHoro cepenoBuila

JAumep
\[Tiz(OH)s(OH,),]°

_(1,0584 + 0,3181pH)

~ (0,6794 + 0,01776pH)

—

CrnisibHe pebpo

KoopauHauiiini oktaeapu
[TiOg] B cTpykTypi
aHarasy (a) Ta pyrtuiuy (0)

N B N O
T L)

Ouisinisi - 06’€iHAHHS MOHOMEPIB B 0JIiIFOMEPU




[TonikoHaeHcais

Fripgpokomnnekcn. Hykneauin
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3apoaKOYTBOPEHHA
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OpraHi3auia i camoopraHi3aHia KONOIAHNX CTPYKTYP

O6’eqHaHHIO KJaacTepiB (Miles1) nepekokae eHepreTU4HUM 6apep E,3yMmoBienui ix
eJIEKTPOCTAaTUYHHUM BiJIITOBXYBaHHSM

E,> KT, — cucTeMa arperaTUBHO CTiliKa i 36i/IbIIEHHS YaCTUHOK He BiZi0yBa€ThCH,
E, < KT - 3iTkHeHHA K/1acTepiB NPUBOAUTUME 10 yTBOPEHHS arperaris,
IIBUAKICTD X yTBOPEHHSI BU3HAYAETbCSA MBUAKICTIO AUdY3ii AHCIepCHOTO0 cepe0BUIIIA.

3B'A3aHHIT map

Koazyasauyisa — 3/JWNaHHA 4YaCTUHOK KOJIOIAIB MpPU IXHbOMY
3iTKHEHHI B 1mpoleci TemioBoro (OpOyHiBCHKOTO) pyxy,
nepeMinyBaHHs  ab0  HampsIMJIEHOTO  MepeMillleHHd Y
30BHIIIHBOMY CHUJIOBOMY IOJII

KOArynsaui

L ]

< 1 MUEDOHA

Y aecpecamax (pyioKynax) TmNepBUHHI YAaCTUHKMU MOB'si3aHi
MOJIEKYJIIPHUMHU CUJIaMU 6e3nocepeHbO abo yepe3 MpoUIapokK
HABKOJIMIIHBOTO (AUCIEepPCiHHOTO) cepeloBHUILA.

Koazynsauia 3ymossieHd arperaTUBHOIO HECTIUKICTIO CUCTEMH i i
TEeH/IeHI[I€EI0 /10 3MEeHIIeHHd BIJIbHOI eHepril

3

KoJIoia

Ilenmu3auis - npouec, 3BBOPOTHUN A0 KOATyJsLil - po3naj
arperarTiB Ha NepBUHHI YaCTUHKH, ab0 Nepexi/| resio B 30J1b. No4aToK ancopGLl TMOYATOK KOAryJALii




CTilKicTb AMcnepcHuUX cucrem

Buy CTiMKOCTi MCIIepCHUX CUCTEM:
CTiHKIiCTBb 10 oca/pKeHHs aucnepcHoi ¢pasu (cedumenmayiiiHa cmitikicmyb)
CTiMKicTb mo arperariii (koary.ssiii) yacTok (aepecamusHa cmitikicmy)

CedumeHmauyitiHa cmilikicmb

Heo6xidHi ymosu

1. BpoyHiBCbKUH pyX YaCTUHOK JiUcniepcHOI pa3u;

2. Brcoka cTenSHb JMCIIepPCHOCTH;

3. Bucoka B’s13KicTb AuUcnepciiHOTO cepefoBUIIA

4. 36i/bllIeHHS] TeMIIEpaTypu BeJie A0 POCTY CEUMEHTALIMHOI CTIMKOCTI

AzpezamusHa cmilKicmb

Heo6xidHi ymosu

1. HasaBHuicTs [1EI Ha noBepxHi YaCTUHOK AuCIEpCHOI Ppasy;

2. HasiBHicTB coatbBaTHOI (ripaTHOI ) 060JIOHKH YaCTUHOK;

3. 36/IbllIEHHS BEJIMYUHU (- NOTEHIlia/ly YaCTUHKH BeJie J10
3MeHIIeHHs UMOBIPHOCTI KOarysii Ta poCTy CTiMKOCTI ;

4. 36inblIeHHS TeMIIeEpaTypH BeJle 0 POCTY {— noTeHujany i

‘v . Magn Det WD —— 500 nm
CTIUKOCTI CUCTEMU . 41336x SE 67 AlofIP




CTilKicTb gucnepcHUX cuctem

B nucnepcHux cucteMax Bifij0yBalOThCs MPOIECU YKPYITHEHHS YaCTOK AUCIepPCHOi ¢a3u K pe3yabTaT
HeoOXi/THOCTI 3BMEHIIUTH HA/IJIMILIKOBY MMOBEPXHEBY €HEPTIIO0.
YKpYnHeHHs yacmok cnocobamu
*i30TEpPMIYHOI'0 POCTY
eKOATyAALil

[3omepmivHUll picm - IepeHeceHHsI PeYOBHUHM BiJi APiOHUX YACTUHOK [0 BeJHMKHUX BHACIIIOK pi3HUILI iX
XiMiYHMX MOTeHIliaJiB, 10 0OYMOBJIEHO MiABHUINEHHAM peaKliiHOi 3/]aTHOCTiI AucCHeproBaHOI
peuoBUH (edpekT KeabBiHa). B pe3yabTaTi i3oTepMiyHOTO pOCTy APiGHI YacTKU JucnepcHUx ¢as
MOCTYIIOBO PO3YMHAKTLCA, a AUCHEPCHICTb CUCTEMHU 3HMXKYETHCA, 10 BUKJIUKAE 3HUXKEHHA 11
arperaTUBHOI CTIMKOCTI.

Koazynsayis - mnpouec pyvuHYBaHHS [JUCIEPCHOI CACTEMH B pe3yJbTaTi MIXKYAaCTKOBUX B3AaEMOJIH,
arperaiiii abo 34enJieHHs1 YaCTOK 3 NepPexo/ioM AucnepcHoi ¢pa3u B 0caj abo reJb.

[lopiz Koazyasyii - HAUMeHIIa BEJIMYMHA 30BHIIIHbOT0 YUHHUKA, 1110 BUKJIUKAE KOAryJllilo.

[lleudkicmb kKoaz2y/asayii - 3MiHa YA CJ1a YaCTOK AMCIIEPCHOT $pa3u 3a OAMHHUIIIO Yacy

KoasiecyeHnyis - 3MIUTTS KpamneJsib PiiIMHU ab0 ra30BUX OY/IbOAIIOK.

[Ipu 31U TTI TBEP/li YaCTKU 36€piraloTh CBOIO KOJIUIIHIO GOpMy



Koarynsauia niopobHux Konoigis

Jliopo6HI KoJI0iAM € TepMOAMHAMIUYHO HECTIMKMMHU CUCTeMaMHM, L0 iCHYIOTb 3aBJAsSKU cTabiaizalii 3a
paxyHOK BUHUKHEHHSI N0deiliHo20 enekmpu4Hoz2o wapy. 3MiHa ctany [IEI moxe, npusBecTu A0 BTpaTu
arperaTMBHOI CTiMKOCTi 30J5. Koaryssiis 301iB MoXke 6yTH BHKJMWKaHA Pi3HUMH YMHHHWKAMU: BILIMBOM
eJIEKTPOJIITIB, TeMIlEpaTyYpPHUM GAKTOPOM, MEXAHIUHOIO JIi€10.

BpoyHIBCbKi 3ITKHEHHS 4YaCTOK He 3aBX/JU NMPU3BOAATH [0 iX 3JIMTTHA, OCKIJIBKY NOJBIMHUMN eJIeKTPUYHUM
1iap, 10 0TOYy€E YaCTUHKH, BIJUITOBXYE 1X OAUH BiJj OJHOTO.

EjiekTposiiTu pyWHYIOTH i 1edOopMyIOTh 1I€H LIap, IPUCKOPIOYHX KoaJleCIeHITilo0.

EdeKTHUBHICTh NpoLeCY 3a/I€KUTH BiJl BUIVISIAY €JIEKTPOJIITY i KO0 BaJIEHTHOCTI.

[NoTeHW ANBWaHAY AKIY KA
wap

ANCOPOYIOYNA Wap

OWyaHKA Wap




Koarynsauia 3oniB enekrponitamu

1. lna moyaTKy KoaryJdnii 30Ji10 Heob6XigHa /JAeska MiHiMaJibHa KOHIlEHTpAIllis eJIEKTPOJITYy, 110
Ha3UBAETbLCA IIOPOTOM Koaryadauil y.

2. Koarynwwouow /[i€l0 BOJIOAIE TOW 3 iOHIB eJIEKTPOJIITY, 3apsj, sSKOro NPOTUJEKHUH [0 3apsaay
KOJIOIJHUX YaCTUHOK, MPUYOMY Jisl KOaryJiroyoro ioHa, TUM CHJbHIillla, YUM OiJbIIMK HOro 3apsj
(nmpaBuJio lllynene - TFapai a6o mpaBuJio 3Ha4YHOCTi). BesimynHa mopory KoaryJsuii JBo3apsgHUX iOHIB
NpUOJIM3HO Ha MOPS/J0K, a TPU3apsJAHUX - HA JABa NOPSAKM MEHINA, HiX AJis OJHO3apsHUX iOHIB.
[IpaBuJIO 3HAYHOCTI Ma€ HAOJMKEHUN XapaKTep i clipaBeAJIMBe TiJIbKH JIJisl HEOPTraHiYHUX i0HIB; AeskKi
OZJHO3apAAHI OPraHiyHi 1I0HU BOJIOAIIOTH CUJIBHINIOK KOATYJIKY0K AI€H0, aHXK ABO3apAAHI HEOpraHiyHi
ioHH, 1110 06YMOBJIEHO iX CUJIbHOIO clieliidiyHO aACcOpOOBaHICTIO.

3. B psgax HeopraHiyHUX iOHIB 3 OJHAKOBUMHM 3apsi/laMMU KoaryJjrwrda Jifl 3poCTa€ i3 3MeHIIeHHSIM
ripaTOBaHOCTI 10HIB; HANIPUKJAJ, Y PAJl OAHO3apAAHUX KaTIOHIB JYKHUX MeTaJliB KoaryJrwrda i,
3pocTae Bij JiiTito 1o py6iairo: y (Li*) >y (Na*) >y (K*) >y (Rb*).

JliomponHi psdu - psAAY i0HIB 3rpynoBaHi 3a 30i/blIeHHSAM (YU 3MEHILIEHHSM) KOaryJilo4oi Ail ioHiB 3
IIEBHUM 3apAI0M.

4. B ocapax, 0 OTPUMYKTBbCA NPU KOAryssuil 30JIiB eJIeKTpPOJIiTaMH, 3aBXAWA NPUCYTHI i0HHU, fKi
BUKJIMKAJIU KOATYJIALIIO.

5. [Ipu koaryJssuii 30J1iB cyMillaMy eJIeKTPOJIITIB PiIKO COCTepiraeTbcs ix He3asexHa (aJUTUBHA) [if;
TUIIOBO MAa€ Miclle B3aEMHe NOCUJIeHHS (UM 0caabJieHHs1) KoaryJiow4doil Ail (CMHepri3M abo aHTaroHiam
ioHiB).



MexaHi3m i KiHeTUKa Koarynsuii 301iB eneKTponitamum

Heob6xigHOMY J1/11 KOoary/siii 36/IMKeHHI0 YaCTUHOK AUCIepcHOi ¢pa3u NMepelKoKae eJJeKTPOCTaTUYHE
BiZIIITOBXyBaHHS OJHOMMEHHO 3aps/PKEHUX KOJIOIAHMUX YaCTUHOK i IPOTHIOHIB.

[Ipu gojaBaHHI /10 30Ji1 PO3YMHY €JIEKTPOJIITY piBHOBara ajcop6biiii - mecopbiii Mixk npoThuioHaMHu
aacopb6uiiiHoro i audysHoro mapiB 3MillyeTbcsa y O6ik afcopbuii,  BHaCAiAOK 306iJblIEHHS B
JIMcIiepciiHOMY cepeZOBUIII KOHIIeHTpallil i0HiB, 1110 MalOTh 3apsa/, NPOTHUJAEKHUU 10 3apaay aapa (ioHu
3 OJIHOMMEHHHUM 3aps1/IoM B piBHOBa3i aJicop6liii - AecopbIiii He 6epyTh y4acTh).

Apncopb1iis 10AaTKOBOrO 4YKcCJ/a NPOTUIOHIB MPU3BOAUTL [0 3MEHIIIeHHs 3apsay KOJIOIJHHUX YaCTUHOK,
3MEHILEHHS YUCJ/Ia IPOTUIOHIB IUDY3HOTO APy Ta 3HWXKEHHS arperaTUBHOI CTiMKOCTI 30J1.

[licna JocATHEHHA TPaHUYHOIO 3HA4YeHHA 3apAfy KOJIOIAHI YacTUHKU OTPUMYIOTb MOXJIUBICTH
30JIM>KEHHS 1 00'€/JHAHHS B arperaTu 3a paXyHOK BaH-/iep-BaaJibCOBUX CUJI - KOAryJsilisi 30Ji4.

[Ipu agcop6iiii 6araTo3apsAHUX NPOTHUIOHIB 3aps/, KOJOIHOI YaCTUHKHU 3MEHIIYETHCSA IIBU/IIE, aHIXK MPHU
ajicop61ii TaKoro > YUc/aa 0JJHO3aPSAAHUX MPOTHUIOHIB - BeJIMYMHA MOPOTY Koaryssii /11 HeopraHiyHUX
iOHIB Oyle TUM MeHIla, YUM OiJIbIIMM 3apsi/i ioHa-KoaryJassHTa

lMpasuno LWynbue-fapoi
BeJIMYMHA MOPOry Koary/sdauii y 06epHeHO NponopuinHa 3apsaAy ioHa-Koary/isiHta B LIOCTOMY
£ 6
CTelleHi z°.

YAIR):y(Ca*2)y(K*) = 1/36:1/26:1/16  y(PO, *): v(SO,%): y(CI") = 1/36:1/26:1/15




Aekiiga 3

MeToau oTpuUMaHHA HaHOMAaTepiaaiB

OTpyMaHHA HAaHOJAUCIIEPCHUX MaTepiasiB

MeToau OTprMaHHA HAHOYACTUHOK

KoHjeHcania iucnepryBaHHA

Knacudikarniis MeToAiB oTpMMaHHS HAHOMOPOIIKIB
30J1b-TeJIb CUHTE3

Kpiorenunuun meto/

CuHTe3 B HAaHOpeaKTopax

TemniaTHUN cUHTE3

OcamxeHHA

0. OcamxeHHA 3 pO3MJaBy

1. ®isuyHe oca/iKeHHs 3 ra3oBoi pasu

12. TlnasMoxiMiYHUM CUHTE3

13. MexaHiyHe AucnepryBaHHs

14. MexaHOXiIMiIYHHUM CUHTE3

15. lonHa iMmniaHTAalis

16. BucokoTemnepaTypHHIl aBTOCUHTE3

17. BubyxoBe BUIIapOBYBaHHA

18. loHHe po3nu/eHHSA Arsiomepat TiO,—
19. KartopHe po3nuJieHHs

20. MarHeTpoHHe pPO3MUJIEHHSA
21. TepMiuyHe BUMIapOBYBaHHSA

PR OO~NOUA~WNE

6aratodyHKLiOHaNbHOrO MaTepiany
3 YHiKaNnbHMMM BIAaCTUBOCTAMMU

CunHTe3oBaHo Ha Kadeapi MiHT B 2011 poui



OTpuMaHHA HAHOAMCIIEPCHUX MaTepiaJiiB

HaHozucnepcHi MaTepiasiyd OTpPUMYIOTh y BUTJIAL1
30414, 2e/110, KOHYyeHmMpoe8aHoi ducnepcii, nacmu, dpi6HOAUCnepCcHO20 NOPOUIKY,
nopucmoezo miaa.

Jlianazon Memodie ompumaHHa HaHoyacmuHok (HY) kaacugikyromu 3a 03HaKamu:

eCTpaTeris CHHTE3Yy - MeTO/] OTPMMaHHS BUCOKOJWCIEPCHUX CUCTEM, 1110 6a3YEThCS HAa BXKMBAHHI J]BOX
IPUHIMIIOBO Pi3HUX MeTOJiB - aucnepryBaHHsa (Top-Down Strategy) i konzgencanii (Bottom-Up
Strategy);

eNIpHpo/ia npoiecy cuHTe3y (dizuyHa, XiMiuyHa);

*BUKOPUCTAHHS B Tpolleci CUHTe3y pi3HUX J[pKepesa eHeprii (Jyiazep, mJia3Ma, HarpiBaHHS,
3aMOPO’KyBaHHS, TOPiHHA);

ecepe/ioBHIILE, B IKOMY (POPMYHOThCS HAaHOYACTMHKWA ab0 HaHOKpUCTasJu (ras, piiuHa abo TBepae
TiJ10).

Bubip TexHoJiorii BU3HAYa€ThC PSIOM UMHHHUKIB, [10 AKHUX HaJlleXaTb Qi3UK0-XiMiuHi BJIaCTUBOCTI
OTPUMYBAHUX YACTOK, IPOAYKTUBHICTb, EHEPrOEMHICTb NIPOLLECY, €KOJIOTIYHICTb,

memoou OMPUMAHHA HAHOYACMUHOK

KonpeHcarnifiHi (xiMiuHa abo ¢piznyHa KoH/IeHcallis1)

Jucnepraiiiiivi (MexaHiuHe, TepMidHEe, €JIEKTPUYHE
noZpi6bHeHHs a60 PO3MOPOIIeHHSI MAKPOCKOMIYHOI $pa3u)

Teo,u,or; e6epr, 1926



OTpmaHHA HaHOAUCNEPCHUX MmaTepianis

BuMoru /10 MeToiB OTpYMMaHHSA HaHOMAaTepiaJiB:

- BUCOKA IWBUJKICTb YTBOPEHHA LEHTPIB 3apOJpKEHHA 4aCTOK

- MaJla WBUAKICTb POCTY YaCTOK

- HaMOiJIbIIKUK PO3Mip OTPUMYBAHUX YAaCTUHOK He 6isbiie 100 HM

- BY3bKMH Jjianla30H PO3MO/iJly YACTUHOK 10 pO3Mipax

- CTabJIbHICTh OTPUMaHHS YaCTUHOK 33/IaHOT'0 PO3MipHOTroO Jliana3oHy

- BiITBOpIOBaHICTh XiMiuHOTO i $pa30BOTO CKJIa/ly YaCTUHOK

- MiABUIIEHI BUMOTHY [0 KOHTPOJIIO i YyIIpaBJIIHHA [IapaMeTpaMU IpoL,ecy OTpPUMaHHA.

Light-energy
transfer reaction

) Visible light Light
’ emission
* x \ & "
Donor / '

* Acceptor -

Nanosheet- Non-associative Inter-pigment energy
cationic porphyrin complex transfer on the surface
complex of nanosheet

“Nanosheet-cationic porphyrin complex” whose
structure is controlled at the molecule level



e0Ca/PKeHHs 3 pifgkol ¢pa3y, mo 6a3yeTbCSA HAa BUKOPUCTAHHI
pi3HUX peaklliii B3aeMoii ABoX abo OGijibllle PEeYOBUH, IO
NPU3BOAUTH [0 YTBOPEHHS HOBOI a3y,
*BHCOKOTEMIIEpaTypPHI MeTOAH, 110
BUKOPUCTAHHI peakuid B3aeMozil JABox abo
PEYOBUH, 10 NPU3BOAUTH [0 YTBOPEHHSA NPOAYKTY;
eKOH/IeHcallis 3 ra3oBoi a3y — OKHCHO-BiJHOBHA peakliis
abo peakliig rigpoJiisy, 1o nNpoTikae B ra3osii ¢asi.

06a3yrThbCsd  Ha
6isbiIe

KoHgeHcauia (Bottom-Up Strategy)

Bottom-up strategy

Precursor containing

maolecules

lonization by energy |
|

f =
Ie)',. \
<d
@D ™ o
g ®,

Formation of ions, radicals and electrons

/
= Condensation
N % and formation
:'2-__}_';u / of clusters
Synthesized nanoparticles = Clusters



Top-down strategy

y
Bulk

Transformation

by energy

> O
Powder

Transformation
tosmaller fragments

Exfoliation of multilayers ¥ .
L]

to monolayers T

AucnepryBaHHs (Top-down Strategy)

BucokoaucnepcHi MaTepiajJid _MOKHa _OTPHUMYBATH _NOCTYIOBHUM
IoJIpiOHEHHAM pPEeYOBMHU ab0 BHJAJEHHSAM YaCTUHU pPEYOBUHHU 3
06'eMHOI da3u PisuyHOl, XiMiYHOI0 abo KOMOIHOBAHOI JIi€l0 Ha
MaKpOCHUCTEMY.

®izuyHi MeToM 6a3yOThCS HAa MOAPIOHEHHI TBEpPAUX a00 PiAKUX Tij
B IHEepTHOMY cepefoBMILi, IIpU HKOMY Ppi3KO MiABUILIYETHCA
JYCIIEPCHICTb 1 YTBOPIOETHCA [JAUCIIEPCHA CUCTEMa, L0 BOJIOAIE
3HA4YHOI Mi>kK(pa3HOI MOBEPXHEIO.

JlucniepryBaHHsl BiJIOYBA€TbCSI 3 BUKOHAHHSIM 30BHIIIHbOI POOOTH,
AKa BUTpPAYaAETbCAd HA IMOLOJAHHA MIDKMOJIEKYJAPHUX CUJ TpHU
JIpo6JIeHH]I pe4yoBHUHU. MexXaHi3M AucrepryBaHHsI 00YMOBJIEHUU TUM,
o npu Agedopmaliii TBEpIOro Tijla HA KOTO MOBEPXHi YTBOPIOIOThHCS
MIKpOTpPIIIUHY, NOpU [bOMY MILHICTE TBepAUX TIJI  PI3KO
3MEHUYETbCA. MikpoTpiiuHu 3'ABJASAIOTBCA B CJAA0KHUX Miclsx
KpUCTaJliyHOI pelniTky (JedeKTH, rpaHulli 3epeH, HEOJHOPIAHOCTI,
auciokaiiii). IlosiermeHHs1 AucCepryBaHHS  BifOyBa€eTbCca  Mif
BILJIMBOM aJicopo6llii — egpekm PebiHdepa.

Synthesized nanoparticles



Kinacudikania meToaiB oTpUMaHHA HAHONOPOUIKIB

Memoodu ompuMaHHA HOHOMOPOWKi6

TexHonorii, wo 6a3yTbcA

TexHonorii, wo 6a3yoTbeA o
Ha XimiYHMX npouecax

Ha $i3MYHUX npouecax

l l

®disnuHe ocagKeHHA 3 NapoBoi dpasm \ / Ximi4He ocaaKeHHA 3 napoBoi ¢pasu \

PosnuneHHA po3nnasy FippotepmanbHi metoam

OcapKeHHA 3 po34MHiB

MexaHiuHe nopgpi6bHeHHA

Po3knapg HecTabinbHUX
Cnonyk

/ 30nb-re/ib CUHTE3

loHHO-NNa3moBi meToau




XimivyHuli KoHOeHcayiliHuli memod cuHme3sy e pioKili ¢pazi

OcobnuBicTb — AeKinbKa 060B'I3KOBUX eTanis
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3onb-renb CUHTE3

1. rigpoJii3 pO3YMHHUX COJIEU

Cuuta KUCJIOTH - XapaKTepPUCTUKA KUCJIOTH, 11,0 IIOKAa3ye€, Ha CKIJIbKU JIeTKO KUCJIOTA BiijJa€ MPOTOHU
MOJIEKYJIaM JaHOr'0 pO3YUHHHUKA
Cuna Jiyry - XapaKTEpUCTUKA OCHOBH, 1110 MOKA3y€E, HA CKIJIbKK MilJHO JIYT 3B'sI3y€ NPOTOHHU, BiJlipBaHi

Bi/l MOJIEKYJI JIAHOTO PO3YUHHHUKA .
KOOpﬂI/IHaI_UI/IHl OKTaeapu

[TiOg] B cTpykTypi

2. moJliKOHJeHcallis
anarasy (a) Ta pyruiy (6)

[ToslikoHZEHCAlLliA - CHHTE3 NoJIiMepiB B
pe3ysbTaTi B3aeEmMo/ii MoHoMepiB i (a60)
0JIIrOMepiB, L0 CYIPOBOJKYETbCA
BU/IiJIEHHSM HU3bKOMOJIEKYJISIPHOTO
npoAyKTy (BOAH, CIIUPTY)

3. 3apoKOYTBOPEHHS

KaTtanizatop —OH rpynu
S|02 npmn pH = 6,0

3apoaok




4, DopMyBaHHSA 30J110

5. Koaryuidiis - rejieyTBOpeHHS

B ayxxHoMy cepenoBuini (pH>5) simitylouuM ¢akTopoM €
rifipoJii3; KJaacTepu POCTYTh 3a PaXyHOK 00’€AHAHHS MOHOMePIB,
noJjiiMepHa ciTka QOpPMYETbCS BeJUKUMH 0JIOKaMH, TreJib
XapaKTEepPU3YETHCA HAABHICTIO IOP BiJHOCHO BEJIUKOTO pafiycy —
peakyia o6medceH020 pocmy Kaacmepia 3 moHomepie (RLMC,
MexaHi3M lzeHa); TpuUMipHAa CciTKa TeJl0 YTBOPIETHCA B
pe3ysibTaTi B3aEMO/ii MepBUHHUX YaCTUHOK (KJIacTepiB).

B kuciaomy  cepemoBumii (pH<2) simiTyrouum — ¢dakTopom
reJleyTBOPEHHA € WIBUKICTh peakLlil MoJIiKoOHAeHcalil. YTBOPIOETbCA
BeJIMKA KiJIbKICTb MOHOMEDPIB Ta 0JIITOMEPIB 3 peaKl[inHUMU rpynaMH,
00’eAHAaHHSA AKUX BeJle /[0 YTBOPEHHS CJabopo3raayKeHux
NOJIIMEPHUX JIAHIIIOTIB; KJACTepu KOHJEHCYITbcs 1 (GopMylOTh
NoJIiMEpPHY CITKYy 3 MOpaMu MaJsioro pafiycy — peakyiss o6mexceHoi
azpezayii knacmepie (RLCA).

3onb-renb CUHTE3

®akTOopH BIJIUBY

pH cepenoBuiia,
KOHLIeHTpaLid NpeKypcopis.,
TeMIlepaTypa




1. rigpoJsi3 po3YMHHUX COJIEU

3onb-renb CUHTE3

Cua KUCIOTHU - XapaKTePUCTUKA KUCIOTH, L0 MOKA3y€, HACKIJIbKU JIETKO KUC/A0TA BifjJla€ NPOTOHU

MOJIEKYJIaM [JdHOTI'O PO3YXMHHHKA.

Cuna ayry - xapaKTepuCTHUKa MiJCTaBy, 1110 TOKA3Y€E, HACKIJIbKU MillHO JIyT 3B's3y€ NPOTOHH, BiJlipBaHi

BiJj MOJIEKYJI IAHOTO PO3YUHHHUKA.

SiCl, = Si*t + 4Cl-

H,0 = 2H* + OH~

Si*t + 0H™ o Si(0H)3"
Si(OH)3* + OH™ & Si(0H),*"
Si(OH),** + OH™ = Si(OH)3"
Si(OH);" + OH™ & Si(0H),
pH <7

Cuna kucnort

Si(OH), © H — 0 — Si = (OH)4

HI I- 101t -11
HCIO, Clo, 10%° -10
HBr Br 10° -9
HCI Cl- 107 -7
H,SO, SO,> 10? -2
H,PO, | H,PO, | 7.510°3 2.12

HF F 3.510% 3.45
H,CO, | HCO, | 43107 6.37

H,S HS 9.110% 7.04

HS S 1.110% 14




30/b-renb CUHTE3

2. IoJIiIKOHAeH callis

[TostikoHEHCAlLliA - CHHTE3 NoJIiMepiB B
pe3ysbTaTi B3aEMo/ii MOHOMepiB i (a60)
0JIiIroMepiB, CYIpOBOAXKYETHCA BUAIJIEHHAM
HU3bKOMOJIEKYJIIPHOTO TPOAYKTY (BOAH,
CIIHUPTY)

CxeMaTU4He 300pakeHHsA MOHOMepa
[Ti(OH),(OH,),]%
YOpHI KyJbKU — rpynu OH', cipi— OH,*

JAumep
: \ [Tiz(OH)g(OH,),]°
JlioKcup TUTaHY '

CoisibHe pebpo

. , ] : KoopauHauiiivi oktaeapu
OJIHLUH — 00 €AHaHHA MOHOMEPIB B OJII'OMEPHU [TiOg] B cTpykTypi
aHarasy (a) Ta pyTtuiuy (0)

[Ti(OH,)c]**+h-H,O = [Ti(OH),(OH,)s  J#M*+y-H,O".




=Si—0OR+ H,0 &= Si — OH + ROH
=Si—0OR+=Si—0H &=S5i—0 — Si =
=Si—0H+=Si=0H ©=S8i—0—-Si =+H,0

3. 3apOAKOYTBOPEHHS

[ioKkcna KpemiHto

Si —

. 3apopok SiO,
CunokcaHoBUM 3BA30K

KaTanlsatop —OH rpynu npu pH=6,0

AN

A

Si0g~

a
$i,08
6

Si;08"
]

SicOl}-

3onb-resib CUHTE3

H20 H0
2 0
-0
—
a
/—O o] \—
< H20
HyO
: oH
0—Si—0H HO OH
/ \/
HO—S{—OldH s{—oH
H
(O (O ./O
HO—Si HO HO—S| OFHO—S| OH
Pt Wl a av;

HO O—SjHO Si—0 0O _Sj
N\ / \ o7\
HO O—S]—OH SI=CH OH
OHHO

VAAAAAAAY
AAAAAANAN

[Si4O 0] 3"

[Si,05] 7"
n



4, DopMyBaHHS 30J110

5. Koaryuidiis - rejieyTBOpeHHS

B ayxxHomy cepegoBuiii (pH>5) simiTyrouum dakTopom € riaposis;
KJIACTEPU POCTYTh 3a pPaxXyHOK OO'€lHAHHS MOHOMepiB, MoJiiMepHa
citka (QopMyeTbCs BeJWKUMHM OJIOKAMH, TeJib XapaKTepPHU3YEThCS
HasIBHICTIO MOP BiJHOCHO BEJIMKOTO pafiiyCy — peakijisi 0OMexXeHOro
pocty ksnactepiB 3 MoHoMmepiB (RLMC, mexaHi3m |neHa); TpuMipHa ciTka
rejil0 YTBOPIOETbCS B pe3yJbTaTi B3aEMOJii NepPBUHHUX YAaCTUHOK
(k1acrepiB).

B kucsomy cepenoBuiili (pH<2) nimMiTytounM ¢pakTOpoOM resieyTBOpPEHHS
€ WBUJKICTh peakKlil MoJIiKoOHAeHCcallil. YTBOPIOETHCA BeJUKA KiJIbKICTh
MOHOMepIiB Ta oJiiroMepiB 3 peakl[ilHUMMU TIpynaMu, 06’€AHAHHA SKUX
BeJle /0 YTBOPEHHS CJabOpO3TajyKeHUX MOoJIiMepHUX JIAHI[IOTIB;
KJIaCTepU KOHJIEHCYIOTbCS i GOPMYHOTh MOJIIMEPHY CiTKYy 3 MOpaMu
MaJIoro pafiycy — peakyisi oomedxceHoi azpezayii knacmepie (RLCA).

3onb-resib CUHTE3

®akTOpH BIJIUBY .

pH cepenoBuiia,
KOHLIeHTpaLid NpeKypcopis.,
TeMIlepaTypa




3onb-renb CUHTE3

[eni - CTpyKTypoBaHi  JuCHepCHI CUCTeMH, 1O CKJAAATbCd 3
BUCOKOMOJIEKYJIAPHUX | HU3bKOMOJIEKYJIIPHUX Pe4OBUH. HagBHICTb TpUMipHOTO
noJliMepHOro Kapkaca (CiTKH) HaJla€ rejiiM MeXaHiuyHi BJACTUBOCTI TBEPAUX TiJ
(BiACyTHICTh TeKyd4ocCTi, 3laTHICTb 30epiratu ¢opMy, MillHICTb i 3JaTHICTb A0
nedopMaliii, IJIACTUYHICTD i MPY>KHICTD).

l'iopozeai - reni 3 BOJHUM JUCHEPCIMHHUM CcepeloBUIIEM
AsiKoz2esi - rei 3 CHUPTOBUM JUCIEPCIMHUM Cepes0BHUILEM

BupaneHHsAM 3 jioresied JUCIEPCIMHOTO CepefoBUIA MOXXHA OTPUMATHU MOPUCTI
MmaTtpianu (aeporesii abo kceporesi), B IKMX AucnepcHa ¢$a3a MepeTBOPHETHCS B
MilHI aare3iiiHi abo ¢a30Bi (koresiliHi) MOPHUCTI CTPYKTYPHU.

[Ipuksiagy : ajnwoMoresib i CUIiKaresib, OTPUMYIOTbCSA BUCYILIYBAaHHAM TiAporeJiiB
TiAPOKCUAY aJIFOMIHIIO 1| KDEMHIEBUX KUCJIOT.

{Clear concentrated sol

e Path A
?;0 2= 8 _.ﬂ__ﬁ‘?
PR e

@ K -l

fpe BBt T gE ot
nq.n_:u-d_“:'_n_o \

BRI ° Path B

@ L]

Invisible micelles
clear solution

w
o

Onmep ankokenay metany MonieTuneHrikonb (renb gnsa 6puUTTA) Flocculate or gelatinous
precipitate



[ensi

(a) Acid catalysis
3onb-renb CUHTE3

Aeporesib -  aMOppHUU  BUCOKOMOPHUCTUH

_ Lt MaTepiad, SAKUH BOJIOJIi€ 006'€EMHOI0

Wetgel (schematic) o MaKpOCTPYKTYpOK 3 XapaKTEPHUM pPO3MipoM
(b) Base catalysis HAaHOCTPYKTYpHUX esieMeHTiB 4-10 HM i

oy

npeJicTaBJIsIE COO00 TeJib, Y SKOMY pigka ¢dasa
MOBHICTIO 3aMillleHa ra3ono/ioHolo.

e

e Kceporesib - IPOAYKT CylIiHHS aKBa-a60 aJKOTr e
xerogel (schematic) TEM (bar=100nm)

npu aTMOCHEPHOMY THUCKY B KOPCTKUX YMOBAX, 1110
(c) Base—catalyzed colloidal MPU3BOASATH [0 KoJancy (yCyHeHHs1) MaKpomop i
R 1 30iJIbLIIEHHS UIIJIBHOCTI MaTepiaJy.

AMbireanb - MNOpOAYKT CylIiHHA akBa- abo
aJIKOTeJIl0 NpU aTMOCPEepHOMY THUCKY, SKHH
XapaKTepU3yETbCA Ha BiAMIHY BiJj KCeporeslo,
HU3bKUMU 3HAaYEeHHAMU I'YCTUHHY, AKa

hierarchical

(d) Ae'i’gel HAGJIMKAIOThCA [0 TYCTUHU aeporeJIiB.
Kpioresb - BHUCOKOIIOPUCTUH NPOAYKT
cy6JiimaliiiHoro CYyLIIHHA 3aMOPOXKEHUX

CyCIleH3iH i reJiiB i iIX HACTYMHOI TEPMOOOPOOKHU;

Wet gel (schematic) dried gel (schematic) TEM fﬁﬁﬁr'zjﬂfunj



6. cTapiHHS reJito
Mepexig 3ont0 B renb BiabyBaeTbcA Mo BCboMy 06’emy cuctemu, npuyomy
peakuii nonikoHAeHcauii NpoAoBXYKTb NpoTikaTU. [lonimepHa CciTKa rento
THy4YKa, TOMY CYCiAHi MOAIMEepHi TaHKM MOXKYTb HabAUM3UTUCL OA4HA A0 OAHOI i
BCTYMUTU B peaKL,ito KoHAaeHcauji — ,,cmapiHHA" rento.

Peakujii rigponisy i KoHAgeHcauii € 060pOTHMMM, TOMY TEePMOAMHAMIYHO
BUTIAHMMM CTalOTb MPOLLECU PO3PUBY MOAIMEPHUX NAHLIOTIB 3 HACTYMHUM iX
neperpynyBaHHAM - 0CMeBaab0i8CbKE BU3PIBAHHA 2es. IMOBIPHICTb TaKoi
nepebynoBM MaKCMManbHa B 061acTAX CTPYKTYPHOI HEOAHOPIAHOCTI maTepiany
— NOpwn, TPILLMHKM, NOBEPXHA YAaCTUHOK.

B pe3ynbTtati cTapiHHA BiabyBaeTbCA 3aNOBHEHHS NOJIMEPHOI CiTKM, 3 PO3YMHY
3HWKAKOTb Mani YaCTUHKK, NOPU Manoro paaiycy 3abyaoByroTbCA.

CTapiHHA rento i OCTBaNbAiBCbKe BM3PiBAaHHA pPOOUTL MNONIMEPHUIA KiCTAK
YKOPCTKIWWMM | MEXaHIYHO CTiMKIWKM.

3onb-renb CUHTE3

Net trarsport

Gel Aerogel

Xerogel

1 - moHOMEpPU

2 - oniromepu

3-BuLi oniromepwu

4 - akTMBHI ppaKuii
5-BUCOKOMONERYNAPHI dpaKLii




3onb-renb CUHTE3

Ilenmu3ayis 2esis.

[lenTH3anisa ocajiiB ab0 reJiiB BUKJIHWKAETHCS BBEJIEHHSM B PO3UMH €JIEKTPOJIITY O/UH 3 i0HIB IKOTO MOXe
aJicopbyBaTUCS Ha IOBEPXHI YACTOK i J00Y/J0BYBaTH KPUCTANiIUHy PeIliTKy AUCepcHOi pa3u.

[IpukJiiaz: BBeJeHHA B 0Caj IIPOKCUAY 3aJli3a PO3YMHY XJI0pUAY 3aJi3a.

[lenTu3aTopaMu MOXYThb OYTU TOBEPXHEBO-aKTUBHI peYOBUHU ab0 BOJOPO3YMHHI MOJiMepH.
BupimasbHMM BIUIMB HA NpoLec NenTU3alil YMHUTh KUCJIOTHICTh cepeJjoBUIIA, OCKIJIbKUA BeandyuHa pH

BU3HA4Ya€ He JIMLIEe BeJIMYMHY, aJie 1 3HaK 3apAAy NOBepPXHI 4YaCTOK. .
l
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7.cymka Mpobaema — pyMHYBaHHSA CiTKK

8. KpucTaizaris BHAC/IZOK Pi3HULi KaninApHMUX TUCKIB B
OKpeMmx 1i NaHKax

vy II H“-’ e

~. Safety Valve

—.Water
) — Fi
Neutral gas % i
Gel [\
Solvent H
|  Temperature
Control

Figure 4 : Hypercritical drying apparatus
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Figure 3: Capillany pressure calculated by Laplace Law in the case of

Methanol and water



30J1b-TeJIb CHHTE3 + KpPioXiMiyHa CyHIKa

Cy6usimanifina (kpioximMiuHa) cylika - Mpoliec BUAAJTEHHS
PO3YMHHUKA i3 3aMOpPOKEHUX PO3YMHIB, reJliB, CyCleH3iu i — {
6iosoriyHMx  06'€eKTiB, ,0a30BaHMM Ha  cy6JiMarii

3aMep3JI0To po34yMHHUKA (JbOJy) 06e3 yTBOpPEHHS
MaKpOKiJIbKOCTEHN pifkoi ¢pasu.

PymiiiHoto cujioro cy6JiiMallii cylliHHS € pi3HUIS THUCKIB
napiB po3YMHHHMKA HaJ O00'€KTOM i B HABKOJIMIIHIN
razoBii atmocdepi. I[Ipy HHU3BKUX TeMIepaTypax
MOXJIMBe TMpOBeJleHHd CybJiiMalii cymiHHa 1 1npu
aTMochepHOMY TUCKY, IPOTe MBUJIKICTh TAKOTO MPOLECY
HeBesMKa. [lyid NpakTUYHUX LiJled BUKOPUCTOBYETbCS
CyLIKa Yy BaKyyMi, IIBUAKICTb AKO1 BUILA.

p. Pa

Liquid

Solid

[IBuaKicTb cyOJiiMaLiiiHOrO CyIlIiHHS 3HAa4YHO MEHIIa, v 44 Vapour
HiXK NIPM BUKOPUCTAHHI TPaAMI[iMHUX METO/iB CYLIiHHS ¥ /d o
IpyU MNiABULIEHUX TeMIlepaTypax, II0 € TO0JOBHUM ) e ;;2‘73.15 i
0O0MeKeHHSIM NpHU il NPOMUCIOBOMY BUKOPUCTAHHI. FIGURE 2.3 Phsse disgram of wter
He 4.2K
H, 20.4K _
N, 773k A 273 K
0, 90 2K KCI 262 K

NH, 2398k CaCl, 218K




Pe3ome 30J1b-TeJIb CHHTE3

CyTb MeToay: YTBOpeHHs 30J110 i nepeBeJeHHA
Horo B reJib. 30Jib 3 po3MipamMu yactok 1-1000

HM OTPHUMYIOTH KOH/JIeHCal[iHHUM a6o
JiUcrepraniiHuM MeTOJaMH. [ToTim Metal Alkoxide . N
KOHI[eHTpallito gucnepcHoi ¢pa3u 36iJbLIyIOTH, a Solition Sol-Gel

JIMCIIepCiiHEe cepeOBUIIE BUAAIAOTD. Technﬂlﬂgies

[lepeBaru: JlOCTYyNHICTb,  TEXHOJIOTIYHICTb,
MOXJIMBICTb PEryJlBaTU PO3NOALJI, PO3MIip I
CTabiJIbHICTh HAHOYACTOK.

Heposniku:  TpuBasicTh  cTafgili  BUAAJIEHHS
pO3UMHHHKKA, BUCOKA (A0 70%) ycazka BHUpPOOIB,
[TosigiciepCHOCT 4YaCTUHOK, HEMOXJIMBICTb
OTPUMaHHA aHI30TPOIHUX YaCTUHOK |
IIPOCTOPOBO-BIIOPSAJAKOBAHUX CUCTEM, B3AEMOJis
YaCTUHOK 3 PO3YUHHUKOM.

3actocyBaHHsI: CHHTE3 MNPaKTUYHO Oy/b-SIKUX

L7
CUCTEM, 30KpeMa COp6eHTiB, KaTaJi3aTopis, Dense fibn ~ Aerogel  Dense ceramics Uniform  Cerumic
CUHTETHUYHHMX II€0JIiTiB, HEOPraHiYHUX PEeYOBUH, particles  fibres
KepaMiKy, CUJIIKATIB 31 crneuiaJlsHUMHU

BJIACTUBOCTAMM.



Kpiorennuii meToz,

CyTb MeTOAy: MicJasl PO3NUJEHHS KOJIOIJHOTO ab0 iCTUHHOrO pPO34YMHY B KaMepy 3 KpiOreHHUM
cepeZlOBUILEM THUCK y KaMepi 3HUXKYIOTb 1 Martepian HarpiBaroTb. OTpuMaHi MOPUCTI TpaHyU
IIPOXKapPIOIOTh.

Po3Mip HAaHOCTPYKTyp: YaCTUHKHU 3 po3Mipom 0,5-5 HMm.

[lepeBary: MOXJIMBICTb OTPUMAHHA Ta LOCAIP)KEHHA BUCOKOAKTUBHUX YaCTUHOK, MOHOJUCIIEPCHUX.
Hepnoniku: arperaijiss 4aCTUHOK NpU MiJIBULIIEHH]I TeMIlepaTypH, CKJIaJHEe YCTAaTKYBaHHS, HEOOXiJHICTb
pOOOTH MPU HU3bKUX TEMIIEPATYPAX, BUCOKI EHEPTOBUTPATH, HU3bKA IBU/KICTh KPiOCYIIKH,

MaJia YHIBepCaJbHICTb METOAY.

3actocyBaHHs: OTpMMaHHS HAHOYACTHUHOK 3 BUTPATOIO COJIbOBOTO PO34UHYy 22-25 J1 / O/ i CIOKMBAHOI
noTtykHocTi 300 KBT.




Kpiorenuuii meToz

Cytb MeTony: OOMeKeHHS1 POCTYy HAaHOCTPYKTYP «CTiHKaMU» HAaHOPEaKTOpa, IKUM MOXYTb OyTH TBepPAi
peyoBHHH, 3[IaTHI A0 iHTepkaasAuii (rpadit, cynbodig Mosi6aeHy, mapyBaTi CUIiKaTH, I[€0JTH ), @ TAaKOX
opraHiuHi pedoBuHHU (noJsiimepu, Minesnu [1AP, muiiBku JleHrmiopa - BiopkeTT).

[lepeBaru: OTpuMMaHHST MOHOJMCIEPCHUX TMOPOIIKIB, aHi30TponHi i MoAWdiKOBaHI HAHOYACTKHA Ta
HaHOMaTepiasy, cTabisi3oBaHi HAHOYACTUHKAaMH, NPOCTOTAa METOJUK, JIETrKiCTb peryJlBaHHSA i
JIOCTYITHICTb peareHTiB i 06/1aiHaHHS.

3actocyBaHHsA: /[ljis OTpUMaHHS ONTUYHUX 1 MarHiTHUX 6araTomlapoBUX MOKPHUTTIB, OTPUMaHHSA
KBAaHTOBUX TOYOK, HQHOIIOPUCTOI0 MaTepiay.

O =SURFACTANT MOLECULE




CuHTe3 B HaHOpeaKTopax

Ordered polymer nanotubes fabricated using porous templates. [Copyright Science.]



HaHopeaKkTopu

HaHopeakTop (auri. nano-reactor) — peakTop [
NPOXO/PKEHHSI XIMiUHUX peakilii B 0O0MeXeHOMy O00€Mi,
po3mip sikoro He nepeBullye 100 HM xo4ya 6 MO OAHOMY
BUMIpi i ¢pi3uyHO 0OMekeHU# po3MipaMu BHIOPSAKOBAHOI

CTPYKTYPH.
Ordered polymer nanotubes fabricated using porous templates. {Copyright Science.]
A
A
Miuenwu Piaki kpuctanu apu, wo Mnisku

camos3bupatoteca  JleHrmiopa-bnopxer



TeMn/1aTHUM CUHTE3

TemmiaT (MaTpuiig, mabJIoH) - YacTKa abo CTPYKTYpa, siKa Bigirpae
OpraHi3yro4y poJib IpU CUHTE3i i pOpMyBaHHI CynpaMoJIEKYJISIPHUX
KOMILJIEKCIB a60 HAaHOCTPYKTYP.

Clay
" Put clay onto
Plsfc X piece of wood Bake
Wood M = =
under Air

MoneKynapHi cuta




TeMn/j1aTHUA CUHTE3

CyTpb MeToAy: 3a IONOMOr0I0 HAHOYACTHUHOK OPTaHi3yEThCS BINOPSAKOBAaHA CTPYKTypa (1absoH), BiAbHUM
NpPOCTip MiXK ejleMeHTaMM SIKOi 3alOBHIOETbCS HeoOXifHUM MaTepiasioM. IloTiM 11abJ/ioH BUAANSEThCA i
3Q/IMIIAETHCA CTPYKTypa - HAHOKOMIIO3HT.

[lepeBaru: MoX/IMBiCTb OTPUMAHHA KOMIIO3UTY i3 3a/laHOK0 HAHOCTPYKTYPOIO.

Heponiku: TpyaHoi nig6opy mab6s0Hy i oro oprasisanii B He06XiZJHy BIOPSJKOBaHY CTPYKTYPY.
3acTocyBaHHs: 3aCTOCOBYEThCS AJis GOpMyBaHHSI OJHOpPiAHOI MikponopucToi KepaMikd Ha ocHOBi SiO,,
TiO,, ZrO, i3 3acTocyBaHHSIM B SIKOCTi TEMILJIaTiB MOHOJHWCIEPCHUX MAaCJASHUX Kpamesb y BoAi i 30.iiB
BiZiMOBiAHUX cnioyK. J|Ji1 oTpuMaHHSI GOTOHHUX KPUCTAJiB, HAHOJPOTHUKIB, HAHOCTEKOJI, HAHOBYTJIEI|€BUX
HaHOTPYOOK

100 nm

TiO, oTpUMaHUN TeMNNATHUM METOAO0M



OcagKeHHH

XiMiYHMU KOHJIEHCAL[iMHUWA METOJ CUHTE3Y B pigKii ¢asi

OcamxeHHd 3 KOJIOIAHMX PO3YMHIB - METOJ OJlep>KaHHA
HAaHOYAaCTUHOK 1 HAHOMNOPOLIKIB, 10 IOJIATA€E B IepepUBaHHI
XiMi4HOI peakuii MiXX KOMIIOHEHTAaMM pO34YMHY, HaWyacTille,
CTpUOKOMNOAI6OHUM 36i/blIeHHSAM PH pO34YMHYy B MEBHUU MOMEHT
4yacy, nicJid 40ro cCUcTeMa lnepexoauThb 3 piIKOro KOJIOILZHOT'O CTaHy
B AUCIIEPCHUM TBEPAUU CTaH

CucTteMa mnepeBOJUTbCS B TBEPAUN JUCHEPCHUM CTaH BUJAJEHHSAM piakol ¢asu GuIbTpyBaHHSM,
eHTpUPYTYBaHHSAM, eJieKTOpodope30oM abo CyIIKOI.

Po3Mip HaHOCTpYyKTYyp: MeTaneBi knactepu Bij 300 aToMiB, MeTOZJaMy 3BOPOTHOTO OCa/KEHHS - 3-5 HM.

[lepeBaru: Bucoka ceJieKTUBHICTb METOJy, OTPMMaHHS CTabiJibHUX HAHOKJIACTEPIB i HAaHOKPHUCTAJTIYHUX
YAaCTUHOK 3 YK€ BY3bKUM PO3MO0/[iJIOM 32 PO3MipoM, a TaK0>K YaCTUHKU TUIY S/Ip0-000/I0HKA (HAaNPUKJIAJ,
CdSe 7/ ZnS, HgS 7/ CdS, Ti02/5n02).

OcHoBHa npo6JieMa 0ca/i>KeEHHS 3 KOJIOIAHUX PO3YMHIB MOB'sI3aHa 3 HEOOXi/HICTIO YHUKHYTU YKPYIHEHHS
OTPHUMaHUX HaHO4YacTUHOK. CTabinisalis KoJ0ifHUX YACTHHOK i KJacTepiB JOCATAaETbCSA 3a JOINOMOIOH
MOJIEKYJI JIIFaH/IB, B AKOCTI AKUX BUKOPUCTOBYIOTH Pi3HI OJIMEpPU Ta IOBEPXHEBO-aKTUBHI pEYOBUHU.

Hepouniku: Arperalisi 4aCTUHOK, BUKOPUCTAHHSI HeOEe3MeYHUX peareHTiB, 3a0py/IHEHICTb 0caZy NOOIYHUMU
pe4yoBUHAMMU.

3acTocyBaHHsI: BUpPOGHUITBO KaTaJsi3zaTopiB, yJabTpaaucnepcHoro SiC, HaHeCceHHs TMOKPHUTTIB y
MiKpoeJIeKTPOHHIN TexHil|i, OTpUMAaHHS YaCTUHOK 3 MOKPUTTSAMH, cCUHTe3 KepaMmiku ZrO2-HfO2-Y203 3
po3mMipoM 3epeH 60 HM.



OcagKeHHH

OTpuMaHHHA HaHoaucnepcHux Mg(OH), Ta MgO

[Mg(OH,)¢]?*+hH,0—[Mg(0H), (OH,)4 , ]@M*+ hH,0".

Mg,,,Ox(OH),,



OcajgKeHHS

Y umniggp (kosiby, 6aHKy) HaJUKTE pifKe CKJO, po3baByieHe BOJoW B 2-3 pa3u. [loMicTiTh B piguHy Kinbka
IIMATOYKIB (3pOILeHUX KPUCTAJIB) XJIOPUAY 3aJi3a 3aBOI/IbIIKY 3 TOPOIIMHY. K10 KpUCTaad OyAyTb NOKPHUTI
BoJioroto (FeCl3 fy»e rirpockoniuHui) BUAAITH ii 3a ;onoMoro ¢ibTpyBaJbHOTO Nanepy.

Maii>ke Bifjpa3y » NOYHETbCA 3pOCTaHHA OypUX 3BUBAaKOThCA BogopocTed. Ha mouyaTky pocaigy "crebsa”
POCTYTh Ha 0O4ax, IpUYOMY IX PICT BiAOYBA€TbhCA He TiJIbKU Bropy, aje i Ha Bci 60ku. [loTiM neil npouec nae
noBisbHilIe, ase 3a 15-30 XBUJIMH MOXYTb BUPOCTH BOAOPOCTI JOBXUHOMW noHaz 20 cM.
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Cytb meToay: YaCTUHKM OTPUMYIOTb 3  KONOIAHWUX PO34YMHIB
LIIAXOM NepepuBaHHA peaKLii B MEBHUN MOMEHT CUHTE3Y, O4HaK
PiAKMM CepeflOBMILEM C/yXKaTb PO3M/JaBu conert abo meTanis.
CuHTE3 npoBoaATb NPM BUCOKMX TemnepaTtypax. Ona BuaineHHs
YACTUHOK MeTan abo CiNb PO3UYMHALIOTD.

MNepeBarun: [lpocta TexHoOANOriA OTPMMAHHA HAHOKOMMNO3MUTIB,
HecknagHe obnagHaHHA.

Heponikn: Arperauia 4YaCTMHOK, BMKOPMUCTAHHA HebesneyHux
peareHTiB, 3abpygHeHiCTb o0cagy Mo6IYHMMK peyvyoBUHaAMMU,
3ab6pyaAHEeHHA MOPOLWKIB KOMMOHEHTaMW po3naaBy i maTepiany
TUINA, NPOTIKaHHA nNobiYHMX peaKui, BTpaTa BIACTUBOCTEMN
HAHOYACTMHOK MpW B3aemogii 3 po3naaBom abo TpaBUAbHUM
PO34YNHOM.

OcazxkeHH4 3 pO3IJIaBy




CyTb meToay: i30/1bOBaHi HAHOYACTMHKW  OTPUMYIOTb
BMNAapoOBYyBaHHAM MeTany abo HaniBnpoBigHWKa npwu
KOHTPO/IbOBAaHIN TemnepaTtypi B atmocdepi iHEepPTHOro rasy
HM3bKOTO TUCKY 3 NOAA/NbLUIOK KOHAEHCALIE napu nobaunsy
abo Ha xonogHi NnoBepxHi.

Po3mip HaHoCTpyKTyp: ChepuyHi Ta orpaHoBaHi meTanesi,
OKCUAHI, KapbiaHi, HITPiTHKUE YAaCTMHKM PO3MipoMm Big 2 A0
KiZibKa COTEHb HAHOMETIB.

Mepesarn: [pocTMin i NPOAYKTMBHWUIA cnocib OTpMMaHHS
HAHOKPUCTANIYHMX MOPOLKIB, AKI Mano arnomepipytorca i
36epiraloTb  HM3bKYy  TemnepaTtypy chikaHHA. MeTog,
3aCTOCOBYETbCA ANA HAHECEeHHA HAHOCTPYKTYPHUX MANIBOK
Pi3HOro PYHKLIOHANbHOIO NPU3HAYEHHA.

Hegonikn: Wnpokun norapndmiyHO-HOPMANbHMUN PO3NOAiIN
4YaCTOK 3a po3mipamu.

3acTocyBaHHA: 3acTocoByeTbcA AnA OTPMMaAHHHA
ynbTpagucnepcHux nopoukis Al,O,, Fe,04, TiO,, CeO,, Cr,0,,
Zn0, In,04, ZrO, mae npoayKTMBHicTb 6113bko 20 1/ roa

diznyHe ocaAXeHHA 3 ra3oBoi ¢pasu
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di3z4yHe ocaJKeHHA 3 ra3oBoi ¢pa3u

[lepeBaru PVD-meToAiB:
*MOXKJIUBICTh OTPMMAaHHS AY>Ke PIBHOMIpHUX MOBEPXHEBUX WapiB TOBIIMHOW Big 1 HM A0 200 MKkM 3
Jly?Ke XOPOILIOK BiITBOPIOBAHICTh BJAaCTUBOCTEM;
*pO3Mip MOBEpPXHi, 1[0 MOKPUBAETbCH, MOXe OYTHU OOMEXeHUM, a MOXe Yy psAfi BUNAJKIB
(MarHeTpoHHE HaNUWJIEHHS) CKJIaJlaTH CMYTY NPAKTUYHO HEOOMEXKEHOI I0BXKUHU,
*MOXJIUBICTh CeJIEKTUBHOIO HaHECeHHs Ha BUOpaHi [AiJNSHKY; Maike HeoOMeXeHUM BUOIp
MaTepiasiB MiK/IaJKH (TEOPETUYHO MaTepiasa MiKJaAKH MOXe OYTHU Oy/ib-IKUM);
¢/IOCTAaTHA THYYKICTb [0 BUMOI MO TeMIepaTypi NiK/JIaJK{; IMMUPOKUKA BUOIp MaTepiasiB [Js
OBEPXHEBUX IIapiB (MeTasH, ClIJIaBH, XiMidHi CIIOJYKH);
*MOXXJIUBICTb OTpPUMaHHs 0araTollapOBUX MOKPUTTIB 3 IIapaMu pi3HOI TOBIMHHU i 3 pIi3HUX
MaTepiaJis;
*MOXJIMBICTb 3MIHU CKJIAZly, CTPYKTYPH i BJJaCTUBOCTEH LIAPIiB LIJIAXOM BapilOBaHHA TEXHOJIOTIYHUMHU
napaMeTpaMy HaHeCeHHH;
*MOXJIMBICTb BUKOHAHHA BUMOT /10 BUCOKOI YUCTOTHU MaTepialy NOKPUTTH,
eMiHiMa/IbHe 3a0py/JHEHHS HABKOJIMIIHbOTO CEpPeOBUIIA.

Henoniku PVD-MeToAiB:
*CKJIQZJHICTH 1 BeJIMKA BAPTICTh TEXHOJIOTIYHOTO i KOHTPOJIBHOT'O YCTAaTKYBaHHA,
*HeOoOXiZHiCTh BUCOKOI KBaslidikallil 06c/yroByr04oro nepcoHasy,
*[IOPIBHAHO HU3bKa NPOAYKTUBHICTD,
*CKJIQ/IHICTh PO3POOKU TEXHOJIOTIYHOTO PEXKUMY [J1s1 KOHKPETHOrO BUMNA/IKy OTPUMAHHS MOKPUTTS
*HeOOXiHICTh crellia/JbHOI MirOTOBKU OBEPXOHb, 1110 TOKPHUBAIOThCS.



CyTtb MeToay: ¥ HusbkoteMmnepatypHii (o 10000 K) nsazmi mix
BUXiJHUMU pe4OBHUHAMU MOXKYTb NPOTiKaTU XiMiyHI nponecu. Ha
HAaCTYIIHOMY eTali, IicJd OCTUraHHA MpPOAYKTIB peakliil,
BiZIOYBAETHCS BU/IIJIEHHS HAHOYACTUHOK 3 OTOKY.

Po3Mip HaHOcTpykTyp: YacTku MeTasiB, HITpuUJiB, OOpHUAIB,
Kap6i/iiB, OKCHUAIB MJIa3MOXiMiYHUX MOPOIIKIB MalTh PO3Mip Bij
10 no 100-200 i 6isnb1Ie HM.

[lepeBaru: mnJa3MoOXiMiYHOTO CHUHTE€3 BiJPI3HAETbCA [OOCUTH
BUCOKOIO IPOAYKTUBHICTIO.

Hepousiku: Illupoke po3mofin 4acTOK 3a po3MipaMM, HU3bKa
CeJIEKTUBHICTb MPOLECY, BACOKHMUN BMICT JJOMIIIOK B ITOPOLIKY.

3acTocyBaHHsI: 3aCTOCOBYETbCA [IJI1 OTPUMAHHSI  TYTrOIJIaBKHUX
CnoJiyK, pyJsiepeHiB, HAHOTPYOOK, Kapbifis meTanis, 6opy i KpemHito.

IIy1a3MoXiMiyHUMM CUHTE3

MeN  mrowe MeC,
MeC,N,
Me



MexaHiyHe gucniepryBaHHS

CyTb MeToay: PyliHyBaHHSl YaCTUHOK MaTepiasly B MJMHaxX (KyJbOBUX, BibpalilHUX, 6icepHUX, KOJIOIAHUX,
IJIaHeTapHUX, udepeHIiaJlbHUX ,BiIIleHTPOBUX).
[Ipouiecy no/ipibHEHHS MepPENIKOAKAE aryioMepallisi (3/IMlaHHs) YaCTUHOK.

Po3mip HaHOCTpYKTYyp: Po3Mip arsiomepariB, sIKi CK/1aal0ThCsl 3 KPUCTaMITIiB po3MipoM He MeHIe 10-20 HM,
nepeBepiuye piBeb 100 HM.

[lepeBaru: MexaHiuHe pO3THpPaHHS € HAWOIJIbII TPOJAYKTUBHUM CIIOCOOOM OTPHMaHHS BEJIUKHUX KiJIbKOCTEN
HAHOKPUCTAJIYHUX [MOPOLIKIB PI3HUX MaTepiasiB: MeTaJliB, CIIJIaBiB, KEpaMiKH Ta iH

Heponiku: HeMOX/IMBICTH OTpUMaHHS ApiOHOAUCHEPCHUX TMOPOILIKIB, 3a0pyJHeHHsI MaTepiajiom
dyTepoBKU, OKUCTAEHHS, BUCOKI BUTpATH eHeprii, Hu3bkuii KK/I.

\ OapabanHui \ BiOpaiiHui

e
/:




MexaHOXiMiYHUHA CUHTE3

CyTb MeToay: iHilitOBaHHSI XiMiYHMX peakilii Ha MOBEPXHi TBEPAOTO TiJja, 0 MiAJAETHCS MOJAPiIOHEHHIO,
BHACJiZIOK SKOT0 MiJIBUIYEThCA AePEeKTHICTh MOBEPXHEBUX 1IAPIB.

Po3Mip HaHOCTPYKTyp: MOXJIUBUM CUHTE3 KapOiAiB, HITPU/IB, 60PU/IB i IHIIUX CHOJIYK 3 Pi3HUM CTyIlEHEM
nedekTHOCTI i po3mipoM Big 10 HM. ArperaTy 3 YaCTUHOK JIOCSTAalOTh PO3MipiB JIEKIJIbKOX MiKpOMETPIB.

[lepeBaru: BigHOCHO BHCOKa NPOJAYKTHUBHICTb, MOXJIMBICTb OTPHMaHHSI HAHOKOMIO3UTiB, HaWOiJblla
€KO0JIOTIYHAa YMCTOTA.
Hepnoniku: 3a6pyiHEHHS OPOIIKY MaTepia/ioM PyTEPOBKH, 0OMEKEHICTh MiHIMaJIbHOTO PO3Mipy YaCTUHOK,

iX IIUPOKUM PO3MO/IiJ 3a p03M1paMH

; I'IopoumK KpemHito
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Cytb  MeToay: HacuuyeHHs  1NOBepxHeBOro Iapy BHpPOOY
BUCOKOEHEPreTUYHUX IiOHaMKW MeTaJsiB, 10 3abe3neyye ix
NPOHHWKHEHHSI HAa NMeBHY MMOUHY. [loTiM NpoBOAATH crHelniaJbHUNA
BiJiIIaJI.

[lepeBaru: TexHoIOTiYHUI CIIOCIO BIIpOBaAKeHHs AOMIIIOK MeTaJliB
y nienekTpuku. Ha BigmiHy BiA ioHHoro o6MiHy, 30J/ib-Tejb
TEXHOJIOTii MeTo/i 103BOJISIE HACUUyBaTH MOBEPXHEBUH 1Iap iOHAMU
Oy b-SIKUX MeTaJliB. Ctporuu KOHTPOJIb KOHILIeHTpaliil,
IPOCTOPOBOI'0 PO3TalllyBaHHS SIK [0 MOBEPXHi, TaK i 0 IVIMOUHI.

Heponiku: Ilpomec AOCUTh CKJAQJHUM 3aJeKUTh BiJ, BeJUKOI
KiJIbKOCTi paKTOpiB, lopore ycTaTKyBaHHSI.

3acTtocyBaHHA: CKJIO 3 IMIIJIAHTOBAaHVMMMU B IIOBEPXHIO MeTaJleBUMU
HaHOYACTUHKAMM HeOoOXiJHi JJi1 CTBOpPEeHHs HeJiHIiMHUX ONTUYHUX
cepe/loBHIll, KOMOIHOBAaHUX OINTOEJEKTPOHHUX TMPUCTPOIB i
MarHiTHMUX 3aMaM'siITOBYIOUYUX €JIEMEHTIB.

IoHHa IMIUIaHTaLig




BucokoTeMnepaTypHU# aBTOCUHTE3

CyTb MeTOZY: 3a PaXyYHOK BUCOKOEK30TepMiYyHOI peakliii Mi>k MOpoLIKaMU
BUXIJHUX KOMIIOHEHTIB, CIPpeCOBAHMMMU Yy 3aroTOBKY, B CUCTEMIi yepe3
HepiBHOBaXKHOCTI i edekT «mam'aATi GdopMHU» MPOAYKTH peaklii MamTb
HaHOPO3MipH.

MeTo/ aHaJIOTIYHMM NOLIMPEHHIO XBUJIi TOPIHHSA TiJIbKK B TBEPAOMY TiJIi.

[TepeBaru: CMHTE3 MaTepiajiB B OJHY CTaJil0, AKa He BUMAara€ BUCOKHUX
eHepreTU4YHUX BUTPAT.

Heposiku: BesiMka KiJIbKICTh arperoBaHUX YaCTUHOK, HEBUCOKUU BUXIiJ
I[IJIbOBOTO MPOJAYKTY, HEOOXiAHICTb TOHKOro NOJApPiOHEHHsS BUXIJAHUX
MOPOLIKIB.

3acTocyBaHHsI: MeToJ /03BOJISIE CUHTE3YBAaTU MOPOLIKU TYTOMJIAaBKUX
CHoJIyK, abpa3uBHI MMacTH, KepaMiKy, JeTajai Ta BUpo6U 3aJaHoi dopMH,

BOTHETPUBKI Ta BUCOKOTBEpPAI MaTepiaiu.



Bu6GyxoBe BUIlapOBYBaHHS

Cytb MeTtony: IlponyckaHHsl yepe3 TOHKUU ApiT (AiameTp R Ri Li
a0 1 MM) mortyxHoro iMmmysabcy crpymy (10 A/mMm2) — e e I e AVA e
NPU3BOSUTL IO MUTTEBOrO pO3irpiBaHHA NPOBIJHUKA 1 [0
BUOYXOBOTO BUMNAPOBYBaHHSI WOro MarTepiajay y BUIVIsAAI 4
HAaHOYaCTUHOK. @
Po3Mip HaHOCTPYKTyp: YJAbTPAAUCIHEPCHUX YAaCTOK MAKTh
BUCOKHUH 3amac BHYTPillHbOI eHeprii i po3mip Big 20 HM g0 1 2

100 mMkMm. L ool %

®!
I
|

[lepeBaru: IIpocTta TexHika, npoaykTuBHicTb 50-200 r / rog,
eHeproButTpaTtu A0 50 kBT rop / Kr.

Heposiku:  BUKOpUCTAaHHA  TiIBKM  CTPYMONPOBiAHUX
MaTepiasiB, MNOPOLIKM MAaKTh WMHUPOKHWM pO3MOALT 3a
pO3MipaM¥ YaCTHUHOK.

3acTOoCyBaHHS: CMHTe3y HAHONOPOIIKIB A/ KepaMiku Ha
ocHoBi Al,O3 3 antoMiHi€EBUX ApPOTIB.



IoHHe PO3IINJICHHA

CyTb meToAay: ANA BUNAPOBYBAHHA MeTaneBOi MilleHi BUKOPUCTOBYETLCA NOTOKM iOHIB BUCOKOT eHeprii.
MonepeaHbO IOHM NPUCKOPIOOTLCA | cenekTipytoTca. bombapayBaHHA 34IMCHIOETLCA Y BaKyymi. OcagKeHHA
NpPoBOAUTLCA Ha NiAKNAAKY.

Po3mip HaHOCTpyKTyp: MeTanesi knactepu atomis 2-100 Hm.

MNepeBarn: Metanesi HAHOYACTUHKK MANOro PO3MIpPY i BY3bKOro po3noaisny 3a po3amipammu.

Heponikn: CknagHe obnagHaHHS.

3acTtocyBaHHA: 3aCTOCOBYETLCA A1 OTPMMAHHA QYHKLIOHANbHUX NOKPUTTIB HA Pi3Hi maTepianu.

OTPaKEHHBIA MOH
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KaTogHe po3nuieHHA

CyTb MeTojay: pyWHYBaHHSl KaToJla B Ta30BOMYy po3psifi O6oMO6ap/lyBaHHSIM NO3UTUBHUMM iOHaMH
NpU3BOJUTH [0 YTBOPEHHS MOTOKY YaCTOK MaTepiasy KaToJa A0 aHoja (BificTaHb MiX esleKTpoJaMu 2-4
CM, TUCK iHepTHoOTO rasy - 0,1-10 [1a).

Ha aHopzi po3MilyoTh NiAKJIaAKY [Ji 0CaJP)KEeHHA aTOMIB MeTaJly.

Po3Mip HAaHOCTPYKTyp: MeTaJieBi YaCTKH 3 pO3MipOM YacTUHOK 6isibiie 20 HM i paKTasbHi arperaTu 3 UX
YaCTUHOK.

[lepeBaru: koedillieHT KoHAeHcallil 6JU3bKUNA A0 OAWHMUIl, TOOTO BCi aTOMM MOTPAIVISIOThL Ha MillleHb.
BUCOKA FHYYKICTb, JIETKICTh YNIPaBJIiHHS i MOXKJIMBICTb 6€3 HarpiBy OTpMMYBaTH HAHOYACTKU TYTOIMJIaBKUX
MeTaJliB.

Heponiku: ckyiagHe 06J1alHAHHSA Ta HU3bKa NPOJYKTUBHICTD.

3aCcTOCyBaHHA: YCTAHOBKM MarHeTPOHHOTO THUIY IIHMPOKO BUKOPHUCTOBYIOTbCA [JJi HAaHECEHHd Ha CKJIO
pi3HUX QYHKI[iIOHAJIbHUX HAaHOPO3MipHUX MOKPUTTIB: TEMJIO-i COHLIE3aXUCHUX, 3MIIJHIOIUUX, TPOBIJHUX,
boToKaTaNITUYHUX, eJIEKTPOXPOMHHUX.




MeTo/Z, MarHeTpOHHOIO pPO3IMUJIEHHA TPYHTYETbCA
Ha YTBOPEHHI Ha[, IIOBEPXHEI0 KaTo/Ja
KiJIbI[eno/[iOHOI MMJa3MU B pe3y/bTaTi 3iTKHEHHSA
eJIEKTPOHIB 3 MoJieKyJaMMu Tra3y (Hahudacrilie
aproH). Ilo3uTuBHi i0HH, 10 YTBOPIOKTHLCA B
po3pAfl, IPUCKOPHITHCA B HAIPAMKY KaTo/a,
60MbapAyIOTh MOro MOBEPXHIO, BUOHWBANOYM 3 Hel
YAaCTUHKU MaTepiany.

[oH aproHy po3raHs€TbCd B €JIEKTPUYHOMY MOJI i
BUOMBAE aTOM MaTepiany, SIKUHA OCa/KYETbCA Ha
NOBEPXHI MiJKJIa/IKH, YTBOPIOWYH HaA HiM ILJIiBKY.

MarsmeTpoHHe po3nUJIeHHS
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TepmiuHe BUNIapOBYBaHHA
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TepmiuHe BUNIapOBYBaHHA

Ilokpurrst AlO,4 EnekTpoHHHI 91

Ta3epHUA OPOMIHE
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BapiaHTH TUIJIIB JJi TEPMIYHOIO BUIIAPOBYBAHHA:

a) BUMApPHUK 3 METAJIEBOTO0 JIUCTA i3 3aXMCHUM MOKPUTTSIM,

6) MeTaJieBUM BUMAPHUK Y BUIVISIAI YOBHHUKAQ,

B) KepaMi4yHUU TUTeJIb i3 30BHIIIHIM HarpiBaJbHUM eJIeMEHTOM,
I') BUIAPOBYBaHHs Jla3epHUM a60 eJIeKTPOHHUM MPOMEHEM

Bax/1MBOI0 yMOBOIO BUOOPY MaTepiasy AJisl TUIJIS € BIICYTHICTb
XiMIYHOI B3aEMO/il Mi>K HUM 1 pe40BUHOI0, 1[0 BUIIAPOBYEThCA NPHU
BUCOKHUX TeMIlepaTypax.
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TepmiyHe BUnIapoByBaHHS

BakyymHu# yHiBepcanbHum noct BYII-5M

BakyymHui yHiBepcasibHui noct BYII-5M npusHadyeHud [ OTPUMAHHA IJIIBOK 3
pi3HUX MaTepiajliB 3 BUCOKOW NPOAYKTHUBHICTIO METOJAOM MarHeTpOHHOIO
pO3MUJIEHHS, @ TaKOX /JJisl NiAITOTOBKKM O06'€KTIB, AOCJI/P)KYBaHHUX 3a [OMIOMOrOI0
eJIEKTPOHHOTO MiKpOCKONa abo iHIIMX aHaJIiTUYHUX IPUJIAJIiB

-4-2
T
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O
O
O

[lepesazu: BifHOCHA IPOCTOTA YCTAaTKYBaHHA i KOHTPOJIIO IIPOLIECY,

Hedosiku: HA3bKa aJire3is NOKPUTTSA yHACAI0K MaJiol eHepril ocijlarouux Ha MiZiKJIaKy aTOMIB UM MOJIEKY I i
BUCOKA YYT/IMBICTb J10 HABHOCTI Ha MOBEPXHIi MiZIK/IaIKU CTOPOHHIX MJIiBOK i 3a0py/AHEHbD.

BryiuB 1Ux HeJoOJIIKIB MOXHa IMOHU3UTHU 3a PaXyHOK BHUKOPUCTAHHA Clelja/IbHUX METOAIB MiArOTOBKHU
noBepxHi (y/IbTpa3BYKOBe OYHUILEHHS TOBEPXHi, XiMiYHe OYUIIEeHHS, iOHHEe TPaBJIeHHS).



g Py =A-2
T TepmiuHe BUNIapOBYBaHHA

TeMnepaTypu nJiaB/eHHs i BUIAPOBYBaHHS eSKHUX €JIeMEHTIB

SmemMeHT T btep'C Kosddmmuenter  PexoMeHmyeMbls MATEpHANEI HOIAP HTENA

& B [IpoponoKH, TEHTEI THrna
Lg 851 1047 (11407 (148507  Ile, Ta Mo, C
10,78 14020
Al G600 1150 11,11 15630 W Z, BM, TiB2—EBEIT
Ay 1063 1465 1077 18230 W Mo Mo, C
Zr 1800 1205 {1200y (175607 W_ Ta =
(s} 1083 12732 1084 16580 WMo, Ta Mo, C, 41205
Ifo** 2622 2533 (1092 (30310 — =
I 1455 15310 {1240y (218400 W (EHCIEL
11.67 20600
Ed 1555 1566 10,58 12230 W 81704
Ft 174 2080 1175 27300 W ThOz, Zr04
Ta** 2888 3070 1212 40210 oo —
T1 1725 1246 (1037 (186407 W, Ta iZ, ThiDg
11,10 20110

TR 3382 3309 (11,36) (40260)

OnTUMaJIbHOK IHTEHCUBHICTIO BUNAPOBYBaHHS MPUMHATO BBAXXAaTH IHTEHCUBHICTb, IPU SAKiM mapliaJlbHUX
TUCK  NOapyd [OPIBHIOE 1,3 Ila. BiamoBigHa TeMIlepaTypa BHIAPOBYBaHHSI HA3UBAETbCSI YMOBHOIO.
Jlns antoMiHito BoHa gopiBHIoe 1150°C, ans xpomy - 1205° C, s migi - 1273 ° C, aas 3os0Ta - 1465° C.



Aekiiga 4

EaekTpoxiMiuyHI mmpolecu.'aanbBaHI4H1 AXKepeaa eHePrii.
EsnexkTpoxiMiyHi npouecu

EslekTpoaHuM noTeHUias. MexaHi3sM BUHUKHEHHS eJIeKTPOAHOTrO noTeHnjiany .PiBHaHHA HepHcTa
CTaHAapTHUU eJIeKTPOJAHUM MOTEeHIial

Pap Hanpyr MeTtasiB

OKMCHO-BiJHOBHI peaxlil

Enextpoau I-oro poay. Enektpoau 2-oro poay. OKUC/0Ba/IbHO-BiITHOBHUU €JIEKTPO/]

EstlekTpoau nOpiBHAHHA

[anbBaHiyHMM esnieMeHT . [asnbBaHiyHUM esieMeHT JlaHiensa -fko6i

PospaxyHok EPC rasibBaHiuHOro ejieMeHTa

0. KoHieHTpaliliHi rajbBaHiuHi eJleMeHTH

11. T'asibBaHIiYHI eJleMEHTH Ha OCHOBI OKUCHO-BiJHOBHUX pPeaKIlid B pO34MHaX.

12. XapakKTepUCTHUKHU rajJibBaHiYHUX €JIeMEHTIB

13. TepmojuHaMika rajibBaHiYHOTO eJeMeHTa

14. EneMeHT B KoJIi

15. Ilonsipusanig rajJbBaHIYHOrO eJieMeHTa

16. BosibT-amnepHa xapaKTepUCTHUKa . Po3psiiHa KpuBa
17. €EmHicTb mxepesa cTpyMmy . EHepria mxepesa cTpymy
18. TluToMi XapaKTEpUCTUKHU pKepesia CTPyMy ‘ .
19. CTpyM KOPOTKOTO 3aMUKaHHSA —

ROooNOUTA~WNE

Energy Source ‘

Direct Source Alternating Source

Dependent Voltage

Voitage and and Current Source

20. XapakKTepHUCTHUKHA 0OOPOTHUX JpKepeJs CTPyMy Current Source
21. EnexTpousi3 Boau
22. KomyTauia mxepes cTpymy

Voltage Source
(VCvs)

Current Controlled
Current Source

(cces)

Current Controlled
Voltage Source

(ccvs)

| | Voltage Controlled
Current Source

(vees)




EsekTpoxiMiuHi npouecu

EsekTpoxiMiuHi npoiecu - npouecy B3aEMHOT0 IepeTBOPEHHA XiMiYHOI Ta eJIeKTPUYHOI eHepril.
EnekmpoximiyHi peakyii cemepoz2eHHI | Xapakmepu3yrombubCsi NEPEeHOCOM 3apsidy [ peH08UHU YePE3 MEMCY
po30iny a3

MexaHi3sM BUHUKHEHHS €JIEKTPOJHMX IIOTEeHIiaJiB, IX KiJIbKiCHE BHU3Ha4yeHHsd, TMpPOLECH, HAKi
CYyNPOBO/KYIOTbCSI BUHUKHEHHSIM €JIEKTPUYHOTO CTPyMy ab0 BUKJIMKAHI €JIEeKTPUUYHUM CTPYMOM,

BUBYAKOTbCS 0COOJIMBUM PO3AiJI0M XiMil - esleKTpoxiMi€ro.

G,
.

8 +
oxidation
reactions

reduction
reactions




EjleKTpoaHUM MOoTEeHLiaI
Y BysJiax KpUCTaJIIYHOI pelliTKM MeTaJly po3TalllOBaHI i0HH, 110 3HAXOAATHCA Y PiBHOBa3i 3 BiJIbHUMHU
eJIeKTPOHaMU

Ment + ne- — Me

M, - aTom MeTany, M ,n* - ioH MeTaJly, N — KIJIbKICTb €JIEKTPOHIB, € - 3aps/ eJIeKTPOHa

MexaHi3M BUHUKHEHHS eJIeKTPOJHOr0 NOTeHiaay
MeTaJieBa IJIaCTHHA 3aHYPIOETHCS B MOJISIPHY piguHy (Bozay)

[Tpy 1bOMY BCTaHOBJIKOEThCA Me + mH,0 < Me(H,0)% +ne~

OKUCHO-BiITHOBHA piBHOBAra:

eJIEKTPO/L eJIEKTPOJ

pO34YUH

[1i0 dieto noasApHUX MoO/1€KYaA 800U IOHU NOBEPXHEB020 wapy memasy 2i0pamyrmucs I nepexodsims 8
PO34UH, 3apsi0H#car4u 11020 N03UMUBHO, d HAO/IUWOK e/1IeKMPOHI8 Ha MemaJii CMBopHE HecamueHUll 3apsi0.

[losiea HecamugHo20 3aps1dy HA e1eKmMpoOi nepewKodHcae auxody

o +
KamioHi8 8 pO34UH, YACMUHA KAMIOHI8 3 pO34UHY, 83AEMOJI0YU 3 —| + .
: - : METATT — + p‘D SUITH
e/1eKmpoHamu, 8Xo0ums y 8y3/1Uu KpUCma/ivyHoi pewimku memadsy. cl. +
Jocsazwu pisHocmi Mixc weudkocmsmu 8uxody KamioHI8 8 pO3YUH I ix |+ + ok
8X00XCEHHS1 8 MeMaJ/1 BCMAHOBANEMbCA OUHAMIYHA pIBHO8A2A. = g b
e +

EnekmpodHuii nomeHyias - pi3HUIA eJIEKTPUUYHHUX NOTEHILia/liB MiXK eJIEKTPOAOM i eJIEKTPOJIiTOM



MexaHi3M BUHUKHEHHS €JIEKTPOAHOr0 NoTeHiaay

[loABIMHNY eJIEKTPUYHUU LIAp Ha MeXXaX PO3/iay :

a) metana / MeTar, 6) meTas / po34uH, B) po34uH / pO34YUH.

[Ipu koHTaKTi IBOX $a3 HA MeXi iX po3/i/sy BUHUMKAE MOJIBINHUN eJIeKTPUYHUN 1ap.

[IprunHa — Hocii cTpyMy pi3HUX pazax 3HaXO[ATbCS B piSHUX YMOBaX.

3riflHO 3 2 3aKOHOM TepMOJIMHAMIKH , HOCII mepexogUTUMYTh 3 pasu 3 6iJbIIUM XiMIIOTeHLiasioM B pasy
3 MEHILIUM XiMIIOTEeHIliaJIoM, IOKU BisibHa eHeprisd ['i66ca cucTeMu He cTaHe MiHIMaJIbHOIO.

PesynbTaT - KodcHa pasza Habysae 3apsidy, a Ha medxci po3diay a3 sUHUKAE cmpubok nomeHyiay .
MexaHi3M BUHUKHEHHS1 CTpUOKa NOTeHIjia/ly Pi3HUH i 3a/I€KUTH BiJi NPUPOAY MEXKYIOTh das.

4




EsexTpoxiMiuHi npouecu

Me | Men*

Zn | Zn2*

Po34yuH
K MELL /

Me0 - né — Me"* gt )

n+ A 0
Me" + ne - Me Cucrema MeTaJs + pO34UH COJIi ILOTO
Ha rpanuui po3zisy npoTikamTb MeTaJy - eJIEKTPO/, IepIIoro poay
OKMCHO-BIZJHOBHI Iponecu

4



PiBHaAHHA HepHcTa

CDaKTOpI/I, 10 BININBAIOTb HA BEJIMYHUHY €JIEKTPOAHOI'O HOTEHI_[iaJIy

1. Tlpupojga MeTasay: YUM 6iJblIO0 XiMiYHOI aKTUBHICTIO Ma€ MeTaJl, TUM JieTlle BiH PO3YUHSETbCS, TUM
HeraTUBHIIIMHU NOTeHIial

2. KoHueHTpallis ioHiB MeTasy B pO34HHi: YHM OiJbIlAa KOHIEHTpalisl KaTiOHiB y pO34YHHi, TUM
IIO3WTHBHIIIE ITIOTEHIiaa

3. TeMnepaTypa: 3 NiABULIEHHSAM TeMIlepaTypH MOTeHI[ia/l CTA€ GiJiblI MO3UTUBHUM

RT
. — 4.0
PiBHaHHsa HepHcTa ¢Me"+|Me — ¢Me”+|Me + n_F In Appent

¢Me"+|Me y . . . . -
eJIeKTPOHMI MoTeHIian MeTany Me B po3uuHi, 0 MicTUThL KaTionu Me™, BoabT

0
¢Me"+|M€ CTaHJApTHUHN eJIeKTPOAHUM MoTeHIiaa, BoabT

R - yHiBepcasibHa rasoBa craina, )k \ moJsb - K

T - abcositoTHaA TeMnepaTypa, K

N - YKCJI0 eJIEKTPOHIB, 1[0 6epyTh y4acTh B €JIEKTPOJHOMY MPOILIECi,

F - noctiina ®apajes,

A pjen+akTUBHICTD i0HIB MeTasly B po34uHi (/111 po36aBieHUX PO3YMHIB piBHA KOHIleHTpaLil ¢), Mosb/M3



CTaHgapTHUM eJIeKTPOAHUMN MOTEHILiaJl

Axuo posrsagaTU MOTEHLiaJ MeTaldy B PO3YUHI MOro CoJi,
Tonpu P=1013 kllai T = 298 K akTuBHicTb MeTaJy i horo (P n+/ =
HoHiB piBHi Mix co6oro a(red)=a(Me). Me Me

¢O — CTAaHJAPTHUU eJIeKTPOJHUM MOTEHIiaJl.

BUHUKA€E INpPU 3aHYpPEeHHI MeTaJieBOro eJIeKTpoAy B
PO34YUH BJIACHOI COJIi 32 CTAaHAAPTHUX YMOB

(T= 298 K, koHueHTpalis KaTioHiB MeTany 1 mMoub.1l)
BUMIpPSIHUM BiZJHOCHO BOJJHEBOTO €JIEKTPOAY

BoagHeBUu enekTpos

IJIACTUHKA 3 MeTaJy (IJIaTMHA abo MmaJsajii), HacuiueHa BoJHeM (MpH
aTMochepHOMY TUCKY) i 3aHypeHa Yy BOJHUM PO3YUH, 1110 MiCTUTh i0HU
BO/HIO.

I[lomenyiasn naacmuHu 3aexcums 810 KOHYyeHmpayii ioHie H™ 8 po34uHi.

1. [I1aTUHOBUH €JIEKTPOL,

2. 'azomnoioHKUH BOJIEHD.

3. P0o34WH KUCJIOTH, B IKOMY KOHIleHTpalig H* = 1 mosb / 1.
4

)

. BogsHuit 3aTBOD, 1110 NEePENIKO/IKAE NONAJaHHI0 KUCHIO 3 MOBITPA.

. EnexTpostiTuuHU#M MicT (1110 CKJIaJJaEThCSA 3 KOHLIEHTPOBAHOTO PO3YUHY

Cl), mo pfgo3Bosiie TPHENHATU JAPYTry TMOJOBUHY TaJbBaHIYHOTO
eJieMeHTa.



M @ ’ Psaj Hanpyr MeTasiiB

— L

BuMiproBaHHS CTaHJAAPTHOTO €JIEKTPOJAHOTO MOTEHiany

Li K/ Ba Ca Na Mg . .
LI-+ K+ Baz+ Caz+ Na+ Mg2+ ByiactuBocTi pﬂ,ﬂy Hanpyr MeTaJllB
-3,05 -2,92 -2,90 -2,87 -2,71 -2,36

1. B psaai Hanpyr BilHOBHA 3JaTHICTb MeTaJIiB

Be T Al Mn Cr s 3MEHIIYETbCA, a OKHWUCJKBaJbHA 3[AaTHICTh IX
/Beer A’i“ /41.3+ A,mn %:r;hr /Zn2+ KaTioOHIB 36i/1bIIYETHCA.
-1,8%5 -1,63 -1,62 -1,18 -0,91 -0,76 2. Koxen MeTaJl 3/laTHU U BUTICHSATH
(BigHOBJ/IIOBAaTH) 3 PO3YMUHIB COJIEW Ti MeTaJiH,
Cr Fe Cd Co Ni Sn AKI MawTb Oijblle 3HA4YeHHHA eJIEKTPOJHOIO
/Crg+ /ﬁs-z+ e /Coz+ Au‘f’“ /Sn2+ MOoTeHIiaty.
-0,74 -044 040  -028 -0,25 -0,14 3.  Mera/u, 10 MalOTh HEraTUBHI eJeKTPO/Hi
MOTEeHIiaJIu, MOXYTb BUTICHATH KaTIOHU BOJHIO
H» Bi Cu Ag Hg Au 3 po36aBsieHux po3uuHiB kucaot (H,SO,, HCI).
AHJF /Bf3+ %:—:u2+ /ﬁg+ ng+ /4U3+

000 020 034 0,80 0,85 1,50



OKHMCHO-BIAHOBHI peakiil

_ LiKBaSrCaNaMgAIMnZnCrFeCdCoNiSnPb (H;) CuAgHg Pt Au

-e -
3,02 -291 -284 238  -1,05 -0,74 -040 -0,23 -0,13 +0,34 +0,85 +1,50
293 -289 -2,71 -1,66 0,76 044 028 -0,14 0,00 +0,80 41,20

\ J
'l' ] [
CepepbOi aKTUBHOCTI bnaropopgHi

Y npoiieci OKUC/II0BaJIbHO-BiJTHOBHOI peakIiii 8i0HOBHUK BiJila€ eJIeKTPOHU (OKUCIIOEThCS);
OKUC/1H8a4 TPUEJHYE eJIeKTPOHU (BiZTHOBJIKETHCS).

] —
| | | H) — 2¢~ — 2H"
B 0KHCHO-BiITHOBHUX peakKllisiX eJIEKTPOHHU BiJ, OJHUX a B 0
aToMiB, MOJIEKYJ ab0 iOHIB mepexosaAThb [0 iHIIUX. S " —2e =5 L
[Iponec Bigayvi eJIeKTPOHIB - OKMCJIEHHS. Alﬂ _ e Al+3
[Ipu okuc/1eHHI CTYNIHb OKUCJIEHHA NIJ8UWYEMbCA: 49 _ 43
Fe™ —e™ — Fe

0 — —2
0%+ 4e” — 20
[Tporiec npuegHaHHA €JIEKTPOHIB - Bi/[HOBJIEHHS. Mn™" + 5e~ — Mn™2
[Ipu 8i0H08.1eHHI CTYTIiHb OKUCJIEHHSA 3HUNCYEMbCA: G _ 0
Cr™° +6e” — Cr




EnexkTpoau l-oro poay

MeTaJl, 3aHYPEHUU Y PO3YMH COJI, L0 MICTUTh IOHHU LIbOTO X METaJy.

Zn e YMOBHMH 3aUC
Zn | zn2+

e EjsekTpoaHa peakwid:
/] Zn?*+ 2@ «—Zn°

e PiBHaHHA HepHcTa:




EnexTtpoau 2-oro poay

CHUCTEMaA, B SIKik MeTaJl MOKPUTHH IapOM BaKKOPO34YUHHOI COJIi i
3aHYPEHUU B PO3UYMH, 1110 MiCTUTb aHIOHH LIi€l COJII:

Ag

*  YMOBHWUM 3anuc
Ag,AgCl|CI
%" /] e EneKktpogHa peaku,ia:
gCi AgCl|+ & [~]Age + CI
* PiBHAHHA HepHcTa:
J
KCl L Pagagci/kct = Pagageker — 0059 - 1gc (CI7)




OKHUC/IIOBA/IbHO-BiJHOBHUHU €JIEKTPOJ,

CHUCTEMa, B siKill iHepTHMY MeTaJ (Pt, Au) 3aHypeHH# B pO34HH, 110
MICTUTB I0HU B PI3HUX CTYNIEHAX OKUCJEeHHA:

e YMOBHUH 3aITUC
Pt Pt|Fe?*, Fe3*

e EsekTpopaHa peakwid:
Fe3* + & & Fe?*

: 0,059  c(c C(Fe3)
. ¢Fe3+,Fez+ ¢Fe3+ Fe?t . Ig C(BOCCT.) E
: C(Fe?) :
FeSO, +
Fe,(SO,);




XJ10pCpiOHUN eNIEKTPOS

-le  cpibHAa TJIACTUHKA (JAPOTHK), TMOKPUTHH IIApOM
MaJIOPO34YUHHOI coJii cpibJia (TUIOBO XJI0PUAY) i 3aHypeHA B

HAaCUYEeHUM  PO3UYMH  XJOpuAy Kajiro. CxXeMaTUUHO
zanucyetbesa - Ag | AgCl | KCI | CI-.

[ToTeH1ia/IOBU3HAYaJIbHUMU € aHIOHU XJIOPUAY
EslekTpoHa peakiid:

Es1leKTpoau nopiBHAHHA

AgCl (u) & Ag + + CI- Y HacuyeHoMy po3uuHi KCl npu Temneparypi 25°C
NoTeHIias XJopcpibHoro enekTpoaa ¢ = 0,22234 B

KajsioMe/ibHUY eJIEKTPO

CKJIQ[AETbCI 3 TMJATUHOBOrO /[IpOTYy, 3aHYPEHOTO B
KpalJilo pTyTi, BMillleHy B HAaCUYE€HUU XJIOPHUAOM PTYTi
(kasioMeJIIl0) PO3YMH XJOpUAY Kauito. CxeMaTHUYHO
zanucyeTbed - PtJHg|Hg, | | CI2| Cl-.

EslekTpoHa peakiid:
Hgt + 2 = 2Hg'

Y Hacuyenomy po3uuHi KCl mpu temneparypi 25°C
NOTEHIliaJl KaJloMeJIbHOTO esieKkTpoja ¢ = 0,2412 B

po3unH KCI,
HacUYeHUIN KaNoMenNso

nacta 3 Hg i kanomeni
Hg
npobka

|~ AUCK 3

CK/IOKepamiku




l'aJibBaHIiYHHUH eJIEMEHT

['abBaHIYHUN eJIEMEHT - eJIEKTPOXiMiuHa CUCTEMA, 1110 CKJIAJAAEThCS 3 IBOX €JIEKTPO/IiB OY/b-IKOTO0
TUIYy, B Kii INPOTIKAa€E CaMOBiJIbHA OKHCHO-BiJHOBHA peakliis, eHeprid KOl NepeTBOPHETHCA B

eJIEKTPUYHY eHeprilo.

lasibBaHIYHI eJIeMeHTH - XiMiUHI JA)KepeJia CTpymMy

Tunu rasibBaHiYHUX €JIEMEHTIB

1. enexTpoxiMiuHI - JpKepeJsioM eJIeKTPUYHOI eHeprii € XiMidyHa peakiis.
2. KOHIIEHTpaAliMHI — /pKepesoM eJIeKTPUYHOI eHepril € Nmpolecyu BUPIBHIOBAHHS KOHILEHTpALin

PO34YMHIB.

[IpaBuI0 3anKCy raJibBaHi4YHOI O €/IeMEeHTa:
31iBa 3aBX/JAM NUIIETbCH €JIEKTPOJ 3 MEeHUIUM
CTaHJapTHMM  [OTEeHLjaJoM, Led  eJeKTPOJ
HasuBaeTbcsds AHO/IOM (A), Ha HbOMY BiGYBa€ThCsA
npolec okucaeHHs (-e).

[IpaBopyy nuIIEeTbCA €JIEKTPOJ, 3  OlJIbIIMM
CTaHJAPTHHUM  TMOTEHI[iaJioM, T[ed  eJeKTPOo/.
HasuBaeTbcad  KATOJAIOM  (K), Ha  HbOMY
BiZIOYBaETHCS Mpoliec BiIHOBIeHHS (+ e).

Zn,

i>0

-
ZnS0, g

AHoOJ - eJIeKTpOJ, Ha

SIKOMY BiZIOYBA€TbCS
IPOIEC OKUCJIEHHS

— @

Cug

Katon - enextpop, Ha
SIKOMY BiJIOYBA€ETbHCS
npouyec 8i0HOB/IEHHS,




2 e lanbBaHiyHuM es1emMeHT /laHiess -AKoo6i

KCI

. C

Z Cu?t
Zn30, CuSO,
CkJ1aiaeThCs U3 IBOX eJIEKTPOAIB | poay: IMHKOBOTO i MiJITHOTO
_________ Zn|znsO,;,  @°=-076B

»  Cu|cuso,; ¢°=0,34B



lanbBaHiyHUM es1eMeHT /laHiess -AKoo6i

YMOBHMM 3anMC raJibBaHiYHOTO eJIeMeHTa

() Zn | znsO, || cuso, | Cu
(+)
A60
zZn | zn* || cuz | Cu
Peaxiiii, 1110 MpOTiKaOTh Ha eJIEKTPOAax:
() Zn°-2e — Zn?*
(+) Cu?* + 2é — Cu®

CyMapHa CTpyMOYTBOpIOIOYA peaklis:

Zn° + Cu?* = Zn%* + Cu°
Abo

Zn + CuSO, — ZnSO, + Cu Zn | znso,; 0=.0,76 B
Cu | CuSO,; ¢°=0,34B

Enextpopymiiina cuna (EPC) - me pi3HUI eeKTPOJHUX MOTEHIlialiB E = ¢ _ ¢
KaTo/a i aHo/Zja B pO3IMKHYTOMY KOJIi FaJIbBAHIYHOI'O eJIeMeHTa ("‘) (')

E>O0



Po3paxyHok EPC raibBaHi4YHOr0 eJieMeHTa

Jea wasaxu

Po3spaxyBaTu 3a piBHAHHAM HepHcTa esileKTpoOAHI
MOTEeHIiaJIu KOXKHOTO eJIEeKTPOo/a, 110 BXoAUThb 10 ['E.
[Torim o6uncnutu EPC 3a opmysioro: E = @ () - @,
PospaxyBatu EPC 3a piBHAHHAM HepHcTta a4
CyMapHOI CTPYMOYTBOPIOKYOI peaklil, 110 NPOTIKAE
npu po6oTi I'E.

Hexau y I'E nnpoTikae cTpyMOyTBOpIOIOYA peaKLis: RT a3 g™t
viA+v,B — v,C+v,D E = E° ¢ D
1 2 3 4 = — n
nF  a)'-a;?
A B

piBHAHHA HepHcTa

v v

0,059 a/®-ay
- g Vl . VZ
a, -dg

E =EY

n

Zie N - YHUCJI0 eJIEKTPOHIB, 110 6epyTb y4acTb B po60Ti ['E
E, - crangaptaa EPC rasnbBaHiyHOro eieMeHTa

E® = 0% - 9%



lanbBaHiyHUM es1eMeHT /laHiesa-IKo0i

Conesuit @

— MIiCTOK
Zn(1)
Cu(r)

® ® @

® _®- -® o)
@
- @

© ©
® @

© AR ZnsO,(p-p)

PizHuuga norenniazsis 1,1 B

(-) Zn | ZnSO, || CuSO, | Cu (+)




KoHueHTpaniHi rajibBaHiYHi eJleMeHTH

CucTeMa 3 IBOX OZIHAKOBUX eJIeKTpoziB 3 pisaumu ~ (—) Ag | AgNOQO, | | AgNO, | Ag (+)

aKTUBHOCTSIMU (KOHLIEHTpPAL[iSIMU ) PO3YHHIB.

a, a;
EO — O aq < a,
. : . : RT a,
EPC 3as1exUTh Bif pi3HULI aKTUBHOCTEN PO3YHHIB! E=—I|n—
F aq
node I e ode
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l'asibBaHIYHI eJieMeHTH HAa OCHOBi OKUCHO-BiJHOBHMX peaKIliil B pO34MHaAX

OKUCII0OBaJIbHO-BIJHOBHI peakllil B pO34YMHAaX BiZj0YBalOThCS HA IOBEPXHi iIHEPTHHUX €JIEKTPO/IIB.
EsnlekTpoau € nvlle nepesaBayaMu eJIeKTPOHIB MiK I0HaMU, AKI y pO34MHI.
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2Feh +2e 2 2Fe“

Sn*2-2e=Sn*; ,°=+0.15B
Fe3*+ e =Fe?" ' p,°=+0.77B

Sn?* + 2Fe3* = Sn** + 2Fe?*
€°=@,-,°=0.77-0.15=0.62B

(-) Pt | Sn?* Sn* || Fe3*,Fe?*| Pt (+)



XapaKkTepUCTUKH raJibBaHiYHUX eJIEeMEHTIB

1. EnextpopyiiriHa cusa (EPC) rasbBaHiYHOrO eJleMeHTa - 3aJIEXKUTh BiJi MaTepiaay eJIeKTPOZAIB i
CKJIAZy eJIeKTPOJIITY.
EPC onucyembca mepmoOuHaMIiVHUMU (PYHKYISAMU e/1eKMPOXIMIYHUX npoyecie, wWo npomikaroms y
8u215101 pieHsiHHSA HepHcma .
2. EMHICTB eJiIeMeHTa - Lie KIJIbKICTb eJIEKTPUKH, Ky JPKEPesIo CTPyMy Bifaae npu po3psagi. EMHicmb
3a/1excums 8i0 mMacu HaKonuyveHux y dixcepesii peazeHmMi8 I CMyneHs ix nepemeopeHHs, SMEHWYEMbCA 3
NOHUMCEHHAM memnepamypu abo 36i/1bWeHHAM po3pPsI0HO020 CMPYMY.
Po3paaHa EMHICTb AxKepena - ue eNeKTPUYHUM 3apas, AKMN MOXKHa OTPUMATK Bif, AxKepena 32 KOHKPEeTHUX
YMOB MOro eKkcn/yaTauii.

Po3pdaaHa EMHICTB 3a/1€KUTH BiJl CUJIU CTPYMY PO3PAAY.

[lpuknan : 6aTaperka Ma€ po3psAAHy eMHIcTb 0,5 A X rof

(1xkn=1Ax1c, Togmi 1A x rog= 3600 Ku)

[Ipu ctpymi po3psaay 100 MA 6aTapeika npaltoe S roivH,

[Ipu cTpymi po3pagy 250 MA 6aTaperika npaijoe 2 roquHHU.
3. EHepria rasnbBaHIYHOrO eJieMeHTa YUCeJbHO AOPIBHIOE JOOYTKYy HMOrOo €EMHOCTI Ha Hampyry. I3
30I/1IbWEHHAM KIAbKOCMI peyo8UHU peazeHmMie 8 esemMeHmi 00 nesHoi Medxcl, i3 30i/1bWEeHHAM
memnepamypu, eHepeisi 3pocmae. EHep2ito 3mMeHuly€ 36i/1bWeHHS po3psi0H020 CMPYMY.
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XapaKkTepUCTUKH raJibBaHiYHUX eJIeMEeHTIiB

XapaKTepUCTUKU peaJbHUX eJIEKTPOXIMIYHHUX CUCTEM 1 KOHKPETHHUX THIIB JpKepesa CTpyMy
NOTYXXHICTb P, muTOMa noTyxkHicTh PoiuT,

eMHicTb Q, mUTOMa EMHICTh QIHUT,

e”Hepria W, nutoma eHepria Wy,

[ToTy>kHiCTb JOPIBHIOE JOOYTKY CUJIM CTPYMY Ha HANpPyTy i BUMipHO€EThCA B BaTax:
1 Batrt =1 Amnep x 1 BosibT = 1 Kysion x 1 BosibT / 1 cek = 1 /Ixkoynb / 1 cek

Jlns BuMiproBaHHA Q i W 3acTOCOBYIOThCS IO3aCUCTEMHI OJMHULLI:
* EMHICTb BUMipIOIOTh ¥ AMIiep - rogrHax (Aerox). 1Aerog=1A x 3600 cek =3600 Kur;
e eHeprio BUMipoTh y BaT - roguHax (BT e rox). 1Bt erox =1 Bt x 3600 cexk =3600 /Ix.

[IlnTOMa NOTYKHICTh BUBHAYAETHCA GPOPMyJIaMHU

Ul _uI
Prur = oy [BT/kr] P = v [Br/a]



TepMmoanHaMika rajibBaHiYHOTO eJIeMeHTa

EPC (Hampyra BiIKpUTOTO K0J1a) - Ile TEOPETHUYHA Pi3HUIIS MOTEHI[ialiB M’k MTO3UTUBHUM i HEraTUBHUM
eJIEKTPOJaMH MPH BiICYTHOCTI cTpyMy (esileMeHT PO3iMKHYTHUH).

EPC ogHo3HayHO noB's3aHa 3i 3MiHO0 eHeprii ['i66ca cTpyMoyTBOpIOOUO0i peakiiii EF=— E
F =96485 K / Mmosb - uncio ®apages, nk
N - YUCJIO eJIEKTPOHIB, 1[0 6€PYTh y4acTh B CTPYMOYTBOPIOIOYIN peakiiii AG = AH — TAS
di3n4yHa BeJIMYMHA, 110 BU3HAYAETHCA POOOTOK, SKYy BUKOHYKTb CTOPOHHI
CWJIM TpU MepeMillleHHI OJWHUYHOrO MNO3UTHUBHOIO 3aps/ly, Ha3WBAETbHCHA
eJiekTpopyuiHow cuiorw (EPC), mo Zie B eJIeKTpUYHOMY KOJTi F = — A_H + TE
nF nkF
EPC nopiBHIOE pi3HULI PIBHOBaXKHHUX €JIEKTPOJHUX
MOTEeHIiaJiB 1BOX eJIEKTPO/iB =E, —E_
0E\ _ AS
PiBHOBa&XXHMM €JIEKTPOAHWK TMOTEHIiaJ 3aJieXXMTb Bi MNpuUupoau <ﬁ)p T nF
eJIEKTPOHOI peakllii, TeMmnepaTypu i aKTHBHOCTEH pO3UMHEHHUX abo . o
ra3onofi6HUX peyoBUH BiAmoBifHO Jo0 piBHAHHA HepHcra Ja4 TeMHepaTypHHHUIfoed)l_ulEHT
OKHCJIIOBAJIbHO-BiJHOBHOI peakIjil . RT [laro EPC moB fA3aHH1H 13 SMIHOIO
E 0x) = on/Re ) + F| e eHTPOIII peakuii
Re d

PeanbHa Hamnpyra po3iMkHyToro koJsa (HPK), moxe nopiBHioBatu EPC, a Moke Biapi3usaTHCcsa Ha Acg .

[IpyynHa : Ha eJIeKTpPOAaX He BCTAaHOBJIIOIOTHCH PIBHOBAXHI MOTEHILia/IM Yepe3 NPOTIKAaHHA KPiM OCHOBHOI
peakIiii mo6iyHUX

[To6iyHi peakii WIKiAJIMBI, OCKIJIbKA BUKJUKAIOTh A0JATKOBY BUTPATY PEAreHTIB i 3HUXKYIOTh HANPYTY.



E/1eMeHT B KOJ1i

[Tpu nmigK/Ir0O4YeHHI eJleMeHTa [0 HaBaHTAKeHHS
£ — | +

(npu Hioro 3aMUKaHHi ) I
5 . 1
R+r |
r
BayTpimHiK onip [xepesia - BU3HAYAE CaJ HAIPYTU Ha HbOMY. A
Yum meHwe sHympiwHill onip dxcepesa cmpymy, mum 6iabwull cmpym I
po3psidy npu 3adaHiti Hanpy3i Ha 3amucka4ax dxcepea . R
@izuyHull 3mMicm 86HymMpIiwWHbL020 onopy dicepesa cmpymy — 8UHAYAE 020
KK/, mobmo egekmusHicmb nepemeopeHHs eHepzii MeXaHIYHO02o, 1 I f
MA2HIMHO20 YU XIMIYHO20 NOXOOMNCEHHS 8 eHep2ilo eeKMpPUYHO20 N0/
| I on
KK/ = :
R+r | |
Cnajg, Hanmpyru Ha omopi HaBaHTAXKeHHS 3MIiHIETHCS THUM OiJibllle, YUM
6isbIIa cUJia CTPyMy MPOTiKa€E yepes3 eJleMeHT _:l_

U - Hanpyza enemenma, A¢ - noasipusayis esemeHma,
| - cuna cmpymy, g,y - 8HYMPpIwHill onip esemenma.



Ilos1apu3sania raJibBaHIYHOIO eJIeMeHTa

[Tonsapusaris As MoXe CKJIaIaTUCS 3 eJIEKTPOXiMiYHOI, XiIMiYHOI Ta KOHLIEHTPALikHOI CKJIaJ[OBUX:

Ae = Agg; + &y + €konn
EsekTpoxiMiyHa mnoJsdpusania Ag,, 0O0yMOBJIEHa CHOBIJIbHEHICTIO eJIEKTPOXiMiUHOI  peaxiiii.
KoHueHTpaljiiHa noJisipy3alis Az~:K0HLl BUKJIMKAETbHCS CHOBIJIBHEHICTIO CTAAil MifiBeJ€HHS peareHTiB [0
eJIEKTPO/IB 1 BijBeIeHHA NPOAYKTIB peaKIlil.
XimiyHa nosgpusania €, BAHUKAE , AKI0 eJIeKTPOAHUN NpoLec CKJIaAHUM | BKIIOYa€e XiMidHI cTazil.
3a2anbHUll WASIX 3HUNCEHHS 8CIX CK/Aad08UX noAsspu3ayii ma nid8uwjeHHss makum YUHOM Hanpyau-
361/1bWeHHs NUMOMOI nogepxHi esiekmpodia

36i/1bWeHH memnepamypu i KOHyeHmpayii peazeHmis

3dCMOCYB8dHHA Kamajaimu4Ho-aKmueHUX eﬂeKmpodie




BoJsibT-aMmnepHa XapaKTepUCTHKA

U, B
['padiyne 300pakeHHs 3aJIeXKHOCTI HaNpyru
Jokepesna  Bif CUJM  CTPyMy  HA3UBAETHCA
BOJIbTAMIIEPHOI0 KPUBOK ab0 BOJIbTAMIIEPHOIO
xapakTepuctukow ( BAX).

KpuBa Ma€ Tpu JiJITHKU.
| i lll - ginAAHKYM pi3Koi 3MiHM HanpyrH ,
Il - ginsguka npubJAU3HO JiHIAHOI 3MiHU HANPYTHU.

Bci  ¢aktopu, 1wmo 30iabIIYIOTH  HaMNpyry,
NPU3BOJATH A0 NiJABUILEHHS MOTYKHOCTI JKpeJia

CTPyMY.

P, BTt

Ockinibku i3 30UIbIIEHHSAM CTPyMy Hampyra
eJleMeHTa 3MEHIIYETbCA aXX A0 HYJIA, OTYXHICTb
IPOXOAUTH Yepe3 MaKCUMyM IIpU [JedKOMY
cepelHbOMY 3Ha4Y€HHI CUJIU CTPYMY.




Po3psaaHa KpuBa

Y npoueci poboTu mxepesia cTpyMmy (B mpolieci Horo pospsjly 3pocCTae noJisipu3allis ejgeMeHTa) i
3MeHIyeTbcss EPC (He 3aBxau) 4epe3 3MeHIIeHHS KOHIEHTpalil BUXiHUX PEUYOBUH i 306iJblIEeHHS
KOHIIeHTpallii IpoAyKTiB peakllii (3a piBHIHHAM HepHcTa) Ta 3pocTae BHYTpillHIN omip .

CnocTepiraeTbcs crnaj, Hampyry BiIKPUTOTO KoJia Ha pKepeJsii CTpyMy 3 4acoM (THIOBA MOBeAIHKA )
BUHATKN: NOYaTKOBUM eTall po3psaAy MoOxKe CyNpPOBOJXKYBAaTUCH 3pOCTAHHAM HAaNpPyTy 4yepe3 Mepepo3no/ia
CKJIaZI0OBUX NoJisipu3aliii Ta / abo HarpiBaHHS.

KpuBa 3mMiHu Hanpyru - po3psaHa KpyuBa ( po3ps/iHa XapaKTEPHUCTHUKA) .

3araJJbHONPUNUHATHUX  TEOPETUYHUX  PIBHSHDb
pO3pALHOI KPHUBOI HEMAE.

XapaxkTtepsi ¢popmu PK U, B
| - miocka, Il - mosiora, Il - niHiNHA.

[neanbHa po3psiiHa XapaKTEPUCTHUKA Mae Gopmy
NpPSMOKYTHHUKA - PO3PsJ BiOYBAETHCS CTPOrO NMPHU
NOCTiMHINK Hanpysi i pisko 3akiHuyeTbcs npu 100%
BUYEpIaHHI aKTUBHUX PEYOBUH B €JIEKTPOJAX .
CraJsiicTh Hanpyryu - OCHOBHA BUMOTa.

Hai6isibm 6aM3bKa A0 Takoi ¢GOpMH ILJIOCKa
po3psiiHa  KpUBa, fKa  XapaKTEpPU3YETbCS
BHPA’KEHUM IIJIaTO - POO0OYOI0 HAMPYTOl0, IPU SAKIU
BifIoyBaeTbCcsl 0CHOBHA da3a po3psay.

Poboua Hanpyea 3asxcdu menwa EPC i modxce 6ymu
Hegu3Ha4eHol (KOJIM po3psiiHa XapaKTepUCTHUKa
6/1M3bKa J0 JIiHIHHOT) .




EMHICTHB AXKepeJia CTpyMy

EMHICTB JIPKepeJia CTPyMY - HAWOI/IbII IMPOKO BUKOPUCTOBYBaHA XapakTepuctruka X/C.
EMHICTIO Ha3UBAIOTb KiJIbKICTb eJIeKTPUKHU (3apsan), ke XAC 3JaTHUNA BUPOOUTH MPU PO3PSALI.
TeopemuuHa emHicmb 8U3HAYAEMbCA 3d 3aKOHOM Papades

__nFm
QTeop - 7 [KJI] U [A'FO,ZL]

PeasbHa emHicmb pisHa meopemuyHitl abo HUXc4a 3a Hei Npu HeNOBHOMY BUKOPUCMAHHI AKMUBHUX PEYOBUH 1
gumpamu ix Ha No6IYHI npoyecu.
dakTU4YHA EMHICTh MOXKe OyTH BHUMipsiHA LIJISIXOM MOBHOTO PO3PAAY /PKpeJia CTPyM MOCTIMHUM CTpyMoM I

npoTsirom yacy t i po3paxoBaHa 3a ¢popMys010:
Q(baKT =1t [AFOA]

[IluTomMa eMHicTh BUMipr€eTbcst B A-rox / r abo B A-ron / g

[Ipu pos3psaxi XAC Ha mocTiiiHe HaBaHTa)kKeHHS1 (HA MOCTIMHMH 30BHIiIHINA omip R) cTpym 6e3mnepepBHO
3MIHIOETHCS B 4aci. Y 1bOMy BUNIAJKy EMHICTb (3apsi/i) BU3HAYAEThCS iHTerpasioM A06yTKy |-t i € miomero mig
pPO3PALHOK KPHUBOIO

t t
1 Usp
= | Idt =— dt = —t
0= [ 1ae=7 | vae==
0 0

de U, - cepedHs po3psioHa Hanpyaa, Wo 8U3HAYAEMbCSL ycepedHeHHM YCiX MOYOK po3psidHOI Kpugoi.
Ha rasnbBaHiYHOMY esieMeHTI a60 aKyMyJIITOPi BKa3yEThCs HOro poboya Hanpyra i EMHICTb.

[IpukJiaj, - EMHICTb CTApTEPHUX CBUHILIEBUX aKyMYJISTOPIiB HaW4yacTillle CTAHOBUTH 55 - 65 A- rog.



EHeprisa gxepesa ctpymy
Enepris W, sKy BUpPOOJIsS€ mxKepesio CTpyMy (eHeprisi, ska mNepelaETbCsl B 30BHIIIHE HaBaHTaXKEHHS,
KOpHCHA eHeprisi, eHeprosarnac) - A06yTOK EMHOCTI /pkepeJia CTPyMy Ha po604y Hampyry.
AKkbu enekmpoximivHi peakyii 8 dixcepeai cmpymMy npomikaau 6 mepMoouUHAMIYHO 060POMHO, MO MeopemuyHa
eHepeis 6ysa 6 pieHa kopucHiii pooomi AG.

dakTuyHo, eHeprig MeHa AG. EHepria BU3HAaYa€ThCA MJIOLIEIO i/l PO3PSAJHOK KPUBOIO.

IIpu po3psidi nocmitiHum cmpymom | t
W= If Udt ~ U, It =U.,Q [/[x]uu [BT-rog]
0

[Ipu po3ps/ii HAa MOCTiMHEe 30BHIIIHE HABAaHTAXXEHHS R CTpyM HelepepBHO 3MiHIOETHCA B Yaci.

U ) Ugyt
I = R w :]IUdt :—]U dt = R @  [[Ix]um [BT-rox]




[IuToMi XapaKTepUCTUKH JKepeJsia CTPyMy

Hanpyra i EPC - - iIHTEHCUBHI XapaKTEPUCTUKHU pKpeJia CTPYyMY
(3aseszcams 8id BHympiwHix es1acmueocmell peuo8uH , 8id ixHboi npupodu , ase He 810 ix Kiabkocmi).

/xepesia cTpyMy OJHI€l esleKTPOXiMiIYHOI CUCTEMU MAKTh OJHAKOBY HAINPyry , He3aJsexKHO BiJg MacH i
reoMeTpU4YHUX PO3MIpiB.

[IoTy>XHiCTb, €Heprisi, €EMHICTb - EKCTEHCUBHI XapaKTEpPUCTHKH, MNPOMOPILiNHI KiJIBKOCTI peareHTiB,
(mpubM3HO MponopikHi Maci a6o 06'eMy mKepesia).

11 NOpIBHAHHA Pi3HUX eJIEKTPOXIMIYHUX CUCTEM BUKOPUCTOBYIOTh

[ITuTOMY EMHICTH

Quur = % [A-ron/kr] Qnur = % [A- rog /1]
[luTOMy eHeprito
714 714
Wy, = — [BT-rojg/Kr] Wy, = 2 [BT-rog/JI]

Xoua eHepezis dicepesna cmpymy supasxceHa y Bm eaxcausiwa, Hise emHicms (3apsid) Q
Ilapamemp “emuicms” 8xcusaemobcsi yacmiule, OCKiAbKU

1) emHicTb Jieriie BUMIpSTH;
2) eHepris 3a/IEXKUTb Bii peXXUMY PO3PsAAY, EMHICTh 3aJIeXKUTh BiJ| IbOT'O B MEBHIM Mipi.



Po3psaaHa kpuBa K PYHKILisI EMHOCTI

Po3psidHy kpugy moxcHa npedcmasumu sk 3a1edxcHicmb Hanpyau U 8id uacy po3psidy (0608 '513k080 8ka3yruu
cmpym po3psidy 1), a moxcHa npedcmasasmu 8 koopduHamax U - Q.

Y 1boMy BUNIQIKY pO3psi/iHA KpUBa OiJbI YHiBepcaibHA.

[IpoTe - EMHICTB Te€X 3a/I€KUTDh BiJ, CTPYMY, TUIIOBUM XapaKTep 3aJIeX)KHOCTI IOKa3aHWM Ha MAJIOHKY.

YuM 6/1mK4de pexkUM po3pAaay 10 PiIBHOBaXKHOTO, YUM MEHILIUK CTPYM 1 UMM [AOBUIWN PO3PAJ, TUM BULIUMU
€ EMHICTB 1 eHeprid.

[Ipu 36inbWeHHI cuau po3psiOH020 cCMpyMy U
3MEHWYEMbCA Hanpy2a ma EMHICMb Oxcepena.

€MHICTb, 3a3HaY€HAa B XapaKTePHUCTUKAX
(MapKyBaHHi Ha Kopmyci) — HoMiHa/bHA (AHOZ),
8I0HOCUMbBCA 00 KOHKPEMHO020 PEKOMEHO08AHO20
pexcumy po3pady




CTpyM KOpPOTKOI'0 3aMUKaHHA

Baxk/iuBa XapaKTepUCTHKA JpKpeJa CTPYMY - MaKCMMaJibHO JIOMYCTUMUU CTPYM PO3Ps/y , MAKCMMaJbHO
JIONyCTHMa NMOTYKHICTb i KpUTUYHE HANPYKEHHS .

EkcnuyaTaniss XiMidyHUX JiKepeJl CTPyMy B OiJIbLIOCTI BHUIAJKIB NMPU BEJHMKUX CTPyMaxX HEMOKJHBa abo
He/lOIi/IbHA (Yepe3 CUJIbHHUM Craji Hanpyru abo posirpis ).

CTpyM KOPOTKOIr0O 3aMUKaHHSA — MAaKCUMaJIbHUHU CTPyM, IKAM 3laTHUW reHepyBaTH raJibBaHIYHUM eJIeMEeHT
(koJ11 30BHINIHIN OMip JOPIBHIOE HYJIIO).

OCKiJIbKU CTPyMy KOPOTKOTO 3aMHUKaHHS BiAnoBiflae HysJboBa Hanpyra U = O, oTxe, HoMy BiAmnoBigae

TaK0>XX HyJiboBa MOTYXHicTb P = 0. ¥ npboMy pexxumi Bcs xiMiuHa eHeprisi CTpyMOYTBOPIOKYOI peakiii
IIEPETBOPIETHCH B TEILIO.

u

UkpHT4— — — — — — - - = =

Inon Ikz



XapaKTepUuCTUKH 000POTHUX JAKepPeJ CTPyMy

JI1s1 BTOPUHHUX JKepes CTpyMy (aKyMyJIATOPiB) BaXKJIMBUMM XapaKTEPUCTHUKAMU €
HOMIiHaJIbHe YU CJIO 3apASHO-PO3PASHUX LUKIIIB 1 BigJladya 110 EMHOCTI MQ.

_C
My=——<5

= <1
Qsap;m

3a O3HayeHHAM peaklii OKUCJEeHHS Ha3uBalTb aHOJHUMM peakljisMM, peakuil BIiJHOBJIEHHS -
KAaTOJAHUMU peaKUiaMu.

[Ipu po3psai mxepesa CTpyMy
AHOJIOM € HETAaTUBHUU €JIEKTPO/I «-», a KaTOJA0M IMO3UTHUBHHUU €JIEKTPOJ, «+».

[Ipu 3apsaai akymysisiTopa aHOJ i KaTOA, MiHSIOTBHCS MICIIIMU - TEPMiIHU «aHOJ» 1 «KaTO/» NPUB'sSA3aHi He
J10 TIOJIAPHOCTI eJIEKTPO/IB, a 0 HAIPAMKY CTPYMY.

[IpUNHATO KOPUCTYBATUCH TEPMiIHAMU «HETATUBHUU €JIEKTPO/» | «[TIO3UTHBHUM €JIEKTPOY.

Batapes (eseMeHT »KHBJIEHHS) - Ha3Ba /pKepesja CTPyMy /JJiss aBTOHOMHOTO >KUBJIEHHS
NOPTaTUBHOI'O IPUCTPOIO.

[IpepcraBisie co600 OAWUHOYHUM Ta/IbBaHIYHUM €JIeMEeHT, aKyMyJAaTop abo ix 00'€¢AHAHHA y
OaTapero /i 30i/1bIIEHHS HAllPYTH.



EnekTpois Boau

EjiekTpoJii3 Bogu € OAHUM 3 OCHOBHUX NMOOIYHUX MPOLECIB B TaJIbBAHIYHUX [DKPeJIax CTPyMy
CxeMa eJieKTpoJ1i3y BOAU

[Ipouec CTaHJapTHUM eJIeKTPOJHUH MOTEHIial
Ha nosutuBHoMy enektpozi : H,0 - 0,50, + 2H" + 2e E°,=1229B
Ha HeratuBHOMy esiekTpogi : 2H" + 2e — H, E°.=0,000 B
CymapHa peakunisa: H,0 - 0,50, + H, Ec=1229B

Peaxiii nmpoTikaroTh MapasieJibHO 3 OCHOBHOK CTPYMOYTBOPIHOKYOI PeEAKIIIELO,
Tomy Moke WTH i TIIBKH OJ1HA 3 IIUX HaMiBpeakI[ik ( KaToJHa abo aHOIHA ).

Juconianis H,O obMexxye MOXJUBY Hampyry JpKepesja CTPyM 3 BOJHUM €JIEKTPOJIITOM 3HaYeHHSAMU
npu6sn3Ho 1,5-19 B.

BinbwicTe  eJieKTpOXiMiYHUX  CUCTEM 3  BOJHUM
eJIEKTPOJIITOM MalThb HANpPYyry HUx4e 2 B.

3a paxyHOK eJIEKTPOJHOI MoJiipu3allii Ler Aiana3oH
MOe pPO3LIUPHBATHUCA

(ITpuksiag - CBUHILIEBUM aKyMyJISITOp , po604ya Hampyra
sKoro 6isbie 2 B).

EAeMeHA KuBAeHHS

Hzo—‘b Hz + Oz



KomyTania g:xxepes ctrpymy

[TocnigoBHe 3'efHAHHA
Usar = ) Uy E=)E
i i

~ N i Pi3HuIg moTeHIia/1iB BUHUKAE HA MeXi pO3iy « eJIEeKTPOJ | eIeKTPOJTIT».
=) ) B oguHUYHOMY JixKepeJli TAaKUX TPaHUlb JBi , IX HAIPYTU CyMYHOTbCH.
[Ipy nocnif0BHOMY BKJIKOYEHHI CYMYIOTbhCA HAllPYyT'U HA BCIX MeXax po3jiny
«EJIEKTPOJ, | eIeKTpOoJIiT»

3ara/jibHa EMHICTh 6aTapel 3 N eJIeMeHTIB [OPiBHIOE EMHOCTI oHOro ejieMeHTa: (sar = Q

Eneprisa spocrtae B N pasiB: W = Uy, Qg.r = NUQ = nW

Mapase/bHe 3'€qHAHHS [lapanienbHe 3'€AHaHHSA 3aCTOCYOThHCSA /151 30i/IbIIIEHHS] CUJIM CTPYMY, 1[0 pijlie.

‘;H' [Ipy mapasieibHOMY 3'€/lHaHHI JOMYCTUMO 3 €JHYBaTH JIMIIE OJHAKOBI MOJIOCH
I (rTroc o mIoca, MiHyc 1o MiHyca)+ BCi eJlIeMeHTHU MOBUHHI OYTH OJHAKOBHUMHU.
- |+
— || +
CyMyroTbCd €MHICTb 1 eHeprid, a 3arajibHa Hamnpyra
-:|+ JIOPIBHIOE HANpPy3i OAMHUYHOTO eJIeMEeHTa

U6aT — U:—) Q3ar - TLQ Waar = nW



Aekiga 5

['anbBaHIYHI JpKepeJsia eHepril

Knacudikaiiis rasbBaHiYHUX eJleMeHTIB
Hanpamu po3BUTKY eJIEKTPOXIMIYHUX CUCTEM
CosileBMM MapraHIieBO -LIMHKOBUM €JIEMEHT
JIy>kKHHMM MapraHieBO -IIMHKOBUM €JIEMEHT
PTyTHO-LIMHKOBUU €JIEMEHT
CBHHLLEBO-KUCJIOTHUMN aKyMyJIATOP
Hikesib-kagMi€eBi Ta HiKeJib-3aJ1i3HI aKyMYJIATOPHU
Hikenb-MeTanrigpuaHi akymyasaToOpu

JliTieBi mxepesa cTpyMy: NPUHIIMIUA POOOTHU
Cucrema JiTin-Boga

. JliTieBi mxepesia ctpyMy: Esektpostitu

Couti /11 e/1eKTPOJIITIB JIITIEBUX JKEpeJ CTPyMy
JliTiVi B e1eKTpOJIiTI

JliTik-noJiiMmepHi /pKepesia CTpymMy

ROoONOUTA~WNE

S S S SN
~AWNEFO




Kinacugikania rajibBaHIiYHUX eJIeMeHTiB

[lepBYHHI rajibBaHivyHI eJleMeHTH - Lie IPUCTPOI AJ1d NPAMOro epeTBOPEHHA XiMIYHOI eHepril, peareHTiB
(okucaOBaYa i BiJHOBHUKA) B €JIEKTPUYHY.
Peazenmu, wjo 8xodsims 0o ckaady dxcepesa, BumpayaromsCsi 8 Npoyeci tio2o pobomu, i 0ist NPUNUHAEMbBCS

nic/51 sumpamu peazeHmis.
[Ipuknaz rasnbBaHidYHOTO esleMeHTa € esieMeHT /laHiensa-Ako6i

BtopunHi mxepesia cTpymy (aKyMyJsTOPH) - MPUCTPOI, B IKUX eJIEKTPUYHA eHepris 30BHIIIHbOTO JKepesia
CTpyMy TNEepPeTBOPIOETHCA Ha XiMiyHYy eHepriro i HakomuuyeTbcs (eTam 3apsiy), XiMiuHA eHeprisg - 3HOBY
IepeTBOPIOETHCS B eJIEKTPUYHY (eTam po3psaay).

3araJibHi BUMOTH 10 XiMiYHUX JPKepeJs CTPyMy

* MakcuMaJIbHO MOXJIUBi 3HaYeHHA NIUTOMUX [TapaMeTpiB ,

* koMora mypmKM TeMnepaTypHUAM iHTepBaJ NpaLe3AaTHOCTI ,

* AlkoMora 6i/ibl1ly HaNpyTy ,

* [Io MOXKJIMBOCTI HEBUCOKY BapTiCTb OJUHUILI eHepril ,

o Jl/is1 aKyMyJIITOPiB BUCOKUU pecypc ( BeJIMKe YUCJI0 IUKJIIB) ,

* CTabi/IbHICTh HAMpPYTH ,

» 36epexeHHs 3apAany ,

* be3neka,

* BificyTHiCTh HEOOXiTHOCTI 06C/IyrOByBaHHS ab0 MPOCTOTa 06CAYrOByBaHHS.



Hanpamu po3BUTKY eJIEKTPOXiMiYHUX CUCTEM

Jl>xepesio cTpyMy MoO>KHa OOYAyBaTH Ha OCHOBI 6y/ib OKHC/I0BAJIbHO- Bi/ITHOBHOI peakiiii.
Ha npakTuii Habip BUMOT 0OMeXKY€E KOJI0O BUKOPUCTOBYBAaHUX PEYOBHUH.
[lepcieKTUBHUMM /11 MOXKJIMBOTO 3aCTOCYBaHHS B kpesiax ctpyMy € 40 - 50 cuctem.
Haiibinbim BigoMi TpajuIliiiHi AKpeJia CTpyMy 3 BOAHUM eJIEKTPOJIITOM CTBOPEHi HA OCHOBI cUCTEM
Pb - H,SO, - PbO, ( cBUHI€BUI KUCIOTHUN aKyMyJISITOP) ,
Cd- KOH- NiOOH ( Hikesb- KaiMiEBUN JY>KHUU aKyMYJISITOP ),
Fe -KOH - NiOOH ( Hikesib- 3a/1i3HUM JY>KHUNA aKyMYJISTOP )
Zn - H,O - MnO,,
Zn - H,O - Ag,0,
Zn - H20 - HgO.

Ao BpaxyBaTh BUMOTU BUCOKOI HANIPYTH i BUCOKUX NTUTOMUX XapaKTEPUCTHUK , TO

HEeoOXiZJHO BUOMPATH OKUCJIIOBAY 3 AKOMOTa OUIbII MO3UTUBHUM €JIEKTPOJAHUM NOTEHLIa/JIOM , a BiJHOBHHUK -
3 AKOMOTa OiJIbII HETATUBHUM.

Hali6inbw Hezamu8HI 3HA4eHHs NOMeHYIa/1i8 Mams AYHCHI Mma AYHCHO3eMeAbHI MemaJu .

No Peakiiis E% B Q_..™°P A.-ron/kr | Bimnocna nina 3a 1 A-rogx
1 Li—-e=Li* -3.04 3850 20

2 Mg - 2e = Mg?* -2.37 2100 1

3 Al —3e = AI** -1.66 2980 0.5

4 Cd — 2e + 20H" = Cd(OH), -0.81 440 20

5 Zn —2e = Zn%* -0.76 830 1

6 Pb + SO,% — 2e = PbSO, -0.36 260 2




CoJieBM MapraHueBo -HMHKOBUM eJIeMeHT

MapraHieBo -I[MHKOBUM ejeMeHT (eseMeHT JlekJiaHIle, COJIeBUM eJleMEeHT )
KaTo/, - ABookuC MapraHuo MnO, ( miposto3uT ) B cyMiuti 3 rpaditom (9,5 %) ,
eJIEKTPOJIIT - po3uuH xyopuay amoHiro NH,Cl 3aryueHuil KpoxmManaom 0 CyXOro CTaHy,

aHoO/I - MeTaJIeBUH LIMHK ZN.

[lepminii MapraHueBo-IIMHKOBUM ejieMeHT O0yB 3i6panuii K. Jleknanuie B 1865 p

[luToma eHeproeMHictb: 67-99 Bt - rox / Kr (TeopeTH4YHA)
10-30 BT - rog, / Kr (peanbHa)

[TutToma ryctuHa eHeprii : 122-263 Bt - rog / am 3.

EPC: 1,51 B. Po6oua Temneparypa: Big -40 go +55° C

Hepousiku

1) pi3ke 3HMKEHHS HANPYTHd OPU PO3Psi, 10 TPU3BOAUTH [0
MaKKe JIIHINHO NaJjalovyoi po3psaAHOl XapaKTepUCTHLL;

2) pi3Ke NnoripiieHHs napameTpiB NpU HEraTUBHIN TeMmepaTypi
i mpu 36i/bIlIEHHI CTPyMOBOTO HaBaHTAXKEHHS

3) He BUTPUMYIOTb iMNYJIbCHUX PEXXUMIB pO3psay.

aHO/J-
CTaKaHYUK
372N

Kopx Jlexnanie
(1839-1882)

ByTJIEllE-
BUU
CTepKeHb

KaTo/

1
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CTaKaH4YUK
3 Zn

2MnO3 + 2NH4C1 + Zn= 2MnOOH + Zn(NH3)5Cl + Hy0



CoJieBMH MapraHueBo -UMHKOBUM eJIeMeHT

[Ipy npoxo[KeHHI CTpyMy eJIEKTPOHU NPOXOAATH Yepe3 30BHILIHE
HaBaHTaXXEHHS 3 IIMHKOBOTO €JIEKTPO/Jia Ha BYTUIbHUM CTepP>KEHb.
BinbyBatoThcs Taki peakiiii:

Aoz ZN — ZNn%t + 2e-

Ha ByrizibHOMY cTep:xHi e/leKTpOHM BifHOBAIOTH H30O * - ioHIB :
Karop : 2H;0" + 2e- — H,+ 2H,0

lonn H;0" yTBOoprotoTeca npu poskazai NH, -ioHiB esekTpouiTy:
NH,* + H,O < H;0" + NH;

P~ e Cymiw rpadity i MnO,
Zn Enektponit
[Ipu BigHOBJeHHI H;O*- ioHIB yTBOpIOETbCA BOAEHb, AKHW He MOXe BifJa/luTHCA (KOPIYyC TepMeTUYHHUU) i
YTBOPIOE HABKOJIO BYTIJIbHOT'O CTEPKHSI MPOIIAPOK ra3y. Pe3ysbTar - moJisipusaiiisi ByTriJibHOro ejiekTpoaa) . CTpym
3racae. lllo6 yHUKHYTH yTBOPEHHS BOJHIO BYTiJIbHUN €JIeKTPOJ OTOUYYIOTh WAapoM Aiokcuay MapraHuio ( MnO, ) .
Y npucyTHoCTi Aiokcuay Maprannio H;O" - ioHH BiJHOBJ/IIOIOTECS 3 YTBOPEHHSM BOJMU!
2MnO, + 2H;0* + 2e- — 2MnO(OH) + 2H,0 [liokcu MapraHuio - AenojisipusaTop .
Enextponitr NH,CI gucouirwe : 2NH,CI + 2H,0 < 2NH3; + 2H;0* + 2CI-
YTBopeHi Ha KaTo/i ioHU ZN?* HaAXOAATH B PO3YMH i yTBOPIOKOTh BaXKKOPO3YHHHI COJII |
Zn?* + 2NH3;+ 2CI- — [ Zn(NH3), ]Cl,
3arajiom :
AHop: Zn - 2e- — Zn?* Kartog : 2MnO, + 2H;0" + 2e- —» 2MnO(OH)+ 2H,0
Po3uuH enektposity: Zn?* + 2NH,* + 2CI- + 2H,0 < [ Zn(NH,;), ]Cl,+2H;0*
3arajsibHa peakuiq : Zn + 2MnO, + 2NH,Cl — 2MnO (OH) + [ Zn( NH3),]ClI,
[lix yac po3psjiKu LIUHKOBUH CTaKaH PO3UYMHSETbCA. [l[06 YHUKHYTH BUTIKaHHSI €JIeKTPOJITY abo NpPOJYKTiB
peakxiil IMHKOBUM CTaKaH Ma€ 3anac N0 TOBIMHI a60 0TOYeHUH 3a/1i3HOI0 3aXHMCHOK 0060JI0HKOIO



CoJieBMH MapraHueBo -MHKOBUM eJIeMeHT

s coneBux Zn - MNO,, eseMeHTIB XapaKTepHa
CUJIbHA 3aJIEKHICTh PO3PAJAHOLI EMHOCTI BiJ CTPyMYy.

ToMy  NOHATTAMHU  «HOMiHAJIbHA  €EMHICTb» |
«HOMIiHAJIbHUH CTPYM» KOPUCTYIOTbCS PiJIKO.

TemnepaTtypHa MeXa npane3aTHOCTI eJieMeHTIB
JleksaHile 6/13bK0 -20°C (HMXK4Ye He MpaIloioTh).
36epexxeHHsI 3apaay (EMHOCTI) - BiA JeKiJbKoX
MmicauiB g0 1 - 3 pokiB. 30epexeHHs CUJIbHO
3aJIe)KUTh BiJ TeMmepaTypu 36epiranHsa (2 — 3
Micani npu 45°C npupiBHOKOTBCA A0 1 pOKy mnpu
25°C).

[Ipu Temneparypi -20°C MoXyTb 306epiratucs
pokaMu 6€e3 iCTOTHOTO 3HMXKEHHSI TOKA3HUKIB.

E.B
1.4
0.7
200 r4 100 pxd 20mA 10 A
0 1 2 3 4 5 Q, A*uac
E.E
1.6 1
0.7
-40 C =20 C odc + 20 (
0 Il 3 3 4 5 Q. A*uac



Jly:>KHU MapraHueBo -IlTUHKOBUM eJIeMEeHT

Kartop - aiokcupg Maprasiito,
AHOJ1 - MTOPOLIKONMOAIOHUMN IIUHK

L
E/leKTpoJIiT - po34uH Jyry (TiApoKCcUA, KaJliio). ‘U‘G) b o)
2 g
[lo kOHCTpyKLii NOAIOHUN HA COJIbOBUM, aje OCHOBHI YaCTHUHU B HbOMY 38
pO3TallOBaHl Y 3BOPOTHOMY ITOPALKY. g
AHonHa mnacta (3) y BUMMISAI IIMHKOBOTO MOPOIIKY, MPOCOYEHOTO 3arylieHuM Dg
JIY’KHUM €JIEKTPOJIITOM, pO3TAIIOBYEThCS Y BHYTPIIIHIA YaCTHUHI eJleMeHTa i Ma€ 4 2-
HEeraTUBHUM MOTEeHIiaJl , IKUU 3HIMA€ETbCA JIATYHHUM CTepkHeM (2). Do
Big akTuBHOI Macu (Aiokcuay MapraHii 3MimaHoro 3 rpadiToM a6o cakero)
(5) aHogHa macra BigmisieHa cemapatopoM (4) , TakKoX MPOCOYEHUM
ejJeKTpoJsiToM. /JlogaTHIA  BUBIJ BMUKOHAHUM Yy BUIJIAAI CTaJEeBOTrO 1

HikesiboBaHOTO cTakaHa (1) , a BifeMHu# - y BUrisi ctaaeBoi Tapiiku (9).
O6os10HKa (6) i30/1bOBAHA Bij cTakaHa i 3amo6ira€ KOPOTKOMY 3aMHUKaHHIO, SIKe
MOXXe BUHHUKHYTH IpPU BCTAHOBJIEHHI [eKiJIbKOX eJeMeHTiB B 6aTapelHUU
Bizcik. [Ipoksiagka ( 8 ) KOMIeHCy€E TUCK rasiB, 1[0 YTBOPIOIOTHCS MPU POOOTi. A
BuisieHHd ra3iB B JIY>KHOMY eJIEMEHTI 3Ha4YHO MeHIle , HiXK Y COJIbOBOMY , TOMY
00€M KaMepH AJs iX 360py TKOXK € MEHIIHM.

[lnsa 3amobiraHHa BUOyxy 6aTapei NHpu HeNpaBUJbHOMY BUKOPUCTAHHI
(HampuKJa[, , KODOTKOMY 3aMUKaHHI ), B Hill € 3ano6i>kHa memo6pana (7) .

o v A w N

[Ipu nepeBuIlleHHI THCKY rasiB Bifj0yBaeTbCs pO3pPHUB MeMOpaHH i
po3repMmeTusalid eJjeMeHTa — Pe3yJbTaT - IPOTIKAHHSA eJIEKTPOJIITY.




Jly>KHU MapraHueBo -IlIUHKOBUM eJIeMEeHT

TunoBi XapaKTepPUCTHUKHU JIY?)KHOTO €JIeMeHTa CTPyMy

EPC enemenTa: 1,5 B;
[ITuToma eHeproeMHicth : 65-90 BT - rog / kr;

[IpuHII po6OTHU

Ha aHozi npoXoaATh peaklii OKUCJIeHHH [JUHKY.
CnoyaTKy yTBOPIOETLCA TiPOKCU/, LIUHKY :

Zn + 20H- — Zn(OH), + 2e-,

SIKMM MOTIM PO3KJIAaJAAETHCA HA OKCUJ, LIMHKY i BOAY.
Zn (OH), — Zn0O + H,0

Ha kaTozi BinbyBatwTbhca peakil BigHoBaeHHSI okcuay Mmapranupo (1V ) B (I1):

1

@
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5
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XiMiyHi nipoliecy BcepeuHi esieMeHTa npy BUKOpUcTaHHI KOH gk esleKTpoJsiiTy MOXXHA ONKUCATHA PIBHAHHAM:

Zn + 2KOH + 2MnO, + 2e- — 2e” + ZnO + 2KOH + Mn,04

Ha BigMiHy Bif COJIbOBOrO ejieMeHTa , B JIY?)KHOMY eJIeKTPOJIITI B Mpolieci po3psaKu 6aTapel eJeKTPOJIIT He

BUTPAYAETHCS, TOOTO JOCTAaTHBO HOTroMaJiol KiIbKOCTi.

JIy>)kHUH eJleMeHT Ma€ Ty » pobo4y HaNpyTy, 1110 i 3BUYaliHUN MapraHieBo-1IIMHKOBUH, ajie Ma€ GibIili
XapaKTePUCTUKU. EMHICTb, CTPYM pPO3psAy, TepMiH 36epiraHHs i po6o4urii Jiiara3oH TeMIepaTyp.

[lepeBaru

EMHIcTB - B 2-10 pasiB 6isibIla, Hi2K y COJIbOBUX eJIEMEHTIB (3a/IeXKHO Bij] peXKuMy po60TH).

MeH1uM caMmopo3psiji, TPUBaJIUN TEPMiH 36epiraHHsA
Kpaiia po6oTa npu HU3bKHX TeMIepaTypax
Kpaiiia po6oTa npu BeJIMKUX CTPyMax HaBaHTaXKeHHS

aveeat
L~ \Q\me\‘a‘i



PTYyTHO-IIMHKOBMI1 €/1EMEHT

Kartop — okcup pTyTi,
AHOJI - TUHK
E/eKTpoJIiT - po34uH Jyry (TiApOKCcUA, KaJlilo).

HgO(s) + H0(2) + 2¢™ —> Hg(2) + 200 (sq) =~ ¢ KarTo/Ha miBpeakuia HgO + H,O + 2e = Hg + 20H-
e e
AHojHa niBpeakuiss ~ Zn + 20H" = Zn(OH),y + 2e um
Cathode (steel) Zn + 20H- = ZnOJ + H,0 + 2e

Anode (Zn can)

\l CymapHa cTpyMoyTBopiowua peaknigs Zn + HgO =Zn0O + Hg

Insulation

U, B
1.4+
Electrolyte solution containing KOH 121
and paste of Zn(OH), and HgO )
PTyTHO- UMHKOBI €JleMeHTH MalTh, K CTA0I/IbHY
EPC =1.352 + 0.002 B, 1110 He 3aJIe2)KUTh BiJ CTYIEHS PO3PSAAY =004 C j=0.004 C
i TeMIepaTypHu. j='01C
I |

EJleMeHTH 3aCTOCOBYIOTbLCA TAKOX K €TaJIOHU HAIIPYTH. 0 60 100,

BUroTOBASAIOTBCA Yy BUMJIAAI TepMETUYHUX  JUCKOBUX
esleMeHTiB Masioi eMHOCTi - Big, 0.05 A rox 1o 15 A rog.



CBMHIEBO-KHMCJIOTHUI aKyMY/ISTOP

CBUHIIEBO-KHUCJIOTHUN aKyMyJSTOP - HAWOiJNbIl MOLIMPEHUNA HA ChbOTOAHIIIHIN JleHb THUIl aKyMYJISITOPIB,
BUHaWAeHui B 1859 poni ¢pannysbkum ¢isukom 'actonom [lnanTe.
OcHOBHI 06/1aCTi 3aCTOCYyBaHHS: aKyMYJISITOPHI 6aTapei B aBTOMOOiJIbHOMY TPaHCIOPTI.

+) PbO, + 3H* + HSO, +2e <> PbSO,{ + 2H,0

) Pb + HSO, <> PbSO, + H* +2e

JlopaTHiit enextpon, PbO,
IIpu 3apapai—aHop,
[Ipu po3psai - kaTozx

CymapHa CTpyMOYyTBOPIOIOYA peakKIiis

BigeMuuu
pospAA enektpon, Pb
PbO, + Pb + H,S0, <> 2 PbSO, + 2H,0
3apan, [Ipu 3apapai-— katof,

Hanpyra BigkpuTtoro kosa = EPC = 2.047 B npu 25°C [pu po3psAi —aHoA

aAg2504

RT
E = 2041 + In
F Ap20

P HySO, | CM | ayps0s | ap20 EPC,
r/em® | mac. % B
1.20 28 3.43 1.14 0.78 2.059
1.30 40 5.31 34.6 0.57 2.154




36% H,SO,

CBMHIEBO-KHMCJIOTHUI aKyMY/ISATOP

po3psia
Pb+(2H*+S0,2)-26¢ «———*
3ap

PbSO,+ 2H*

AN

PbSO, |PbSO,

PbO,+(2H*+S0O,%)+2H*+2¢

PbSO,+H,0

po3psin
4—

3apsiy

PbO, + Pb + H,SO,

po3pin >

2PbSO, + 2H,0

PbO, macta B Pb citmi

(xarox)
Pb macra B [TopyBaruii cemapartop
Pb ciTui
(aHom)



U,B

ﬁ(_‘

INMeKTROJOTE BEOOEBL

H,0 = H,+ 112 0,

j=01C
0 ’ 30 ’ 100 Q%
U, B j=01C
| -soc -20C 25 C
: : : 9,
20%  S0% I00ve &

CBUHLEBO-KHCJIOTHUM aKyMY/ISTOP

KinneBa Hampyra po3psiy Huk4e mnodaTkoBoi Ha 0.2 B i
cksagae 1.8 B gasa manux ctpymiB Ta 1.2 - 1.5 B 111 BeJIMKUX.
Jlpyra nosioBMHa 3apsijly MOXe CylnpoBO/>)KYBaTUCS BUJIiJIEHHAM
0, Ha TO3UTUBHOMY eJIEKTPOJ,.

/i1 NOoCSATHEHHSI MOBHOTO 3apsi/ly MOro MpPOAOBXYIOTb MicJs
cTpubKa Hanpyru go 2.6 - 2.7 B npu Buginensi H, i O, Ha 060x
eJIEKTPOAax.

HeoJs1iK¥ : EMHICTB CUJIBHO 3a/1€KUTh BiJl CTPyMY.
3MmiHa emHocTi nomiTHa npu | = 0.05 - 0.2 C.
EMHICTDb 3a/1€2KUTh BiJi TEMIIEpaTypH.

[Tutoma enepris : 10 - 40 Brrog / kr a6o 50 - 90 Bt rog / .
Pecypc ctaptepHux CA ctaHoBUTb 3 - 5 pokiB (200 - 400 nukiB),
Pecypc TaroBux i craniionapaux CA - o 1000 - 2000 uukJiiB .



Hikesib-KagMi€Bi Ta HiKeJ1b-3a/1i3HI aKyMy/JIATOPHU

[Tutoma eneprig HK i H3 akymyasaTopiB Taka K, ik y cBuHLeBuUx - 20 - 35 Bt rog / kr a6o 40 - 70 Bt ron / 71,
ajie BOHM MaloTh HabaraTo 6inbni pecypc - A0 2000 HUKJIIB , MOXKYTb PO3PSPKAaTUCH BEJTUKUMHU CTPyMaMu
(70 10C) i MOXKyTb BUTOTOBJISITUCS B IOBHICTIO TEPMETHUYHIN 000JIOHII].

lepMeTuyHi - Tibku HK akymynsaTopu , aasa Hux eHepris 30 - 50 Bt rog / kr a6o 60 - 150 Bt ropa / 1.
HK maroTh Kpauii xapaktepuctukuy Hixk H3, asie B HUX € OPOTUM | TOKCUYHUM KaJMiH.

i % i o/IaTHiii moJiroc
Fe Mae He3HayHO 6iNBIINNA HEeraTUBHUU Honatniii o

PIBHOBQKHUM eJIEKTPOJAHUM MOTEHILiasl

(E° = -0.05 B), Hi>k BOZAHEBHI1 €JIEKTPOJ, TMopomkysarnii %
a Cd 6inbin nosutuHuit (E° = +0.02 B). KaaMieBuii i

eJieKTpoj (anom) &
Hacnigok - Fe postamoBaHuu B pany #
"Hanpyr Jisiwe H, a Cd — npasime. To6To, Cenaparopu %
aias Cd mpouec koposil 3a paxyHOK Cepuesuna 7
BUTiCHeHHd H, 3 BOAM HEeMOXJUBUH, a L
Fe Mo>xe OBIJIBHO KOPOZyBaTH. Hikenesmuii &

€JIEKTPOJ

(xaTopx)

HeraruBHuii moJioc



Hikesib-KagMi€Bi Ta HiKeJ/Ib-3a/1i3HI aKyMY/JIATOPHU

=) Cd + 20H- <> Cd(OH), + 2e
(+) NiOOH + H,O + e <> Ni(OH), + OH"

Radie Maek

g i

CEVEN MOUR
NCXKEL Catwim
BATTERY CranGerm

CymapHa CTpyMOYTBOPIOIOYA peakKIiis

po3paL
Cd + 2 NiOOH +2H,0 <> 2 Ni(OH), + Cd(OH),

3apsn

Ha no3uTHBHOMY eJIEKTPO/i NPOTIKAKTh CKJIAJHI NIPOLIECH , OCKIJIbBKU OKCUU HIKEJII0 iICHYIOTb Y JeKiJIbKOX
Moaudikanisax , o BigpisHawThca cTyneHeM rigpartanii ( NiOx - yH,O ).
Yepes yTBOpeHHS NpU 3apsAAi OKCUAIB 40TUPboxBaJieHTHOro Hikesito HBK akymynsaTopa gocsarae 1.45 - 1.7 B,
1m0 nepeBullye TeopetudHe 3HaueHHsa EPC - 1.30 B gs11 HK i 1.37 B gsisa H3 .

[TocTtynoBo Buili okcuau po3nagarTbes i HBK crae piBHoro 1.30 - 1.34 B anga HKi 1.37 - 1.41 B gy H3 .
EnexTtpositom € 20 - 28 mac . % KOH. Jlyr He 6epe y4yacTi B CTpyMOTBOpPYil peakiiil.

[Ipu po6oTi g0 — 15°C BukopuctroBywTb 20 % KOH 3 gogaBanusam 10 / a1 LIOH,
no0 -40°C - 28 % KOH g5 36i/1b111eHHS €JIEKTPONPOBIJHOCTI Ta 3MEHILEHHSI TEMIIEPATYPH 3aMeP3aHHS.
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Hikesib-KagMi€Bi Ta HiKeJ/1b-3a/1i3HI aKyMY/JIAATOPHU
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Hikesib-KagMi€Bi Ta HiKeJ1b-3aJ1i3HI aKyMY/JIATOPH

EdexTt nam'saTi

Po604a peyoBUHA B aKyMyJIITOpaxX NPUCYTHS Y BUIVIA/I KpUCTaliuyHUX popM. Kpuctanu B HOBill KoMipIli
MaJil Ta IX CTPYKTypa HeoLHOPigHa.

[lam'ATTIO HA3UBAETHCS POPMYBAHHS KPYNHUX KPUCTATIUHUX HeoAHOpiAHOCTeH. [IeBHA 06J1aCTh KOMipKH
CTA€E HENPUJATHOW [Jii BUKOPUCTAHHS, TOMY ii €EMHICTh 3MeHIIYEThCA (3MeHIIEeHHS IJIOMli MOBepxHi
aKTHUBHOI pEYOBUHU).

KoMmipka 3 KpynHUMHU
KPUCTAJIIYHUMHU YTBOPEHHAMU



Hikenb-MeTaariapuaHi akymyaaTopu

Hikenb-metanriapuanuit  (Ni-MH) akymynaTtop 3'aBUBCA K
eposoninaum HK cucremun B pesysnbTaTi 3aMiHM KaJMi€BOTO
eJIEKTPO/la Ha BOJHEBUU €JIEKTPOJ,

[IpuynHU
1) HemocTaTHBLO BHCOKa IbHICTb eHeprii CA, HK i H3 cucrewm;
2) ekoJsioriyHa He6Ge3meKa CBHHIIIO i Ka/[Mil0 Ta iX CIIOJYK.

[Ipu 3apsaai  akymysasTopa HeraTUBHUM €JIEKTPOJ, TeHepPYE
ra3onofi6bHun BojeHb H,, 1110 HAKONMYYETHCA MiJ, TUCKOM Y BCbOMY
BiJIbLHOMY 06€eMi BCepeJMHI repMeTHU4YHOr o KOpIycy.
CTpyMoyTBOpIOIOYa MiBpeaKLis: (+)
[I03UTUBHUM €JIEKTPOJOM € OKCUHO-HiKeJeBUI
esiekTpo/, Ak i B HK i H3 cucremax:
CymapHa CTpyMOyTBOpIOIOYa peakiiis
po3pAanA
1/2H, + NiIOOH < Ni(OH),
3apsj,
[Ipo6siema :
Tuck H, 3pocTtae nponopuiiHo 3apaay i socsarae 100 atm
IpyU TOBHOMY 3apsfii, TOMY aKyMyJsaTOpU OyJIH

Hebe3MeYHUMHU

[lepimivii repMeTUYHUM HiKeJb-BOAHEBUU

(Ni-H,) akkymynstop CPCP ,1964:

(-) H2| KOH| NiIOOH ()

-)

NiOOH + H,O + e < Ni(OH), + OH-

1/2H, + OH- <> H,0 +e

[TozaTHRHNE TepMminan

IlnomGa

Heil;lonornii cenaparop



Hikenb-MeTanriapuaHi akymyaaTopu

P03Bs130K npo6JieMH

Memaunesi cnaasu, 30amHi 060poOMHO no2AUHAMU 8eAUKI KiIbKOcmi 800HI0 , yme8opr4u 2idpudu memadis.
[Ipuknaadu:

CnzaB LaNig (morsivHae 6 atomiB H Ha dopmyibHY ofuHuL0 cisiaBy) i Horo noxigui LaNi,, MnNig, Ti,Ni.
IIpomucaose sukopucmarHsi Ni- MH akymysasmopa novasocs 8 cepeduni 1980 -x pokie nicasi cmeopeHHs
cnaasy La- Ni- Co, wo doseosue esekmpoximiuHo 060pomHo abcopbyeamu 8odeHb npomsizom >100 yukaiis .

CTpyMoyTBOprOIOYa MiBpeakljid Ha HeraTUBHOMY eJIEKTPOAI
pospan,
(<) MH+OH- oM+ H,0 +e
3apAan

CyMapHa CTpyMOYTBOpIOIOYA peakliiis

po3pAn
MH + NiOOH < Ni(OH), +M
3apsaz
Cumeosom M nosHaueHull cnaas, MH - memasozidpudu.
CTpyMoTBOpYHMM NpoLEC MOJAraEe B nepexozi aroma H Big ogHoro
eJIEKTPO/ia JI0 iHIIOTO eJIEKTPOly 6€3 BUTPATH €JIEKTPOJIITY i
YTBOPEHHS BOJMU.

Tomy B enekTpoJtiti Ni-MH akymynsitopa, Ha Bigminy Big HK i H3
CHCTEM, 3MiH He BiZIOyBa€ETHCSI. [HmepKkaaayist amomis 800HH0




Hikenb-MeTaarizpuaHi akymyaaTopu

Po3psioHa Kpusa Hike/nb-memasi2i0pudHO20 aKyMyAs1mopa
Matixce maka i, sik y HK akymyasamopa, ocKinbku Kaomiti 1
800eHb dyce 6.1U3bKI 3d 8€/UYUHOI0 e/1eKMpPOJHO20
nomeHyiasny.

HEA Ni- Cd Ni- MH

100% 170%

Ni- MH akyMy/19TOpY MarOTh TY 3 Hanpyry , mo ¥ HK, i BUnyckaroTbCs B TAaKUX ke KOPIYCax.
3aMiHa Ka/iMil0 Ha BOJleHb J03BoJinjA B 1,5 - 2 pa3u 36i/1bIIMTH NUTOMi XapaKTEPUCTUKH .
[Tutoma eHeprist cuctemm Ni- MH cknazae 40 - 80 Bt rog, / kr a6o 100 - 250 Bt rog / 1.

[lepeBaru:

1. 3paTHiCTb BUTPUMYBATH BUCOKI WIBUAKOCTI po3psaay : Ao 5C nocTtiiHuM ctpyMoM, A0 10C iMnysibCHUM .
2. MOXJIUBICTb JOCATHEHHS BUCOKOI MOTY>HOCTI - ;0 400 BT / KT.

3. Besukuii pecypc (400 - 1500 yukiaiB npu 100 % rau6uHi LMKJIIOBAHHSA), TEPMiH CIYXK6U - 5 POKIB.

4. 3paTHicTb A0 mBUAKOTO 3apsaxay - Ni- MH akymynsTopu 103BossAI0Th 3apsas ctpyMoM 1C 3a 1 roauny.
CmaHdapmHuum pexcumom 3apsidy akymyasamopie HK i CA esasxcaemuvcs 3apsid cmpymom C/10.

[lepexiz 70 €KOJIOTIYHO YUCTIIIMX BUPOOHULTB. BifiCyTHICTh TOKCMYHHUX MaTepiaJliB.

o



Hikenb-MeTaariapuaHi akymyaaTopu

Henponiku.
1) Buma niiHa yepe3 3actocyBanHs P3E a6o iHmux pigkicHux MeTasiB.

2) TemnepaTypHHUU Jiiana30H He TAaKUU IUPOKHUH, K Y HiKeJb-KaJIMi€EBUX €JIEMEHTIB .

Besnuka yactuHa Ni-MH akymynaTopiB Hemnpane3aaTHa Hkde-10°C i Bue +40° C.
3) Camopa3zpsy sBuuui, Hixk y HK (Ni-MH tunoBo BTpauae 40% emHocTi 3a miBpoky 36epiradnHs npu 20°C).

Ni- MH akyMmysisiTopu no4yasu cepiiiHo BUpo6JisiTu 3 1987 poky.

BunyckaroTbcs BciMa MPOBIAHUMU CBITOBUMHU eJsieKTpoTexHiYyHUMH ¢ipmamu - SAFT ( Ppannia ) ,
PANASONIC ( fAnownis ) , SANYO ( fAnonis ) , SONY ( fnonis ) , VARTA ( HimeuuunHa)

3 noyaTtky 1990 -x pokiB BoHUM noyayu BUTicHATH HK akyMmynsaTopu , BApPOOHUITBO IKUX pocjio Bce XX

cToJiTTH , asie 3 1991 poky noyasio CKOpOuUyBaTHUCH.
3 yacoMm Ni- MH noBuHHi BuTicHuTr HK akymynsatopu
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JliTieBi AXKepeJsia CTpyMy: IPUHLUIIHA POOOTH

JIiTi# Boslofiie MakCMMaJIbHO HETaTUBHUM eJIeKTPOJHHUM IOTeHIiasioM cepe/J; Bcix MeTaJliB : - 3.055 B y Bozi.
[IpuuuHM - Masui pagiyc ioHa Li* i oro cusibHa rigparanis .

Y HeBOJIHMX PO3YMHHMKAX MOTEeHIia/ JiTit0o HWK4uK : -2.887 B B nmponisieHKapboHaTi.

JliTi#t Bostoziie HaWBUIIOI MUTOMOIO eHeprieto : 11760 Bt rop / kr.

Po6oTu cnpsiMoBaHi Ha pO3pPOOKY /PKepes CTPyMy 3 BUKOPUCTAHHSM METAJI€BOrO JITil0 IK HEraTUBHOTO
eJieKTpoJa nodanuca y 1960 -ux pokax.

——]  BHelWHAA Harpyska |
eT le
P------- >
BiZIHOBHHK €JIEKTPOJIIT OKHCHIOBaY
¢memeee®
(-) AHOA KATOA (+)
T—l BHELUHAA HATPY3KA [ l
e e

(-) AHO4

H20 —
E—

KATO4 (+)

H:

30i/IbIIIEHHSA BiTHOBJIIOBAJIbHUX BJIACTUBOCTEH iOHIB

Li Ca Na Mg Al Fe Ni Sn Pb Au

Li* Ca?* Na* Mg AI* Zn?* Fe?* NiZ* Sn** Pb®* (Hz) Cu* Hg®* Ag* P& Au™

Zn (Ha) Cu Hg Ag Pt

301JIbIIIEHHA OKMCHUX BJIACTUBOCTEH i0HIB




CucreMa JiiTin-Boaa

EnexkTpoxiMiuHa cucTeMa MoxKe OYTH npejAcTaBieHa y Burasaai ()  Li | LiOH | H,O (Me) (+)

ne Me - iHepTHUH KaToJ, 1110 He 6epe y4yacTb Y CTPyMOYTBOPIOIOYiH peakilii (3asi30, cTaslb, HiKesb).
CTpyMoyTBOpIOt04i peakiiii

Ha aHOZAi Li-»Li*+e E °=-3.056 B
Ha KaToJi H,0+e— 05H,+ OH E.°=-0.836B
cyMapHa Li+H,0 - Li*+ OH + 0.5 H,T Ec=+222B

EJIeKTpOJIIT - Jy>KHHUW PO34YUH TiPOKCUAY JIiTit0, AKUHA YTBOPIOETHCS 3a
paxyHOK peakliil JiTito 3 BOLOIO.

Taki JIIC BUroTOBJAKTH 6€3 eJIeKTPOJIiTy. Y HEaKTUBHOMY CTaHi v
JoKkepesio Moxke 36epiratucs 6inbiie 10 pokis. E=222 B
[IpUBOAUTHCA B A1i10 3alI0BHEHHAM BO/OH0.

['eHepalia esneKTpoeHeprili NMpoOTiKae MnapajesibHO 3 MPAMOK XIMIYHOIO
peakKui€ro JiTi 3 BOJOIO, I peakliid B KOHIIEHTPOBAaHOMY J1y31 IPOTIKaE

MOBIJIbHO , TAK L0 BTPATH JIITIIO 32 paXYHOK PO3YMHEHHH HeBeJIUKI.

Y pesynabrati gxepeno Li/H,O wMoxe mnpanipoBaTH KijJbka TOJLUH, !
3a6e3ne4ylodn Jyke BUCOKI ryctuHu crpymy (go 0.5 A/cm?) i gyxe
BeJIMKy uToMy eHeprito (mo 3000 Bt rop / kr).

Cucrtema Li- H,O - oaHa 3 HalbIIblI eHEProEMHUX , ajle KOPOTKOYacCHO] o

il .

OcHOBHe 3acTOCYBaHHSl - TiApoaKycTW4Hi Oyi , miABOJAHI amapaTu ,
mopnedu

MaxkcuMasibHa MOTYXHicTb npu Hanpysi 1.2 B i ryctuni crpymy 0.3 A/cm?



JliTieBi A2KepeJsia CTpyMy: IPUHLUIIA POOGOTH

[Ipunuunosa cxema JI/IC BKJO4aE :
aHo/ (MeTasiyHUU JiTiM), abo Byr/eneBui MaTepian (rpaodir,
KOKC), IOpHY (KaHaJIM CTPYKTYPH), AKOTO MiCTATb i0HM JIiTiI0
kaTto/i (MaTepiasj, B KaHaJU KPHUCTAJIYHOI CTPYKTYpPH SIKOTO
3/IINCHIOETBCS BIPOBAXKeHHS 10HIB JIiTiI0);
: . , eJIeKTpoJIiT (piAKUH, TBepAOTIIBHUK YW TreJieNoAiOHUN
l_. &y : 0—‘ MaTepias 3 iOHHUM THIIOM IIPOBiHOCTI).

N !

Kosin KoJ10 KaTo/i/aHo4 3aMHUKA€ETbCS Yepe3 30BHIlIIIHE HABAaHTAXKEeHHs MiJ Ai€lo pi3HUIL MOTeHIiagiB MiX
aHoJIoM (BUCOKMM NOTEHIIiaJ1) Ta KaToA0M (HU3bKUM NOTeHIiaJ) Bi0yBaETHCS MPOLEC PO3PsAay eJleMeHTa
- iOHM JIiTiI0O MOKMJAAKTh aHOJA i NepeMilllyloTbCsd Ha KaToJ, — iHTepKaJlolTh (IPOHUKAITh Ta
BIPOBA/KYIOTHCS ) B KAHAJIU MOTO CTPYKTYPHU.

3aps/1 - npolec MoBepHeHHs: i0HIB JIiTiI0 Ha aHO/, (AeiHTepKaAllis) Mij i€l eJleKTPUUHOTO 0.

[Ipu BurortoBseHHi JIIC 3 iHTepKaJALiIMHUM THUIOM pPOGOTH B OGIJAbLIOCTI BUIAJAKIB HEOOXiJHHUM €
30i/IbIIIeHHS] eJIEKTPUYHOI MPOBIAHOCTI KAaTOAHOI KOMMO3MIil LIJISAXOM 3aCTOCYBaHHSI CTPYMOINPOBiIAHUX

J106aBOK, 110 03BOJISIE JOCATHYTU BULIUX CTPYMIB pO3PSALY.



% JIiTieBi AKepesia cTpymMy: iHTepKaIALisa

e__©
© [ Li*
{% ° charge o [HTepkasidlisgs - 060pOTHA TOMOTAKTUYHA peaKIlis BIPOBA/>KEHHS
© _© iOHIB B TBepJe TiJio, 32 YMOBU HE3MIHOCTI MOTO KPUCTAJOXIMIYHUX
-(:O io 030 XdpPaKTEPUCTHUK XLi+ + [ ]X (H) PN Li+XHX_
% P [ ]X - kinbKicTb AOCTYMHUX MO3UIiK B CTPYKTYpi MaTepiany—
T Li" rocnozaps ( Host-marepiany ).
_% discharge ©
© _o
e o

Buau iHTepkandLii - TepMidHa, XiMidyHa Ta eJIeKTpOoXiMiyHa

EjsekTpoxiMiuHOW IHTepKaJfAlLli€ld Ha3WBAKTb BIOPOBaJpKeHHA iOHIB B HOSt-marepiasu 3 wWapoBUM,
TYHEJIbHUM YU PO3YNOPSIJKOBAHUM TUIIOM CTPYKTYPH, siKe BiJIOyBAETHCS MiJ Ai€I0 €JIEeKTPUYHOTO MOJIS.

B 3arajibHOMYy BUNAJKy MaTepiaj-«rocnofap» MOXHa npeactaBuTh 9k MA,, , Ze M - metas i3 3MiHHOIO
CTYIIIHHIO OKUCJIeHHS, A - xanbkoreH (O, S, Se, Te)

kaToaHui npouec B JIZIC onucyeTbes ak: X Li+ + MA, + xe~ < Li,MA,,.

B pesysbrari oKHMcHO - BigHOBHOI peakuii MmM* + ne~ — M(M™M* yrpoproeTbess anion MA™, 3apsg sAKoro
KOMIIEHCYETbCA  3apsAJ0OM  BIPOBAJPKEHOro KaTioHa. TakMM  4YMHOM, peaklid IHTepKaJIlOBaHHA
CYNIPOBO/XKYETbCS TMEpPEHECEHHSAM 3apsily MiXK BIOPOBA/P)KEHUMM YAaCTUHKAMU Ta iX OJIMXKHIM OTOYEHHSM,
IpUYOMYy B TepIIy 4Yepry 306iJbIIYEThCS eJeKTPOHHA IyCTHHA Ha BiJIbHMX a60 4YacTKOBO 3amoBHeHUXx d-
000JIOHKaX MepeXiJiHOro MeTaJly.



JIiTi€Bi AKepeJsia CTpyMy: Hanpyra BiIKpUTOro KoJia

Hampyra BiIKpUTOro KoJjia BU3HAYAETbCS eHepreTUYHUM CTaHOM cucteMu Lit/ H-maTepian
[Ipo6bsema - HU3bKI 3HauyeHHs KoedilieHTa Audy3ii aiTito B H-maTepiasi MOXyTb CTaTH NMEPENIKOAOI0
BCTAHOBJIEHHSI PIBHOBAXXHUX KOHirypaiiin.

x = (zF)~1 % .q CmyniHb 8np0o8a0HCeHHs
H

pre Ax) — up; A(x)  Pisnosascia HBK 2a/1b8aHiMHO20 eneMeHMa 8USHAUAEMbCS

Li
E(x)=— . .. S : .
€ 7F pI3HUYer XiMIYHUX NOmMeHYyiaaie Aimir Ha Kamodi ma aHOoOI
qzar qzar 'quaTOA (X) — ,Llo- . .
W = V(x)dq = — Li Li dq EHepeiss ompumaHa 8 pe3ysbmami po3psidy 8 po3paxyHKy
0 0 e HA MOJ1IpHY 0OUHUYK KamOJdHO20 AKMUBHO20 Mamepiaay
Qzar — €X IlosHull 3apsid, nepeHeceHull Yepe3 esiekmpoaim 6 npoyeci po3psidy dxcepena
e_
—
* YAAYA
W= = [ () — i) = ~{Gui — Gy — 36
0
GLixH 8i/1bHI eHepeii I'ibca iHmepKkaaboeaHo2o mamepiaay H, % Lit
e 9

Gy - . L
g8uxidH020 Mamepiaay
. L. ® ®
Gri  ma memaniuHozo Aimiro % g

xF anode electrolyte cathode




TepmoauHaMika NoOBepXHi Ta NOBepPXHi po3aiay ¢pas

I306apHuii nomeHyian YacTuHa BHYTpIIIHBOI eHeprii, AKy MOXHa NEepeTBOPUTH B POGOTY
OpU CTaJoMy TUCKY i TeMmeparypi - BisibHa eHepriga [ibca G
—Agy = AU + pAV — TAS (i3o6apHo-i30TepMiuHMI MOTeHNiaN).

Xapakmep 3miHu 8iabHOI eHepeii I'ibca
3a/1excums 8i0 cmeneHi nepemeopeHHs

G=U+pV —TS=H—TS sirvnaenepaia li6ca pevosuHu i u3HAYae 060pomHicmsb npoyecy

AG = AH — ATS — TAS 3MmiHa eHepeii I'i6ca

I3oxopHuli nomeHyian

JIJ1s1 XapaKTepUCTUKHU IPOLIECIB IPU HEBMIHHOMY 06 EMI cucmeMu F=U-TS
BUKOPUCTOBYETHCA eHeprid [esibMrosbua:

[306apHUY 1 I30XOpHUM NOTEHIiaX € QYHKIISIMU CTAHY CUCTEMH i iX BAKOPUCTOBYIOTb /IJIsI BU3HAYEHHS
HalPAMKY IIPOLIeCYy B YMOBAax TEPMOAMHAMIYHOI piBHOBAru

[lepebir camoeizibHO20 npoyecy B Hei30/1bOBaHIN CUCTEMI MOXKJIMBUH JIMIIIE B HANPSIMKY,
npu ikoMy 3a yMoB T=const, P=const 3meHuwyemucs eHepzisa l'i6ca
i 3a ymoB T=const, V=const 3meHwyemucs eHepeisa leabmeoabya,
To6TO AG <01 4F <O.

Axmwo AG > 01 AF > 0 - 3mMiHa cmaHy cucTeMHU BiI0OYBA€THCA TiJIbKU NPU BUKOHAHHI 30BHILIHBOL po6omu.

Axmo AG i AF nopiBHIOIOTH HY/10, TO CUCTEMA NepeOYBA€E y pIBHOBA3I.



JIiTi€Bi AKepeJsia CcTpyMy: Hanpyra BiKpUTOro KoJia

Mopaenb YMoBa : BIACYTHICTB B3a€EMOZilI YaCTUHOK IHTepKaJlaHTa Ta
RT X PIBHOAOCTYIHICTh JJi1 HHUX BCiX €HEPreTU4YHO BUTIJAHUX IMO3ULIA B
E(x) =E° — ?In T rparui H-maTtepany;
X PesysnbraT: 3MiHa eHeprii [i6ca cucTeMH BU3HAYAETHCSA TiJIbKU
3MiHaMH il eHTpomnii, noTeHnian E 3anexatume Bigx (X< 1)
0 AGO 1 * 9 o .
Bl =———=—(7]] EGdx cmaudapmuuil enekmpodHuil nomenyian
0
PeanbHicTb
. . )
peaxiliss BIPOBAa/[P)KEHHS THUIIOBO CYyNPOBO/KYETbCSA 3MiHOIO ILi1.xC°Mn04 T Li,,Ni,:Mn,,0,,
Bi/IbHOI eHepril Ta.ﬂecl)OpM.aulﬂMI/I KPUCTAJIMHOI CTPYKTypH H- sl T ILixCUOZIUxNiOzI Li--Mn.0;
MaTepiasy, HpoCTi MoJiesi MaJio3aCTOCOBHi, OCHOBHY pOJIb J_leMnoz T LiFe,(s0,
Bi/lirpaloTh TpaHCPOpMaLLii MOTEHI[iaTbHOTO MO/ KPUCTAMYHOI 4 4 TL‘VO TLiFePO, — ~ ©
o - . |
rpaTku H-maTepasy, 1OTo eJleKTPOHHOI CTPYKTypH, B3aEMOJid ¢ J_ e
. . . o
iHTepKa/bOBAHUX iOHIB. i) I'LixTiSz
[Li.mio,
OfHUMM 3 BapiaHTIiB pPO3BUTKY MpoLecy iHTepKaJALil MOXHa 1 Li.rpachir
BBa)KaTH Iepexiy Bix ¢isuyHOI 0 Xemocop6uii ioHiB Li+, 3 pr ILIX KOKC
dbopMyBaHHAM XiMi4HUX 3B’s13KiB iHTepkasaHT / H — maTepiau. 0 Li




JliTieBi g2KepeJsia CTpyMy: aHOA,

Positive
Electrode

-1

Negative
Electrode

[Ipo6siema JsiiTieBOro aHoza Electrolyte

‘Lithium anode
surface

JleHOpumoymeopeHHs '
‘ Kopomke 3aMuKaHHs

P03B’s130Kk — ByrJielleBUM aHO/, IHTepKaJIbOBaHUM JIITIEM

eoe eo e eoe
(A) Riidorff model o0 > ( X ] ’ [ X ]
: : :. . \ stage - 1
/ - | X X )
— | (X X
= stage - 4 stage - 3 gsia -2 . . .
. : : 00
\ i 00
0 —— ‘N\! o=
(B) Daumus-Hérold ¢ -!-\!/— . /
model -"\h. —p "-\. —l F’s\.
DS ® V”."' = h‘;’i

. Intercalant



JliTieBi mxxepesa crpymy: EnekrpoJir

CnoYyaTKy HaMarajavcs 3acTOCyBaTH TPaAMLIiNHI BOJHI esleKTposiTH (JIyTH).
[lossBa Ha pUHKY mepuiux JiTieBux mxepes crpymy ( JIZIC ) BigHocuTbhca ao novyatky 1970 -x pokiB, i BOHO
CTaJI0O MOXJIMBUM TiJIbKH MicJsl pO3pOOKH HEBOJHUX PO3YHHIB €JIEKTPOJIITIB

[IpyuyHa:
TEePMOJUHAMIYHI PO3pPaxyHKU NOKa3ylOTb MOXJIUBICTb BiJHOBJIEHHS JIiITIEM OyAb-AKUX PEYOBUH, SIKi MOIJIHU O
BUKOPUCTOBYBATUCH 3aMicTh BOAM AAK po3uynHHUK O/[HAK 36epexxeHHs JiTIEBOro aHOAA - He pobJieMa

JIiTik CTIMKUU B HaBeleHUX PO3YMHHUKax!

BumMoru 10 HEBOJHUX PO3YUMHHUKIB

Lo .. €JIEKTPOJIIT
1. cTiUKicTb AiTio

2. 3[aTHICTb yTBOPIOBATU PO3YMHU JITIEBUX COJIEN 3 BUCOKOIO MPOBIJHICTIO

Ha NOBEPXHI JIITII0O YTBOPKETHCA IJIIBKA 3 HEPO3YUHHUX MPOAYKTIB B3aEMO/II
okcuz jitito Li,O
kap6oHart Jitito Li,CO3
raJioreHiiy JiiTiro

IHIII CcoJIl JIITIIO

Iapy IIiBKU
30-50 Hm

Li*

IVIIBKA HAHOMETPOBOI TOBIIUHU BOJIOAIE 3HAYHOIO
IOHHO e/1eKmponpo8idHICMI0

TBep,ELOEJ'IEKTPOJ'IiTHa eneKTponiT

rpadit .
pad IJIiBKa



PO34YMHHUKMU /141 €JIEKTPOJIITIB JIITIEBUX JXKepeJ1 CTPyMy

HeopranivHi

1) Pinkuii giokcup cipku (Jierko 3pigxyetbces nif Tuckom) SO,

/Cl O% /CI
2) Tioninxnopun: SOCI, O:S\ 3) Cynbdypinxaopua: SO,CI, /S\
o Cl © Cl
OpraniyHi
1) AuetoniTpun (AH) CH;-CN o
CH3\ /
2) Jumetundopmamif (AMDPA) /N_C\H o
CH3 CH3\ /
3) AumeTtunaneramiz (JIMAA) N_C\
CH / CHs
3
H,
CHZ_C
4) y - 6ytuposiaktoH (bJI abo I'bJT) ~o H
2
CHg C<O CHZ_C\O
5) Tetparigpodypan (TT'D) yd
CH——=cC
6) ETunenkap6onat (EK) | \C=O
7) Npomninenkap6onat (1K) HaC O\
8) lneTunkapboHaAT (,Z[EK)CZHS_O\ CH,§ O/

c=0
CH—0"

Cc=—0



JIiTiA B eJ1IeKTPOJIiTI

dopMyBaHHS MACUBYOYUX MJIBOK

CHg_CH_CHz T
+ 2l — Li,COy | + CHy—CH==CH,

[IponisieHkapboHaT Cl) Cl)
\ / AG =-820 k/I>x/MoJb
C
@)
CHZ_CHZ
| |+ 2 —> Lico, ¢ + HZC—CHZT
ETunenkap6opHart o) O
\|C|:/ AG =-484 k/I>x/Monb
@)

Besnnuunu 3MiHu eHeprii ['ioca AG peakiiil BiHOBJIEHHSI PO3YMHHUKIB MalOTh BeJIMY€3HiI HeraTHUBHI
3Ha4YeHH (K i /15 BOJN)

Critikictp Li B KOHTaKTi 3 ra3aMu i po34YMHHHKaMM 3a0€3MeYy€EThbCS YTBOPEHHSM Ha MOBEPXHI MeTasy
3aXHCHOI IJIIBKM 3 HEPO3YUHHUX NPOAYKTIB B3aEMOJII .

Y HaBeJleHUX peaklisx - kapboHar JiTito Li,CO5 .
Y pi3HUX esieKTpoJliTax MOXYyTb yTBoptoBatucs Li,O , LICl , LiF i iHwi coui JiiTito.



Couti A1 eJIEKTPOJIITIB JIITIEBUX AXKepeJsl CTPYMY

[[106 cisib MOTJIa AMCOILiFOBATH, MOTPi6HA BUCOKA JieJIeKTPUYHA IPOHUKHICTDb € pO3YMHHUKA.
[lix1 BUMoO3i 3ag0BobHAIOTH [IK i EK.

Auie Taki pO3YMHHUKU OJJHOYACHO i Ay>Ke B's3Ki , TOMY €JIEKTPONPOBiHICTh PO3YMHIB HU3bKa.
Y po34MHHUKIB 3 MaJIOK0 B'SI3KiCTIO HU3bKa €, TAK 110 B HUX COJIi HE AUCOIiI0I0Th HA I0HU.
Tomy 3acmocogyroms 3miwaHi po3yuHHuku (Hanpukaad , 1K + /JME ) .

[IpocTi niTieBi coni i ocHoBu (Hanpukaag , LICl , LINO5 , LiF , LIOH) He po3uMHAIOTbCA Y OpraHidyHUX
pPO3YMHHHMKAX, TOMY 3aCTOCOBYIOTb KoMILIeKcHi coui - LICIO, , LiBF, , LiPFg , LiAsFg, LICIAl, .




Katop

o . . iTieBl1 MK TPYMYV: KAT
f[lTlI/IOBaHIOKCI/I,Z[I/I MeTaJIlB JI € A epeﬂac py y a OA

JiTiN-K06aNbT-0KCH/, (KobasbTart JiTito) LiCoO,
JiTii-Hikenb-okcuj, (HUkenar Jitito) LINIO,
JiTifi-MapraHenb-okcuj, (MaHrasit sitito) LIMnO,, LiMn,0,
Jiti-pocdar 3aniza LiFePO,

e
layered LiCoO2 spinel LiMn204 olivine LiFePO4
2D 3D 1D
— e

B il
---------- Dimensionality of the Li*-ions transport



JIiTi€Bi AKepeJsia CTpyMy: peaibHICTh

(-) Li,C | HeBoaHMi1 enekTponiT | Li, MO, (+)

HeratuBHun enekTpon: [Mo3nTnBHMM enekTpoa;.
3apAan . 3apAa i T &
CLali* e = HE LIMO; ——— Li;_.MO; + xLi™ 4 xe
pazpsn paspian

CTtpymoTBOpYa peakuia (nepekadka MoHiB Lit):

; 3apiai ; ;
LiMO, + C < > 1i,C 4 1ii—,MO;
paspiai
; 1
: ll_l 30BHIIIHE I A
MizHa ¢osbra e‘i’ HaBaHTa)KeHHSA 1€
e = t
G
cenapartop SR paspay |
: T ey {5 e
\_4-{ . 3apan
B By 5 eJIEKTPOJIIT
&=
anoMiHieBa dposbra (-) AHOA KATO4 (+)




JIiTi€Bi AKepeJsia CTpyMy: peaibHICTh

Li*
charge
) )
e
[ ] [ ]
e :
. e |
e__© /;\.J ©
-c%‘ discharge S
© [ ] '
@ L]

Graphite  Li' conducting electrolyte LiCoO,



JlitTinoBanuu pocdar 3asi3za

4.0
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Voltage / V vs. Li’/Li*
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JliTin-nmosiiMepHUUA aKyMyJIATOP

Jliti-nosnimepuuin akkymysasarop (Li-Pol, Li-Poly, LiPo, LIP) - oguH 3 ABOX OCHOBHHX THIIIB JiTi€BiX
eJIEKTPUUHUX aKyMyJSTOPIiB 3 KaTeropii BTOPUHHHUX €JIEKTPUYHUX OaTapei, BiJipisHA€TbCA Bij JiTiH -
IOHHOTO0 aKyMyJISTOpa TUIIOM eJIEKTPOJIITYy — 3aCTOCOBYEThCH MOJIiMepP, HACUYEHUHU JIITIEM

[lepeBaru

* BesiMka ryctuHa eHeprii Ha OJUHUIIIO 06'€MYy i MacH (B MOPiBHAHHI 3 JiTiH-iOHHUMH);
* Husbkui camopo3pan,

e ToBuMHAa eJeMeHTIB BiJ 1 MM,

*  MOXJ/IUBICTb OTPUMYBATHU THYYKiI popMU;

* BiacyTHicTb edpekTy nam'sTi;

* He3HauyHuil nepenaj; HaMPyry 3 pO3PsIJ0OM.

[Ipo6siema
Jliana3oH pobo4yux TeMInepartyp JiTil-nosiMepHux akyMyasTopis : Big -20 go +40 ° C.

\

N/ —
4%/3‘7,&9,? > :

- yo

-

)



ToOHKOMIIBKOBI JIITIM-iIOHHI aKyMy/IATOpU

OZYH 3 KOHLIEIITIB

.~ Flexible electrodes

_~Solid electrolyte

900-HaHoMemposull wap gmopudy HUKesar0 3 PiIBHOMIPHO pO3MIUeHUMU HAHOMEMPOBUMU
omeopamu



JIiTi€Bi AKepeJsia CTpyMy: NOPiBHAHHA

s 10 2 5 1@ 2 5 10 2 3
SPECIFIC ENERGY, Wh/kg

Ragone plot

An 18-650 size lithium ion battery, with an alkaline AA for scale. 18-650 are used for
example in notebooks or Tesla Model S



2011 Nissan Leaf ¥ 2013 Nissan Leaf W 2014 Nissan Leaf % 2015 Nissan Leaf ¥

Personalize |

| 1 7
|¢ Electric Vehicle o= Electric Vehicle o= Electric Vehicle

| Edit Vehicles |
Automatic (A1) Automatic (A1) Automatic (Al) Automatic (A1)
MSRP: $32,780 MSRP: $28,800 - £34,840 MSRP: £28,980 - £35,020
Electricity Electricity Electricity Electricity
MPGe MPGa MPGe MPGe
99 106 92 1 1 5 129 102 1 14 126 101 1 14 126 101
combined  cty highway combined  city highway combined  city  highway combined cty highway
EPA Fuel Econom ERYITEE HEr/ANGTW Iy city/highway aity/highway
1 gallon of g.';;l'}lll'l-.—" j::..'l. < LWH 24 kWh/100 mi 29 kWh/100 md 30 kKWh/ 100 mi 30 kWh/100 mi
|, T
=y | Eloctricity T
75 miles 84 miles Bd miles
gtal Range Total Range Total Range Total Range
Unofficial MPG Estimates from | Average based on 7 vehicles
Vehicle Owners 111.6 wrs Average based on 1 vehicle Average based on 1 vehicle User MPG estimates are not yet
- — TG — 142 140.0 mee 160.0 wee available for this vehicle
Disclaimer 0 o
Wiew Individual Estimates iev Triling imar i ndividiual m
" 4 You SAVE You SAVE You SAVE You SAVE
ou save of spen
" $9,000 $9,500 $9,250 $9,250
Mote: The average 2014 vehicle in fuel costs over 5 years in fuel costs over 5 years in fuel costs over 5 years in fuel costs over S years
Qeks 23 MPG compared to the compared to the comparad to the compared to the
average new vehicle average new vehide average new vehicla average new vehicle
Annual Fuel Cost*® S600 $500 £550 550
Cost to Dnve 25 Miles $1.02 $0.87 $0.90 $0.90

Cost to Fill the Tank

Tank Size

*Based on 45% highway, 55% city driving, 15,000 annual miles and current fuel prices, Personalize.
MSRP and tank size data provided by Edmunds.com, Inc.
Range on a tank and refueling costs assume 100% of fuel in tank will be used before refueling.



Tesla

Model S Long Range

Tesla
Model 3 Long Range

Tesla
Model X Long Range

Tesla
Model Y Long Range

196" Lx 77" W x 57" H

185" Lx 73" Wx 57" H

198" Lx 79" Wx 66" H

187" Lx 76" W x 64" H

3.7s

155 mph

391 mi

100 kWh

517 hp

60 cu ft

5

200 kW max

$79,990

= Free Supercharging included
= Panoramic roof
= 17" vertical display + driver display

@) https://EVBite.com

44 s

145 mph

322 mi

74 kWh

346 hp

44 cu ft

5

250 kW max

$48,990

= Split panoramic roof
= 15" horizontal display

@ 44 s

0-60 MPH

\\\\\

A 155 mph
Top Speed
351 mi
Range

i 100 KWh

Battery

Power

Iil 88 cu ft

Cargo Space

89 5

417 hp

Seats 7 seat option available
DC 200 kW max
Charging

$ $84,990

MSRP
7 = Free Supercharging included
3 = Falcon Wing doors
= Panoramic windshield
Notes = 17" vertical display + driver display

48 s

135 mph
316 mi
74 kWh
346 hp
68 cu ft
5
7 seat option available (2021)

250 kW max

$52,990

= Panoramic Roof
= 15" horizontal display




Aeki1iga 6

ByraelieBi HaHOMAaTEPiaAnu: OTPUMaHHS, BAACTHUBOCTI,
3aCTOCYBaHH4Y B IIPUCTPOSIX HAKOIIMYEHHS €HEePrii

1. Ti6bpuansauia opbitanei

2. EnekTpoHHa CTpyKTypa ByrnieLto

3. Anmas. BnactusocrTi

4. Tpaodit. BrnactmsocrTi

5. Tepmopo3swunpeHunii rpadit

6. [padeH. OTpumaHHA. KpucTaniyHa cTpyKTypa

7. TpadeH. 30HHa CTPYKTypa. 3aKoH aucnepcii. MpoBigHicTb

8. ®ynepeHu

9. Byrneuesi HaHOTPYBKU. XipanbHicTb. BnacTuBocTi

10. ByrneueBi HaHOTPYOKU. CnHTE3

11. Teopii noaBiMHOro enenKkTPUYHOro Wapy

12. MELL Ha ByrneueBux HaHOCTPYKTypax

13. KoHAaeHcaTop Ha OCHOBI Byr/ieLeBUX HAaHOCTPYKTyp 3 MELL

14. MakcumanbHa TeopeTnyHa emHicTb MELL -KoHAeHcaTopa

15. Mutoma noTtyHicTb MELU -KoHAEHCaTOpa

16. LWnsaxu niagBULLEHHA EMHOCTI Ta NOTYXHOCTI

17. HaHoByrneuesi maTtepiann cynepkoHAeHcaTopiB

18. KOHCprKLI,iﬂ Cyl'lepKOHﬂ,EHcaTOpiB ) EJIe}.(TpOHHO-MiKpOCKOHi‘{He 300paKeHHs Ma'{‘epiaﬂy
PTraHIYHOTI' O IMOXOAXKE€HHH, IO CKJIAJAETHCA 31 3 EAHAHUX

19. 3acToCyBaHHA cynepKOHp,eHcaTopiB ByTJielleBUX JIUCTKIB - 2013 -2014 pik, Kanaga



lopuaunsanis opoiTaaeun

[Opunuzaiiss opOiraneit — cyneprno3uilis OMU3BKUX 3a €Heprieo opoOiTajied atoMa 3 BUHUKHEHHSIM T1OpUIIHHUX
opOiTtael cxoxoi (opMH Ta MEBHOI MPOCTOPOBOI OpraHisaiiii.

Sp2-ri6puu3alis - Bifi6yBa€TbCs NPH 3MilllyBaHHI OfHi€El S-

spi-ribpuausanis  —  BiJOyBaeTbCAd  NPH | gBOX P-Oop6GiTasieil; yTBOPIOIOTHCA TPH IiGpHUAHI op6iTai 3

3MilllyBaHHI OZHI€EL S- | TPbOX P- Op6iTasel, IPU  ocAMM, pO3TALIOBAHUMM B O/(HIl IJIOIIMHI | HANpaBJeHUMHU

nboMy ¢opMyeThca 4 OAHaKOBI op6iTasi, AKi | 1o BepMH NpPaBU/IBHOIO TPMKYTHMKA mif KyTom 120°;
YTBOPIOIOTb TeTpaeAp, KyT MiX op6iTalaAMM | Heri6pujHa P-op6iTanb NepneHAUKy/ISpHaA A0 MJIOLMHU i
109°28' (anMas, KpeMHiH, repmaHii, apceHif | Gepe yyacTb B YTBOpDeHHi T-3B'I3KiB (6eH30.1, moJiMepH,
raji). rpadir).
Y P
.+ e
.+ _— +
1 s-orbital 3 p-orbitals 4 sp3-orbitals P4
\w}' - - ,wa
1 s-orbital 3 p-orbitals 3 spZ-orbitals 1 unchanged
h p-orbital
i 2
3 >P -
Sp '
- \...._A AR
Trigonal Planar

Tetrahedral geometry
geometry



Na

i I 1 2 3 1
[0D, 2] [0D., 3] [nD“ 1]
[0D, 1] c::. i
ol 28
. single atom @ @
atomic pair m
r].q;;::rringg fullerene-like clusters frame clusters
[ch. [1D, 3] [1D, 4]
1 80l 0w
chains, spirals nanotubes, ribbons nanotubes. ribbons
(2D, 3] [2D, 4]
2D
EEh{:n; layers layers
(3D, 3]
3D,

3D-graphites

diamond-like phases

BymieneBi maTepiaau



E/leKTpOHHA CTPYKTypa ByIJienio. AsiiMmas

2py 2py 2p, C*—1522312p3 2py 2py 2p,
s [Pt
T Sp® - ri6pugusarnis

N




AsMma3s. BiaacTuBocri

CuHroHusa Kyb6i4Ha, KpUCTaJliuHa pelriTKa - KybidyHa rpaHelieHTpoBaHa, a = 0,357 HM
Ko>keH aToM ByTJIEI[}0 B CTPYKTYpi aJiMa3y po3TalllOBAaHUM B LIEHTPi TeTpaeapa,
BEPIIMHAMU SKOTO CIYKATh YOTHPU HAUOJIMIKIUX aTOMA.

MinHu# 3B'130K Mi>k aTOMaMHM BYTJIELIO MTOSICHIOE BUCOKY TBEP/ICTb ajiMa3y

*HaliBu1ila cepen, MiHepaJsiiB TBEPZAiCTb
*Haii6isbina TemnonpoBiaHicTh cepes Bcix TBepaux Tis 900-2300 Bt / (M-K)
*BeJIMKUI MOKAa3HUK 3aJIOMJIEHHA 1 AuUcnepcis

JlieJIeKTPUK

oJly>ke HU3bKUU KOeQil[iEHT TepTs MO MeTaJsy Ha MOBITPi Ha MOBEPXHI ajMasy
HasiBHi TOHKI IJIIBKK aJICOpOOBAHOT0 ra3y

*HaliBUIIMi MOAYJIb NPY>KHOCTI i HAMHMKYUK KOeilliEHT CTUCHEHHS
*TemnepaTypa miaBseHHs ctaHoBUTH 3700-4000 ° C

*Ha nosiTpi 3ropae npu 850-1000 ° C

[Ipu HarpiBanHi 70 2000°C 6e3 gocTtyny noBiTps 3a 15-30 XBUJIMH NEPEXOJUTH
B rpadirt




E/fleKTpoOHHa CTpyKTypa Bymieno. 'padir

pr 2py sz C*—1522812p3 pr 2py 2pz

. [1T1 - [TT111
1s )Nf C - 1522522p?2 Is T

N 12—

Sp?- ribpugusatriis

'x.!u.n.. 's..f"

"s..'s.,es..!a. oo l,.'/




I'padit. BracTuBocTi

Ko>xeH aTOM ByIJiell0 KOBaJIEHTHO 3B'sI3aHWU 3 TPbOMa aTOMaMHM BYTJIEIIIO.
JIBi Mmoaudikariii rpadiry:

a-rpadit (rekcaroHasnbHuil P63/mmc) i B-rpadit (pomboeapuynuii R-3m).

(Biapi3HAOTHCSA YNAKOBKOI LIAPIB - y a-rpadiTy NOJIOBUHA aTOMiB KOXKHOTO

Iapy po3TallOBYETbCSA HaJA i MiJ LleHTpaMW IIeCTUKYTHHKA, y [B-rpadity

KO>XeH YeTBEePTHH IIap MOBTOPIOE MEPIIHH).

(001)

Husbka TBepAicTh, M'akui. [licsii BIJIMBY BUCOKOI TeMIlepaTypu CTaE
KpUXKUM. HentaBKuM, CTIMKMU PpU HarpiBaHHI MPH BiZICyTHOCTI NOBITpA.

Interlayer Y KucsoTax po34YUHAETHCA.

distance 3.35 A
TensionpoBianicte (278 -2435 Bt/(MK), 3anexuTb Bif Bif HampsMKy i
TeMIlepaTypH. EjleKTponpoBiAHICTH aHI30TpOIIHA: y HaIPAMKY,

Bt napajgejbHOMy  6a3uCHIA  IJIOINIMHM  6GJM3bKa JO  MeTajeBoi, B

NepueHJUuKYJIAPHOMY - B COTHI pa3iB MeHIIa.

KoedinieHT TensioBoro po3wmupeHHsa rpadity go 700K Big'eMHum y
HampsIMKy 0a3uCHUX IUIOMMH (rpadiT CTUCKAETbCA NPU HarpiBaHHi), 3
niBULIeHHSAM TeMnepaTypu 3MeHwyeTbca. [Juaa T>700 K koediuieHT
TEIMJIOBOTO PO3IIMPEHHSI CTAE MTO3UTHUBHUM.

JliaMarHeTHK, MarHiTHa CIPUUHAT/IUBICTh HE3HAYHA B 6A3UCHIN MJIOLUHM i
BeJIMKAa B OPTOTOHAJIbHUX 6A3UCHHUX IJIOU[AHAX.




Tepmopo3smupeHui rpadirt

[lepepo6ka rpadiTy B TepMOpO3LIUPEHUN IpadiT
Ha nepiiomy eTani BUXiHUM KpUCTaNiuHUM rpadiT OKUCIIOIOTh.
OKHC/IeHHS NOJIAATA€E Y BIPOBA/PKEHHI MOJIEKYJI CipuaHOi a60 a30THOI KUCJOTHU Y
NPUCYTHOCTI OKHCJIOBaya (epeKuC BOJHIO, MepMaHraHaT KaJilo Ta iH) Mix
IIapyu KPUCTa/idyHOI rpaTKu rpadiTy.
OkucneHuy rpadiT BiMUBAIOTH i CyliaTh, MOTIM NiIa0Th TEPMOOOPOOI MpHU
teMmnepaTtypax A0 1000 ° C 3 mBugkictio 400-600°C/ c.
3aBAsIKM BUCOKIM IIBUAKOCTI HaArpiBy BifAOyBa€eTbCsA IWIBUJKE BUJiJEHHS
ra3onofioHUX MNPOAYKTIB pPO3KJaJ[aHHS BIPOBA/PKEHOI KUCJIOTH 3 TIpaTKU

rpadirty.

Pe3yabTaT - MixkiiapoBa BificTaHb 36ib11yeThcs npubau3no B 300 pasiB, uuciio
YacTUHOK rpadity i 06’eM 36inb1yeThest B 60-400 pasis.




I'paden

I'paden — ofHA 3 a10TPONHUX GOPM BYTIJIEI}0, MOHOATOMHUMN
1Iap aTOMIB BYIJIEL[O i3 FeKCaroHaJIbHOX CTPYKTYPOIO.

Bigkputuit B 2004 Anjgpiem TlelimoM Ta KocTSHTHMHOM
HoBocesioBuM i3 MaH4ecTepcbKOro YHIBEpPCTETYy
(Ho6eniBchka nmpemist 2010 poky).

[lig yac kpucranizanii 3apoakd rpadeHa HecTiMKi uepe3
BeJIMKe BIJHOLIEHHd M[epuMeTpy A0 IUIOLII I[OBEpPXHI -
BiflOyBa€eTbcA nmepexin Jgo rpadity, anmasy, J¢ysepeny,
HAaHOTPYOKH.




I'paden. OTpumaHHA

[loBepxHsi rpadiTy MNOPUTUPAETbCA A0 TMOBEPXHI iHIION
PEYOBUHH, 3aJUIIAYMA JIYyCOYKU PIi3HOI TOBIIMHU. 3a
[IOIIOMOTr0I0 ONTUYHOIO0 i aTOMHOIO CHUJIOBOIO MIKPOCKOIIIB
LIYKAITh JIYCOYKHU, AKi MAalOThb OJHOATOMHY TOBIIAHY.

aTOMHHUU CUJIOBUM MIKPOCKOII

ONTUYHUN MiKpocKoI

nigKaagKa (SIOZ)

2 MKM
BHUcOTa 3 HM Ha/,

MigK/JIaIKO0

20 um




I'paden. OTpumaHHA

PosuiensieHHs rpadiTy yabTpa3sByKOM

e
El

B

EniTakciiinuii rpadpen

[Tpu HarpiBanHi SiC 1o 1300 ° C B Ha/i1BUCOKOMY BaKyyMi Bii6yBa€eTbCsA cy6aiMallisi KpeMHilo, B pe3yJibTaTi
4YOro Ha MOBEPXHi KpUCTasa yTBOPIOKTLCSA apy rpadpeHy



I'paden

Kosnoigauit po34uH okcuay rpadpeny

lagpoTepmanbHa
¥  obpobka P
MeTop Xamepca Metop MapkaHo-Toypa XiMigHuMi TepmivHMiA
[pagit+ NaNO, Mpagit +N,H,H,0 160-180°C
¥4 ron, npu 0°CH 80°C
+H,50, +H,S0, + H PO,
¥
+KMnO,  x2 v ¥
[lepemimyBanHs npu 5-10°C Bnpogosxk 30 xB BizHoB/IeHNH OKCHA rpadeHy
$ +NaOH
[lepemimyBanHs1 npu 30°C BnpoaoBx 3 roguH
+H,0
[lepemimyBanHs1 npu 95°C BnpoaoBx 2 roguH
+ H202 CxeMH OTpUMaHHS KOJIOIAHOTO PO3YMHY OKCUAY IrpadeHy Ta
[lepemimyBanHsa npu 95°C BripoioBxkK 4 roguH BiJHOBJIEHOT0 OKCHAY rpadeHy

0O6po6Ka yJIbTpa3ByKOM
llenTpudyryBaHusa
dinpTpyBaHHA

KosioigHuit po3ynH okcuy rpadpeHy



I'padeH. KpucrasiyHa cTpyKTypa

KpucTasniyHa rpaTka rpadeHy - BOBUMipHa rekcaroHaJjibHa.
B esieMeHTapHiM KOMiplIli 3HaX0AAThCS ABa aTOMH, IO3HAYEHI
A i B. KoxeH 3 1ux aTOMIB NpU 3CyBi Ha BEKTOP TPaHCALl

YTBOPIOE MiZArPATKU 3 €eKBiBaJIECHTHUX MOMY aTOMIB.

BiacTtanp Mixk aToMaMu Byrvielto cTaHOBUTH 0,142 HM.




Big mopsaaky po3MilieHHS aTOMiIB B KPHUCTAJIYHIM rpaTiii, 3aJIeKUTh
30HHA CTPYKTypa KpUcTaia.

30HHa cmpykmypa 2pageHy 8 HabAUNMCeHHI CU/IbHO 38 S13aHUX e/1eKMPOHIS.
Ha 30BHiIIHIN 060/10HIIi aTOMa BYTJ/IEI0 3HAXOAAThCS 4 eJIeKTPOHHU, TPU

3 fAKUX YTBOPIOIOTb 3B'A3KM 3 CYyCifHIMM aTOMaMU y TrpaTLi NpU @
. . . v ) = /
nepeKpuBaHHi SP?-TibpUAU30BaHUX OpOiTasel, a OCTaHHIN eJeKTpPOH

3HaXOAUThCA B 2P,-CTaHi (cTaH BiAmnoBizae B rpaditi 3a $popMyBaHHA
MIKIJIONMHHUX 3B'SI3KiB, B rpadeHi - 32 yTBOPEHHs eHepreTUYHUX 30H).
[loBHa xBUJIbOBa QYHKIIiS BCiX eJIeKTPOHIB KpUCTaJsia 3alUCYEThCA Yy
BUTIJISIJIi CYMU XBUJIbOBUX PYHKIIiN eJIeKTPOHIB 3 migrpaTok A ta B :

'padgeH. 30HHA CTPYKTYypa

0.5

-0.5

Y =01+ Ada,
Z 2mik-T 4 v ( \ .
@1 — € i r‘ﬂ\ (1‘ — 1‘,4). ¢_} — § CQTHk-l‘B \'("r - I‘B)
koedilieHT A -  BapialiliHuUH napamerp,

BU3HAYAETHCA 3a MPUHLMIOM MiHiMi3anil eHepril
IPaTKHU.

XBusboBi QyHKLil 1 Ta 2 3aNUCYIOTbCA Y BUIIALL
CYMHU XBUJbOBUX QYHKIIA OKpeMUX eJIEKTPOHIB y
Pi3HUX MiArpaTKax KpUcTaaa

E

Fp 1g - pajiyc-BeKTOpH, CIPAMOBaHi Ha BY3J/IH
KPUCTAJIIYHOI I'PATKH,

X(r-rp) Ta X(r-rg) - xBuaboBi QyHKIil
eJIEKTPOHIB, JIOKai30BaHUX MOOJIM3Y I[UX BY3JIiB.

EHepzemuunuill cnekmp es€KkmpoHie 8
epageni mae 8uzs510

:l:\l,."'l'j.-g (1 + 4 cos? whya + 4 cosmkya cosTk, \/Ea) .



I'paden. 3akoH aucnepcii

[106/1M3y TOYOK JOTHUKY BaJIEHTHOI 30HU i 30HM MPOBIIHOCTI
(K'i K") 3akoH gucnepcii /iyi1 HociiB (es1eKTpoHiB) B rpadeni
NpeACTaBAAETbCA Y BUIVIAAL:

E = h'l-‘Fk.

ne Ve - mBuzakicte ®epmi , 6auzbko 10% m/c), k -
MOJY/Ib XBUJILOBOTO BEKTOpA B JBOBUMIPHOMY IPOCTOPI
3 komnoHentamu (K,, K), Axkuil BiApaxoByeThcs Bif
touok K a6o K’ (Touok /lipaka)

CreKTpoM TaKoro TUIY BoJsioAi€ GOTOH.

B epagheni enekmpoHu i dipku 80100it0mb HY/16080H0 edheKmu8HO0
MACoH.

[IBuakicte @epMi Ma€e 3MicT «epeKTUBHOI» LIBUJKOCTI CBiTJa.

['padeH - ABOAOIMHHUM HaAMiBINPOBiIAHWUK - piBHAHHA /[lipaka

OTIHCYE eJIEKTPOHH i Aiipku 3 pizHux gouuH (K, K").

3a es1eKMPOHHUMU 81ACMUBOCMAMU 2pAPeH MON*CHA 0XApaKmepu3lysamu K HanienpogioHUK 3 HY/1b080H0
WUPUHOI 3a60POHEHOI 30HU.

30Ha npogidHOCMIi ma easeHMHA 30HA 2pageHy 3MUKAMbCs, aie He 8 yeHmpi 30Hu bpiatoeHa, a 8 ocobausux
moykax Ha il Kpasx. [Jux mo4yok wicmb, B0HU NONAPHO eKeisd/s1eHMHI, ix Ha3usarwms moukamu /lipaka.

Ak HacnidoK, 30HU HenapaboiuHi, ehpekKmusHa maca Hociig 3apsidy JOpiIBHIOE HYIO.



I'paden. IIpoBigHICTH

) Hamisnpo- PyxiuBicTb PyxiuBicTb

Bucoka pyxaugicmb . Hociis 3apm?y epagﬁeh.ly _ p eJIeKTPOHIB, JPOK,
(1\'/IaKCI/IMaJ1bHa .pY).(JII/IBICTb eJleKTpOHlB cepep, ycix BIIHUKH M2/(Bc) M2/(Bc)
BiZJloMUX MaTepiasiB) poOUTH MOT0 NEepCIEeKTUBHUM

MaTepiaJioM /[Jii HAHOEJIEKTPOHIKU 1 MOX/IUBY Ge 0.380 0.180
3aMiHy KpeMHIiI0 B IHTerpaJbHUX MIKpOCXeMax. Si 0.135 0.050
Ha cborogHi MakCMMaJIbHO [JOCATHYTA PYXJIUBICTH

craHoBUTb 20 cM2 - BL.c'L; GaAs 0.820 0.040
OOMexeHHs1 Ha PYXJIMBICTb €JIEKTPOHIB i JIipOK B InAs 3.000 0.020
rpadeni (Ha Si niik/1aA1i) BUHUKAE Yepe3 HasABiCThb InSb 7.000 0.400

3apsipKeHUX JoMIlIoK y AiesneKTpuky (SiO,)

OuikyeThbcst focsirHeHHs pyxauBocTti 200 m2-B1.ct

3/1aTHICTb rpadeHy NOTJIMHATHU CBITJIO B OMTUYHOMY
JAlanasoHi He 3aJIeKUThb BiJ, IOBX)KUHU XBUJII




dysiepeHun

dysiepeHun

60 70

OTpumaHHs QysepeHiB:
1- I'padiToBi enekTpoay;

2-0xo0J10/1KyBaHa

MiZHa IIUHA,
3- MigHu# KOXYX;

|- \
MouJieKysia Ma€ BHYTPILIHIO IOPOXXHUHY [[iaMETpOM
npu6su3Ho 0,5 HM.
3o0BHIilIHIN AiaMmeTp Mosekyau 0,71 HM.

Hali6inibil epeKTUBHUM CcrOCiO
OTpHUMaHHs QyJiepeHiB 3aCHOBAaHUM HA TePMiYHOMY
po3ksazi rpadity
npu HarpiBi rpadiToBOro esekTpoja




ByrsielieBi HaHOTPYOKM - TpyOYacTi HAHOYTBOPEHHS BYIJIEIIO.
BusiBneni y 1991 p.

ByBatoTb o/iHO- i 6araTouapoBi. /liaMeTp TpyboOK 3HAXOAUTHCA Y
Mmexkax 0,4 — 500 um, gosxkuHa Big 1 MM g0 100 MKM.

YTBOpPIOIOTBCA NpHU pO3KJaaji Byrienb-BMicHux rasis (CH, C,H,,
C,H,, CO, mapiB CgHg i T.4.) HA KaTaNiTUYHO-aKTUBHUX MOBEPXHAX
metaniB (Fe, Co, Ni) npu temnepatrypax 300 — 1500 °C Ta
MOXyThb  HabyBaTWU  HalpisHOMaHIiTHimKX ¢opM -  BifA
NPSAMOJIIHIMHUX 10 CKPYYEHUX BOJIOKOH.

ByrieneBi HAHOT X?

\

KH



ByrieneBi HAHOTPYOKHM. Xipa/IbHiCTh

Knaacugikayis HaHompyb6ok nposodumbcsi 3a Ccnoco6om
320pmaHHs epadimosoi naowuHu.

Criocib 3ropTaHHsI BU3HAYAEThCSA JIBOMA YMCJAaMHU n i M, ki
33/lal0Tb PO3KJAJaHHA HAIpAMYy 3TOpTaHHA Ha BeKTopa
TpaHCcas 1l rpadiTOBUX IpaToK.

3a 3HaYueHHAM napaMmeTpiB (N, M) po3pi3HSAIOTh:

- npsmi (axipasibHi) HAHOTPYOKM «Kpicjao» (armchair) n=m
- 3ursarono/ii6Hi (zigzag) m=0 a6o n=0

- cripasibHi (XipaJibHi) HAHOTPYOKHU

£ 4

L)
N

=3 /
.
N
P N
\
. N
- N
s .
k. -
s




BymieneBi HAHOTPYOKHU

CTpykTypa "kpicno” CTpyKTypa 3 BUTHYTAM [paheHoBAa HAHOCTpIYKa CTpYyKTYpa 3 BUTHYTUM
(armchair) - (n, n) XipansHUM BEKTOPOM XipansHUM BEKTODOM
(TpaHCNAUIAHWIA BEKTOP (TpAHCNALIRHWIA BEKTOP
3anUWAaeTeLCA NPAMKM) 3anuaeTLCA NPAMUIM)
Crtpykrypa "auraar” XipankHa CTpyKTypa B [MapamMeTpu n Ta m [patheHoBa HAHOCTPIYKA
(zigzaq) - (n,0) aransHOMY BUNagky (n,  MOMXHa nopaxyeaTi Ha

m) KIHUI TPy DKM



BymieneBi HAHOTPYOKHU

CtpykTypa "kpicao” (armchair) - (n, n)

CtpykTypa "3ursar” (zigzag) - (n,0)




ByrieneBi HAHOTPYGKH

JliaMeTp HaHOTPYGKH d=(a/n)[3 (n2 +m’+ mn)]o‘5 .

a - MbkaToMHa BiACTaHb B IUIOCKiM ByrseneBiit citui (0,1421 HM) i
xipaJbHUM KyTOM O (XapakKTepu3ye BiJIXWJieHHs Bif, KOHirypariii 3ursary i
3MiHIOETbCA y Mexkax Bij 0 go 30°):

0 = arctg[—v3m /(2n+m)] 0= arctg[—@ 2m+n)].
(n, m) (3, 3) (6, 0) (5, 5) (10, 0) (10, 10) (15, 0) (15, 15)
d, am 0,4068 0,4704 0,6780 0,7830 1,356 1,176 2,034
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ByrieneBi HAHOTPYGKH




ByrieneBi HAHOTPYGKH
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BymieneBi HAHOTPYOKU. MexaHi4yHi BJIaCTUBOCTI

BugoBxxeHHA npu

B 7 i n lcm3) M 0] TMa) I i i(rn

OJIOKHUCTUM MaTepian utoma ryctmHa (r/lem3) Moaynb HOHra (TMa) MNpanuua miyHocrTi (MMa) e ()
Byrneuesi HaHOTpYOKuM 13-2 1 10 - 60 10
JleroBaHa ctarnb 7.8 0.2 4.1 <10
ByrneueBe BonokHo (moniakpunoHitpun) 1.7 -2 0.2-0.6 1.7-5 03-24
Byrneuese BOMokHO (Mek) 2-22 0.4-0.96 22-33 0.27 - 0.6
CknosonokHo Tvna E/S (E/S glass) 2.5 0.07/0.08 24145 4.8
Kevlar* 49 14 0.13 36-41 2.8

Minnicte B 50-100 pasiB 6iJibliia HiXK y cTasli, 32 CBOEI MOBEIIHKOI € aHAJIOTaMH KOPCTKUX TPYOOK.
[lig fAi€r0 MexaHIYHUX HAMPYT, 1[0 EPEBUIYIOTh KPUTHUYHI, HAHOTPYOKU He "pByThCs", a mepeby10ByOThHCH.
[lepcriekTHBU

CTBOPEHHS IITYYHUX M'Si3iB, HaAJIETKUX 1 HAJAMILHUX KOMIIO3UIIIMHUX MaTepiasiB, KyJeHenpoOUBHUX
€JIeMEeHTIB KUJIETIiB.
Kab6esb Big 3emJii o Micsingd 3 0iMHOYHOI TPYyOKU MOKHA 6YyJ1I0 6 HAMOTATH HAa KOTYUIKY pPO3MipOM 3 MaKoBe
3epHSTKO.

HuTka giameTpom 1 MM 3 HAHOTPYOOK BUTPpUMYE BaHTax 20 T.

k )
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BymienesBi HAHOTPYyOKU. CUHTE3

Tpu ocHosHI cnocobu cunme3y BHT:
*IyTOBUU,

ejla3epHa abJIALif,
*I1ip0JIi3 BYIJIEBO/IHIB.

m—
AHozn
4
_Inazma C:)
Iﬂ
Karon
Cxema anaparty A/ BUpobHuntea BHT
CxeMa po3nuytoBaHHA rpadiTy B MEeTO/I0M JIa3€PHOT0 BUMIAPOBYBAHHSA
Jla3Mi eJieKTpU4HOi Ayru (/ABa rpadiry:
rpaditoBi eJIeKTpOoAHr 1 - iHepTHUM ra3s,;
BUKOPHUCTOBYHOTHCS s 2 — iy,
CTBOPEHHS AYroBOrOo poO3pdany B 3 — 0X0J10/[>KyBaJIbHUW MiTHUH KOJIEKTOP;
iHepTHi# rasoBiit aTMocdepi) 4 — BOAQ,;

5 - rpaditoBa MilleHb
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O anodaroraya
goda
| Tl
Konoduus ;__I_[—__lﬁ _____ N
CO+Fe(C0)5 | —— =]

1 —=— Tapauwd OO

CuHTe3 BHT 3 ByrneueBmicHUX rasis

BymieneBi HAHOTPYyOKU. CUHTE3

Cnl T

noBepEHA | MOBEPEHA &

i |

oudysTHEE ToTE

_—

EYINEECOHED

METATMHA YacTHHEKA EQIIOKHD

Mogesb pocTy :

Ha nMoBepxHi 1 KaTaJiTUYHOI YaCTUHKU
BilOyBa€eTbcsl afcopObIiss i po3kJaj
BYTJIEBO/IHIO,

Ha noBepxHi 2 —pict BHB



Teopii moagBiMHOTrO eJIEKTPUYHOIO LIAPY

Tenvmeonvy Iyi— HYenmen LlImepnu I pem
SO) S ® S @ S
o S | e Sele
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A

I1EIIl Ha ByieieBUX HAHOCTPYKTYpax

%)
T T o o o P o )

(a) (6)

NO/ABINHUY eJIEKTPUYHUU LIap

eNneKkTponiT

BE++++++++ H5

BiagcTaHb Mix liapaMu

d~107"1
[lnowa mapis

S ~ 25001 °/ &

[IluTOMa EMHICTB

C~2500/43



KoHaeHcaTop Ha OCHOBIi ByienieBUX HAHOCTPYKTYP 3 [IEL

[oHONIPOBIAHUU cenapaTop

dKTHBOBaHE

eJIEKTPOJIIT ByTULIA

CTPYMO3Himau




MakcumasnibHa TeopeTudHa eMHicTh IIEI -KoHAeHCcaTOpa

&N*f' Mopenb
: ‘}‘“‘0 ™ Po3mMip rpadeHoBoi miomuHu 1cM X 1cm
: | . | [335 pm [lnoma enextpoza 2104 cm?
:-".\/’,-&\",H = Bigcraub Mixk mompHamu 0,335 Hm= 3,35°108 cm
é* ~ —‘i};—f 06’em komipku V=3,35'108 cm3
poe E*O-"‘ ;| 142 pm l'yctuna rpadeny p=2,267 r/cm3

j Maca esektpoga m=2,267 r/cm3* 3,35°108 cm=7,6 '1028r

—O.g 0. g [lutoma moBepxHa S, .= 2104 cm?/ 7,6 '10-8 r=2630 m?/r
A
Enektposaitu
€=38,8
¢
AueToHITpUI
[IponizieHkap6oHaT
TeTpaeTuaaMOHiH C[F] —ce [F / m] S [m2 ]
- 0
TeTpadTOpOOpPAT d [m]

TeopeTuyHa nuTomMa eMHicTh =8,85°1012 ®/m*60*2630 m?/r / 3,35°101° m=4170 &/r



MakcumanibHa TeoperudHa eMHICTh [IEII -KoHAeHcaTOpa

BojiHi esiekTposiTH

- [IpoBiAHICTD : 0,8S/cm
; ] H - LI 1 2 B
£ i 1| /. anpyra avdcoulail . ,
g ] /
; /
2 50 7
) ]
b= L. . . .
2 40 opraiai /‘ OpraHiyHi eJ1IeKTpOJIiTH
§ ] CJIEKTPOITH . .
2 a0 //‘ [IpoBigHICTS : 0,02S/cm
g 20 /o Hanpyra auconianmii 25B
g ] BOﬂHi‘ /‘
E lo - CJIEKTPOTH 7‘
ol aer? .

0.0 05 1.0 15 20 25 3.0 35 40 45 50 55

Hanpyra, B
Tun ejekrpoJtity Hanpyra IIuroma emMHICTH IIutoma enepris
PO3KJIaxy
Boawi 1,2v 29,7 [ WF / em2] 12,3 [Wh / kg ]
OpraHiyHi 2,5v 17,0 [ pF/ em?] 29,3 [Wh / kg
IoHHi piguHu 3,5v 10,0 [ pF / cm?] 33,7 [Wh /kg ]




P

P

MaKcC

R

eJIEKTPOJIITY

P

MaKcC

MaKC muToMa

= U%/4R

eJIEKTPOJIITY

=1,25°107 Om

= 0,310 kBt

1,2 1041 kB1/r

MuToma nNoTyXKHicTb, BT /Kr

000 4
000 93
000

100 -

IIuroma nmoTtyxkHicTh [IEIIl -KOHAEeHcaTOpa

1 cynepkoxderHcamopu
| / CBUHUEBO0-KUCOMHI
cnipansHoi 06mMomKu
Li-ioHHi
.~~~ Oyxe aucoxoi nomyxHicmi
Li-ioHHi
,ﬁ/,,eucoxoiinammuicmi
Li-ioHHi
gucokoi eHepeii
Ni-MH  Na/Nic12
Mutoma eHeprisa, BT rog, /Kr

|
0 20 40 60 80 100 120 140 160 180 200
Mumowma nomyxHicms, Bm/ke



LWnaxu niaBuWEHHA EMHOCTI Ta NOTYXXHOCTI

EdekT aHoMasibHOrO 36i/IbIIEHHS EMHOCTI IPY YTOAXKeHHI pO3Mipy Op Ta i0OHIB eJIEKTPOJIITY

Pores smaller than
the solvated ion
size are acceszible
to the ions

High capacitance
in micropores;

50% increase

Hypothesis:

15

—_
[=

Mormalized capacitance (pFic)

(=]

£_-hi Tl med | ® TIC-CDC
g G G B NMAC & SMAC
G- high med low & BLC&TAIC-COCs
¥ v i & 1 Gamby (2001)
Cg-high |G -low g med [ O Vix-Guter (2005)
2 3 4 5

Avsrage pore sze (nm)

> micropores accessible thanks to the distortion of the ion selvation shell



LWnaxu niaBuEHHA EMHOCTI Ta NOTYXXHOCTI

Po3pobka Teopii 06'eMHOr0 MOJIBIKHOIO eJIEKTPUYHOTO apy AJisi MiKpomnop

Microporous carbons for EDLCs

1. Anomalous capacitance increase in micropores thanks to
ion partial desolvation 2 high-energy EDLCs (+100% Cvol.)
No power limitation

2. Recast the double layer theory in sub-nanopores

to

3. Extra capacitance when pore size = ion size:

4. Solvent recombination / chemisorption?
- modelling strongly needed to understand this capacitance increase



Mikpo
Mes3o

HaHOCTpYKTYpHHUX ByIJIelleBi MaTepia/iu CyllepKOHAEHCATOPiB

Tun VMiKpO’ VMe3o S !
BYTiJLIsA em3/r em/r M2/t
OxucnenHs B piakii dasi 0.12 0,25 190
OxkwucrieHHs B Ta3oBiil (asi 0.17 0,16 310
TernnoBa 06poOka B IHEPTHOMY 0.38 0,71 1040
cepenoBuii N2
O6po0OKka 3a TOMTOMOT0I0 0.38 0,65 1030
dynepeHiB
OnpoMiHEHHS XOJIOTHOT IJIa3MOI0 0.33 0,51 1090
Ha TOBITP1 1 B aproHi
. MeToz 11abJ10HHO1 KapOOoHi3aIlii
aKTHMBHI opy,
1110 BUKOPUCTOBYIOThCS
YJIpraMiKpO -< 0,7 HM BHe}:[peHHe._ PacTRopenne S’iO2
-0,7-2HM B
-2-10 M X
-> 10 M

Makpo

nopu

MaTpuug 3 kBapuy SiO/C

ByTJIelb



KoHCTpyKLig cynepKOHAeHCATOPiB

KoHCTpyKIlis, OTpMaHa METOI0M HAMOTYBaHHS

dvaLSa08’

3v
KoHcTpyKisi, oTpuMaHa MeTOL0M Habopy

1v- 3v



/IBOCTOPOHHIU eJIEKTPOJ,

KoHCTpyKLig cynepKoOHAeHCATOPiB

ByryeneBa cTpiuka:

NoBXHHa 125 M

murpurHa 10 - 180 mm

toBIIKMHA 150 - 2000 MKkM
CTpyMOBHH KOJIEKTOP:

MarTepiaJi — CTaJb, aJIOMiHIH, HiKeJb,

CTpyMonpoBigHUU TUTAH
{ aAresus toBirHa 30 - 100 MKM
Tun enextpomiTy PC KOH
Turoma exepris [xJox/Kr] 14,0/10,7 2,8/1,29
Maxkc/HoM [Br*uac/kr] 4.0/3,0 0,78/0,36
[TruTOoMa MOTYXKHICTB [kB1/kr] 12,0/9,3 6.2/2,9
Makc/HoM




3acToCyBaHHA CyNlepKOH/AEeHCaTOoPIB

AKyMynsTOp

EnexrponBuryn

: Cucrema HaKOIIMYEHHS €Heprii
JIBUT'YH BHYTPIIIHHOT'O — : P CnoxuBay
Ha 0a31 CYNepKOHICHCATOPIB
3ropaHHs

CureMa eneKTPOKUBIICHHS

| cepepHs eHeprls

TpaHcnopTHUM 3acib

O>Xepeno eHeprii _
| nlkoBa noTyKHicTb

Oxxepeno eHeprii | cepeaHa enepria

TpaHcnopTHUM 3acib

| nlkoBa NoTy}HicTb

O>Xepeno noTyKHOCTi
@Jpriﬂ ralbMyBaHHA

LAMA
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10.
11.

12.

13.

Aekiiga 7

COHSIYHI es1IeMeHTH
Enepria Conud. CoHAYHA eHepreTUka
[IporHo3 BUpo6HUIITBA POTOENEKTPUIHUX
[IepeTBOPOBAYIB
MakcumanbHi kKoeilliEHTH KOPUCHOI JIil COHAYHUX
eJIEMEHTIB, fIKi 6a3yI0TbhCS Ha Pi3HUX MaTepiajiaxX Ta
TEXHOJIOTIAX
Knacudikailis COHSYHUX CTaHIiM Ta MaHeJseH.
[Ipunnun fii ¢oToBOIbTAIYHOI MaHEJI
[IpyuHIUIIOBaA cXeMa COHAYHOI eJ1IeKTPOCTaHLil
3aCTOCYBaHHA OKCUJIHMX HaANiBIPOBIJHUKOBUX
HaHoMaTepiaaiB
doToesIeKTPHUYHI TepeTBOPOBAaYi HA OCHOBI
CEeHCUOI30BaHUX HAMIBINPOBIHUKOBUX
HaHoMaTepiaaiB
[IpuHUMI Aii ceHCUOGiMi30BaHUX GAapBHUKAMU
COHAYHUX €JIEMEHTIB
Po6ouyui nyuka CbCE
BapBHUK ceHcUbii3aTOD
CnekTpaJibHa 3aJiexkHiCTb KoedilieHTa GpOTOH-
eJIEKTPOHHOT 0 IIepeTBOPEHHSH
BosabT-amnepHi xapaktepuctuku CBCE 3 Ru-
6apBHUKaAMU
Hanpsmku nigBuieHHs1 epeKTUBHOCTI Ta
ctabisbHOCTI po6oTu CBCE




IlepeBaru COHAYHOI €eHepreTuKu

BAXKJIMBO! Ha cboroaHi ¢oToBOJIbTAIKa € HANMOIJIBII €KOJIOTIYHO YHUCTHUM
CII0OCOO0OM OTPUMAHHSA eJIEKTPOeHepril

Ilepesazu

1.BukopucTaHHA 0Ee3KOLITOBHOI, BIJHOBJIIOBAHOI  eHeprii,
JIOCTYIIHOK INMPAKTUYHO B HEOOMEKEHUX 00CsArax - COHSAYHOTIO
BUIIPOMIHIOBAHHS, SIKe HEMAa€E HeOOXiJHOCTI JOCTaBJATHU [0
MicCld reHepariil.

2. HynboBuM piBeHb BHUKH/JIB (HI4YOr0 He CHAJIOETHCS, He
Bi/IOYBAETbCA HIAKMX XIMIYHHUX IEpeTBOPEHb, HEMAE KOJHOTO
pazialiiiHOro Y BUCOKOYACTOTHOTrO Pa[ioBUMIPOMiHIOBAHHS),
CTaHL|ii He 3a0pyAHI0E TPYHT, MPU EKCIJIyaTalil He
BUKOPUCTOBYETHCA BOJA.

3. BigcytHa mnorpeba B KamiTaJlbHOMY OYAiBHULTBI, IO
CYIPOBO/XKYETbCS MAaCIITAOHWUMH 3€eMJITHUMHA pPoOOOTaMU i
BILJIMBOM Ha HAaBKOJIUIIHE CEpeJOBUILE .

4. MiHiMaJIbHUM piBeHb WIYMy NpPU POOOTI CTaHLil BHACIIOK
BiICYTHOCTI pyXOMUX YACTHUH .




EHeprisa Connsa
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EHeprisa Connsa

CepedHs eHepeis (kBm*200), wo

nompan/se 3a pik 3 NPOMIHHAM
CoHys Ha 1 m?

8 pi3HUX 0b.s1acmsix Ykpaivu

JAs1 NOpIBHSIHHA - CYyMApHA I[HCOAAYIS NJAOWAJKU, HAXUJAEHOI nid onmuMaabHUM Kymom do
2opusoHmy i opienmoearoi Ha niedenb das pecny6sirku Iloavwa- 1100-1200 kBm-200/m? das
Himeuuurnu — 1100-1300 MBm-200/M?.



CoHAYHa €HEepPreTuKa

W, Bm [(m® - 1m)

W=300-700 Bm/m?

400 600 800 1000 1200 1400

3.1 25 1.7 1.3 1 0.9 0.8



[IporHo3 BUpOGHHULTBA
doToesIeKTPUYHUX IIEPEeTBOPIOBAYiB

MwW GW

3500 --30%p.a. m— — 25%D.3. = 14()
3000 - 120
2010 (Forecast
2500 - 100
J 1.200
B0 1.000 2000 80
us 500
ROW 500 1000 - 40
0 H._ Pl L- i_ L0
2002 | 2005 | 2010 | 2015 | 2020 | 2025 | 2030
Oc-Si 430 | 950 | 3340 0 c-Si
| thin film 20 50 | 290 m thin film
B "New Concepts" 70 & "New Concepts"
O c-Si 9 24 56 114
m thin film 2 8 36 133
H "New Concepts" 1 3 20 133




MakcumMasibHi Koe}ilieHTU KOPUCHOI Ali
COHSIYHUX eJIEeMEeHTIB, AKi 6a3yI0TbhCS HA Pi3HUX
MaTepiajsiaX Ta TEXHOJIOTifAX

ms % GalnP/GaAs/Ge
304

25-

| GaAs
20 Cu(InGa)Se2
15_
T 2
10_
S OCE
M EERS 1 i
c-Si InP C

Te ' a-Si/a-SiG




Kinacugikanisa COHAYHUX
CTaHIiM

Mepe>keBa COHsIYHA eJIEKTPOCTAHILisl Ma€E BUXiJj 6e3mocepe/IHbO A0 Mepexi, He M TPUMYE eHeprikHux
HaKomu4yyBauiB. /[03BOJISIE 3eKOHOMUTH Ha aKyMyJsiTopax. MepexeBi eJleKTpOCTaHLii AiiCHO MPUOYTKOBI,
SKII0 CIOCTepiraTu 3a TpboMa (paKTOpaMM: AMHAMiKa TapudiB Ha CHOXUBAHHS, BUTPATH HA YCTAaHOBKY
CTaHIIil Ta IHTEHCUBHOCTI COHSAYHOI IHCOJISLLII.

COHAYHI e/IeKTPOCTaHILii aBTOHOMHOI'O THIIY — He3aJiexKHa aJIbTEPHATHBA, AKa Mpaljl0€ pa3oM i3 COHILEM,
BiTpOM Ta BOOI0. AKIIO HE MAa€ MOXJIMBOCTI MiJAKJYUTUCA [0 30BHIIIHbOI eJIEKTpOMepexi, 3/1iNCHIOITh
BUKOPUCTAHHS aBTOHOMHOro BuAy. HeMae HeoO6xifHOCTI miaTUTH 3a eJjieKTpoeHeprito. [locTavyasbHUK
HaZ[iIiHUW Ta MaKCUMaJbHO NOTY>XHUW. ABTOHOMHI 6aTapei CTBOPIOIOTbCSH i3 HACTYNMHUX KOMIIOHEHTIB:
IHBEpTOp, aKyMyJIATOPH,COHAYHI IaHesl Ta IX KOHTpPOoJIep.

liopuaHi eJleKTPOCTAaHLii BMilllyIOTh B COOi MepeXeBy Ta aBTOHOMHY CUCTeMU. BUKOPUCTOBYE 3arajibHy Ta
BHYTpillHIO eHepriio. CKJAAAETbCA 3 JIYMJAbHUKA, aKyMyJasTopa Ta riopujHoro iHBeptopa. OcTaHHiN
epeTBOPIOE CTPYM Ha 3MiHHHUU. [IpoTArom AHA MOAy/i NPaniOTh, NOTIM aKyMyJATOPUA 3apsAAKarTbCH.
BBeuepi GaTapei 36epiratoTb eHeprito. [Ipy gomaBaHHI MoayJiB BifjoyBaeThbCs 30i/bllIeHHS MOKa3HHKa
MOTY>KHOCT1 aKyMyJIATOPIB.



[IpuHnun ai

« Sunlight

‘.‘ '.“ ‘
Front electrode( - ) <

Anti-reflection coating

Current

doToBOJIbTAIKA — METOJ reHepallil eJeKTpoeHepril LIJIAXOM IepeTBOPEHHS eHepril COHAYHOTO0
BUIIPOMIHIOBAHHSA Y NOCTIMHUM €JIEKTPUYHUM CTPYM 3 BUKOPUCTAHHAM HaMiBOPOBIJHUKOBUX

MaTepiaJiB.



Kiacudikania cCOHIYHUX naHes1er

KpemHieBi conssuHi maneuti: [TosikpucTtaniyHi, MOHOKpUcCTaliuHi, aMopdHi

[lniBkoBi coHs4Hi maHesi: Teaypugo - kagmiesi (CdTe texHonorin), ceneniny mini-ingieBi (CIS TexHonoris),
MoJIIMepHI

KpeMHieBi naHesii Hapasi € HaWNONYJSPHIIIMMHA HAa PUHKY, OCKIJIbKM KpPeMHIM JelleBUU Ta Ma€ TrapHi
noka3Huku KK/I

[MonikpucraaiyHi. B ocHOBI BUpPOOHUIITBA MOJIIKPUCTANIYHUX 6GaTapel JIeXKUThb IMOBiJIbHE 0XO0JIOKEHHS
KpeMHito. OCKiJIbKM BUPOOHUITBO HE MOTpPeby€e BEJMKUX €HeprosaTrpaT - MaloTb He AyKe BUCOKY LiHY, Y
NOPIBHSIHHI 3 MOHOKpUCTa/iyHUMM naHeasaMu. KK/| Takux 6aTtapeid craHoBUTb A0 18% Bia moOTy»KHOCTI
Mo/yJisl. PeHTabebHICTh MOJIKPUCTAIIYHUX NaHeJ el CKJIaJa€ 6JIM3bKO TPbOX POKIB.

MoHokpucTtasiyHi. OCHOBHUM eJieMEHTOM MOHOKPMUCTa/IiYHUX OaTaped € IJACTUHH MOHOKpHUCTaJy. 3a
NOKa3HUKAMHU Kpalli 3a noJikpucrtaau. He JUBJASAYKMCh HAa BUCOKY IliHY, Yepe3 CKJIAAHICTb Y BUPOOHMIITRI,
MOHOKpHUCTaJiyHi na”esi MmaroTh BUcokuit KK/ — 20% Big noTy>xHOCTI MoAyS.

Amopd@Hi. Y BUpoOGHULITBI aMopdHUX NaHe el BUKOPUCTOBYETbCS aMopdHU kpeMHin. KK/| Takux naHesiei
HU3bKa, 10 5%, ane norsinHaHHA B 20 pa3iB kpaie. OCKiJIbKM BOHU NpPaIl0I0Th IPU PO3CIAHOMY COHAYHOMY
cBiT./1i. Tako>k mepeBaraMy aMOpPQPHUX COHSIYHHUX MaHeJeN € eJJaCTUYHICTh Ta HU3bKa LiHa.

[lniBKOBI Tesypuao-kagMmieBi. KagMieBi eleMeHTH MalOTh BUCOKMM piBeHb CBiT/IO moravuHaHHA. KK/ nux
naHesied ckiaaznae a0 10%, ane, 3 nepeBar,- HU3bKa CO0iBapTiCTh eJIEKTPOEHEPTii Ky BOHU BUPOOJISIOTD.
[LlniBKOBI ceneHiay migi-ingieBi. [I1iBKOBI maHeJ1i, B OCHOBI IKUX CKJIAJA€TbCA MiJlb, MaloTb BUCOKUH KK/l —
20% Ta, NopiBHAHO, HU3bKY LIiHY.

ILniBkoBi mosiiMepHi. [losiMepHi coHAYHI maHesi MawTb HU3bKUU KK/, snme 5%. Asne Takuu BUJf €
HaW/JlelIeBIIMMHU 3 YCiX BUIle NPUBEEHUX MTaHeJeH, € eKOJOTIYHUM BHUJOM COHSAYHUX MaHeJed, OCKUJIBKY He
BUKU/JAKOTh Y HABKOJIMIIIHE CepesoBULle LIKIJJIMBI peY4OBUHU.



Kiacudikania cCOHIYHUX naHes1er

Bupo6HUIITBO MOHOKPHUCTA/IIYHUX POTOETeMEeHTIB BiZi0yBa€eThCA i3 3aCTOCYyBaHHAM MeToAy Y0XpaJsibCKOro.
Jlist TOro 106 OTpUMAaTH KPEMHIEBMM MOHOKPUCTAJI, B PO3IJIaB KPEMHIIO 3 60pOM 3aHYpPIOIOTh 3apOKOBUM
KpHUCTaJ 1 NOCTYINOBO NiJHIMAKThL Ha KiJIbKa MeTpIiB Ha/Zl MIOBEPXHEI PO34YHHY, IPU LbOMY 3a 3aTPAaBOYHUM
KPUCTAJIOM BUTATYETHCA M KPUCTANI3YETHCA PO34YMH. 3 OTPUMAHOI MOHOKPUCTAIIYHOI 3arOTOBKU 3Pi3al0Th
KPOMKM [IJIsS TOTO 1106 OTPMMaTU KBaJipaTHI eJeMeHTU i po3pi3aidTh MOro Ha eJeMeHTU TOBIUHOIO
npu6susHo 0,3 MM. [licasa nboro esieMeHTH JieTyioTh pocdhopoM sl AoJaBaHHSA N-NMPOBIJHOCTI i CTBOPEeHHA
pN-nepexoAy, MOJipyOTh, HAHOCATb aHTHUOJIIKOBE MOKPUTTS i CTPYMONPOBIJIHI JIOPI?>KKKW Ta MU OTPUMYEMO
rOTOBHUM [0 BUKOPUCTAHHS MOHOKPUCTANIYHUN POTOENIEMEHT.

XapaKTepUuCTUKHU:

KK/l Bix 15 1o 18 BigcoTkKiB;

dopma KBaspaTHa abo KBaJpaTHa i3 3aKpyIJIEeHUMHU
abo 3pi3aHUMU KyTaMU,

ToBmuHa 0,2 — 0,3MM;

Koutip Bii TEMHO-CUHBOT'O 0 YOPHOT0 3 aHTHUOJIKOBUM
NOKPHUTTSM a60 cipuii 6e3 MOKPUTTS;

30BHIIIHIN BUTJISA — OAHOPIAHUM.




Kiacudikania cCOHIYHUX naHes1er

[MonmikpucraniyHi ¢oroesemMeHTH BHUPOOJSIOTHCI 3a JAONOMOTOI PIBHOMIPHOTO CIOPSIMOBAHOIO
OXO0JIOJKEHHSI EMHOCTI 3 pO3IJIaBOM KpeMHito i 60py. [Ipu boMy B €eMHOCTI GOpPMYOThCA OJHOCIPSIMOBaHI
rOMOreHHi KpHUCTaJd PO3MipOM BiJ] KiJIbKOX MiJiMeTpiB [0 [AeKiJIbKOX caHTUMeTpiB. OTpUMaHUK O6JIOK
NOJIIKPUCTAJTiB 06POOJISIETHCS TaK CaMo, sIK i MOHOKpHUCTa/iYHa 3aroTOBKa.

XapaKTepuCTUKHU:

KK/l Bix 13 1o 16 BigcoTKiB;

®opma KkBazpaTHa,

ToBmuHa 0,24 — 0,3MmM;

Kousip cuHili 3 aHTiBig6MBatouMM

HOKPUTTSM, CPibJISICTO-CipUil 6€3 MOKPUTTH;
30BHILIHINA BUIVISAA — OJIOK KPUCTAJIIB Pi3HOTO
HalpAMKY, AeAKl KpUCTaJIY YiTKO BUAHO Ha 3pi3l.




Kiacudikania cCOHIYHUX naHes1er

AKTUBHUM HaNiBNpoOBiAHUKOBUM MaTepiasioM B ClS-poToenemeHTax € aucesneHin inaio i migi. CIS
KOMIIayH/] 4aCcTO JIETYEThCA rayieM i (a6o) cipkoto. [Ipy BUpOOHUITBI eleMeHTa CKJIO MOKPUBAETHCS 1IAPOM
MOJIiIOIEHY, 1110 MPOBOAUTL eJIEKTPUYHUU CTpyM, AJis poToeseMeHTa Iiedl map 6yae katoaom. Ulap CIS
KoMIayH/ia B GOTOesIeMeHTi BOJIOJIi€ P-TUIIOM NPOBIAHOCTI i HAHOCUTBCS Ha LIAp MoJibgeHy. OKCUA UHKY
3 poMimkow amtoMmiHito ZNO:Al BUKOPHUCTOBYETHCA SIK MPO30PHUM MPOBIAHUK eJeKTPUKHU aHo[. lle# map
Ma€ N-THUI MPOBIAHOCTI i B HbOMY PO3IMOPOILIEHUH AOMOMIXKHUN 1Iap oKcuAy HUHKY 1-ZNO. [poMiKHUM
map cyabdiny kagmito CdS BUKOPUCTOBYETHCS [/ 3MeHIIEeHHs BTpPAT, MOB’S3aHUX 3 HEBiANOBiAHICTIO
kpuctaniyHux rpatok CIS i ZnO mapis.

XapaKTepUCTUKHU:

KK/l Bix 9 o 11 BifgcoTKiB;

dopmMa esieMeHTa Bifnosigae popmi Moays;

ToBiIMHA MOy/Is B HE3arapTOBaHUM CKJIi Bif 2 10 4MM;
Koutip BiZf TEMHO-CipOTro /10 YOPHOTO;

30BHIIIIHIM BUTJISA — OAHOPIAHUM.
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Kiacudikania cCOHIYHUX naHes1er

doToe/ieMeHTH 3 BUKOPUCTAHHA Teaypuay kKaamiw CdTe BupoO6JSIOTHCA HA MiAKJIAAII 3 MPO30pPUM
NPOBIJHUKOM, SKUW BUTOTOBJISAETHCA 3 OKCUZY IH/IiI0 Ta 0JI0BA i BUKOPUCTOBYEThCA K NEepPeHIN KOHTAKT.
g migkgagka MOKpPUBA€ETbCA WapoM ceseHigy kaamito CdS 3 n-tumom mnposigHocTi. Ilicasg 1pboro
HAaHOCUTBCS abcopOyBaJbHUM mIap Teaypuay Kaamiro CdTe 3 p-tunom nposigHocTi. [licas mboro Moayib
3aKpUBAETHCA MeTaJIeBOI0 CTPYMOIIPOBIAHOI IIJIACTUHOIO.

XapaKTepUCTUKHU:

KK/ 8,5%;

dopmMa esieMeHTa BifnoBigae popmi Moays;

ToBUMHA MOy/Is1 B HE3arapTOBAaHUM CKJIi — 3MM;
Koutip BiZi A3epKa/lbHOT0 TEMHO-3€JIEHOTO [0 YOPHOTrO;
30BHIIIIHIN BUTJISA — OAHOPIAHUM.

light

glass

contact




Kiacudikania cCOHIYHUX naHes1er

AmopdHuII KpeMHIA y doToesieMeHTaX He YTBOPIOE OJHOPiAHY CTPYKTYpy, ajie YTBOPIOE XAOTHUYHY
Mepexy. Ik pe3yabTaT, Yepe3 rpaHMlli KpUCTaJliB BiJj0yBa€ThCA MOrJIMHAHHA BoAHIO. llel rifporeHizoBaHu
amopdHUuil kpeMHil Si:H cTBOplo€ETbCA B peakTopi MasMu 3 rasoBoi ¢asu rigpuay kpemHino SiH,.
JleryBaHHS1 KpPEMHIi0 MPOBOJAMUTHCA 3MilllyBaHHSIM rasiB, 1[0 MICTSATb JIETYIOUUMU eJieMeHT - TiApun 6opy
B,Hg ana p-nposigHocTi i rigpun dochopy PH; ana n-tuny npoBifHOCTI. Y 3B’A3Ky 3 HEBEJMKOIO
Bi/ICTAHHIO TNPOHHWKHEHHS JIETYIOUMX [A00aBOK B aMOpHHUM KpeMHiHW, TepMiH XMUTTS HOCIIB 3apsaay
KOPOTKHMM, TOMY Ha IIAap KPEMHiI0 HAaHOCATbLCA AOJATKOBI 1Iapy 3 N- i P-NPOBIAHOCTAMU. K nepeaHin
KOHTAaKT BUKOPUCTOBYIOTb MPO30PUM NMPOBIAHUK 3 OKCUAOM osioBa SNO,, OKCUAOM iHJIIO Ta 0J0Ba abo
OKcUJIOM IIMHKY ZNO, 3aiHiM KOHTAKTOM € MeTaJieBa CTPyMOINPOBiZHA MJaCTHHA.

XapaKkTepUuCTUKMU.

KK/l Bix 5 10 7 BificoTKiB,;

dopwma Bignosigae Gpopmi Moay/sl, MaKCUMaJbHUU po3Mip 2X3 M;
ToBIMHA ejieMeHTa B He3arapTOBaHUM CKJi Bifg 1 70 3 MM;
Koutip Bif KOpU4YHEBOTO /10 CUHBOT'O 260 dioJieToBOTO;
30BHIIIHIN BUTJISA — OAHOPIAHUM.
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Kiacugikanisa COHAYHMX NaHeJIen

IlosniMepHi COHAYHI MaHeJIi BUHANEHI HEeIaBHO, CKJIAAAThHCA 3 [EKIJIbBKOX KOHCTPYKTUBHUX €JIEMEHTIB!
aKTUBHUU 1Iap - MoOJiMep, eJeKTPOoAu 3 aJOMiHil0, THy4YKa MifiKJa/iKa, 3aXMCHUM 1Iap Ta 3'€/HyBaJbHi
eJIeMeHTU [IJIs1 06'€JHAHHA B BeJIMKi mjonli. TyT NpoBiHUKAaMU BUCTYNaAlOTh mNoJjideHiseH, QypesyieHH,
dTanonuanin migi. [Ipyu boMy Taka mJiBKa Ay»e TOHKA - 6yin3bko 100 HM.

[lepeBaru: MOXJIMBICTb pPOOUTH THYYKi COHSIYHI eJieMEeHTH, MOJYJbHICTb KOHCTPYKILIil /103BOJISIE
006'€eJHYBaTH Mi>k CO6010 HECKIHUEHHY KiJIbKICTh OKpEMUX FHYYKUX NTaHeJel, TOBTOPIOOYU OY/ib-sKi GopMHU
NOBEPXHi, HA SIKiil PO3TalllOBYIOThCSI 6aTapei, JIerKicTh 3a Barow i JIeTKicTh B eKclJyaTallii, KOMIAaKTHICTb
(HaityacTtime Taki 6GaTtapei MoOXXHa 3TOPHYTH B pYJIOH), JAellleBU3HA BUPOOHHUIITBA B NOPIBHSAHHI 3
TpaJULiHHUMHU 6aTapesiMH, eKOJIOTIYHICTh BUPOOHUIITBA, HABITh B MOPiBHSAHHI 3 KpeMHi€EBUMHU O6aTapesiMH,
He3BaXkalouM Ha HU3bKUU piBeHb KK/I, 6sm3bko 5%, Bce K MOKHA BUAIJUTU NMPUYUHH, YOMY BapTo
06HpaTH 11ed TUIl COHSIYHUX MaHes e,
XapaKTepUCTHUKHU:

KK/l 5 BifgcoTkiB;

ToBuiuHa esiemenTa 100 HM;

Kouip pisHuH: Bif 2)KOBTOT0, 4€PBOHOTO CUHbOTO
abo ¢iosieToOBOrO;

30BHIIIIHIN BUTJISA, — OAHOPIAHUM.




I[IpyHOMIIOBA cCXeMa COHAYHOI eJIEKTPOCTaHILil

[HBepTOp

CoHsuHi 6aTapei

- TpancdopmaTop

0,4/32xB

JliYnJIbHUK

CucreMa ynpasJiHHA



0C06/IMBOCTi YCTAHOBKH COHAYHUX IMaHeJ/Ier

1. BupiBHIOBaHHS IJIOIA/IKU
2. 3abuBKa cUrMa-cBam

h, mm b, Mmm a/S, mm L, m

- 100 55 16/40 20

lepesazu - sUCOKA MiYyHICMb
npu MiHIManAbHIU MOBWUHI CMIHKU

nubuHa 3a6usku — 1,5-1,7 m

BAKJIUBO!
[Ipy ycTaHOBLiI He BUKOPUCTOBYETHCA BaXXKa
TexXHiKa; OTpHMMaHaA TEXHOJIOTIA He TUIbKHU
O6e3neyHa MNpyd 3aCTOCYBaHHI Ha Cxujax 3
HaxXWJoM 710 25-35° — BOHA [,03BOJISIE YKPINUTH
iX Ta 3aM06IrTH 3CyBaM IPYHTY




0C06/IMBOCTi YCTAHOBKH COHAYHUX MaHeJ/Ier

3. BcTaHOB/IEHHA ONOPHUX METANIOKOHCTPYKLLiM

dopmyromeca “cmonu “ nio pamu
3 naHeaAMU 3 ONMUMA/bHUM
Kymom Haxusy 0o eopuzoHmy (35°)




0C06/IMBOCTi YCTAHOBKHY COHAYHMX MaHeJein

3. BcTaHOB/IEHHA OMNOPHUX METANIOKOHCTPYKLLiM

Ocobausocmi MOHMax cy 3
3aCMOCYB8AHHAM QIHOMIHIEBUX
Hecy4ux YacmuH




0Cc06/IMBOCTi YCTAHOBKH COHAYHMX MaHeJein

4. MiarotoBKa TpaHWeM ANa NPOKNAAKM Nia3eMHUX Kabenis

Ka6euni HOCTiHOTO CTpyMy
NpOKJaAalTbCA Oe3nocepeHbO IO
MeTaJIOKOHCTPYKLiAX AJif 3'€JHaHHSA
pAanaiB batapeii i mojasbloi
KOMyTalil 3 IHBepTOpaMH.

Ka6euni 3MIHHOTO CTpyMy  —
PO3MIIYIOTHCH B i/I3€MHUX
TpaHuiesiX B ropporpyodax. [lo Hux
3MiHHUM cTpyM Hamnpyroo 04 kB
NOJAETbCA Ha TpaHCcPOpPMaATOpHI

nifgcTaHmii 0,4/32xkB. s
M AKJI4YEeHHS 210 3araJjibHol
eHeprociTku (omopa 32kB) Oyzxe
BUKOPUCTAHO NOBITPAHI JIiHIT

eJeKTpolepesayi.




0C06/IMBOCTi YCTAHOBKH COHAYHMX MaHeJein

5. MpoKknaaka KabeniB Ta NigroToBKa PO3BOAKM EIEKTPOMEPEXKI BKAKOYHO 3
TPaHCPOPMATOPHUMM NIACTAHLIAMM,




0C06/IMBOCTi YCTAHOBKH COHAYHUX IMaHeJ/Ier

0. MOHTa)X naHenemn




0C06/IMBOCTi YCTAHOBKH COHAYHUX MaHeJIer

7. MoHTax iHBepTOpiB (MOKe 34iMCHIOBATUCA B OKPEMOMY ONepaTopHOMY
NPUMILLEHHI 36ipHO-MOAY/IbHOTO TUNY )




wr

1 YCTAHOBKH COHAYHUX ITdHEJIEHU

OCco6JIMBOCT

i poboTn

7. NMycKo-HanarogKyBabH




0C06JIMBOCTi YCTAHOBKH COHAYHUX NaHeJ/Ien

8. O6nawTyBaHHA 3aXUCTy TepUTOPIi




[lepeBaru

HenoJiku

doToe/IEKTPUYHI IepeTBOPIOBaYi 3 p-N —nepexogaMu

KK/I.
30-32% (n1abopaTopHi 3paskHu)

15-20% (koMepuiiiHi 3pa3kn) Silicon Photovoltaic Cells

KPEMHIEBI COHSIYHI efleMeHTU

JIOpOTrOBU3HA,CKJIAJHICTh
Ta TOKCUYHICTh /A

TeMIepaTypHa Jgerpajaiis

BUPOOHMUIITBA, //

Charage separation by electric
PosgineHHa potoreHepoBaHuX
HOCIIB 3apsiay BiAOyBaeTbCs B

eneKTpu4HOMy nori nepexogy Mix

HaniBNPoOBIAHUKOBUMM MaTtepianamm
3 p- Ta N-Tunamu NpPoBIgHOCTI



COHSAYHI
enemMeH-
™

Oxepena
CTPpymy

CeHcopwum

HeniHin-
Ha
onTukKa

3acTocyBaHHS OKCUOHUX
HaniBNpoBiAHMKOBMUX HaHOMaTepianiB

[1o6asibHa MeTa

Po3po6ka sielieBrUx Ta epeKTUBHUX
boTOeJIEKTPUUHUX IIePETBOPIOBAYiB

dorTo-
KaTani3

doTo-
NOMiHIC
LeHuin




doTOE/IEKTPUYHI IepeTBOPIOBAYi HAa OCHOBI
CEeHCHO1/I1i30BaHUX HANliBNPOBIJHUKOBUX HaHOMaTepiaJiiB

He BUKOPHUCTOBYHOTBHCA YACTI MaTepiaiv Ta
CKJIQ[H1 TEXHOJIOTTYHI IPOLEeCH;
[lepeBaru KK/l 3pocTae 3 pocToM TemMnepaTypu,

JIBOCTOPOHHS KOHQIirypanis; =01
MaJia Yy TJIUBICTb [0 3MIiH
KyTa aJiiIHHA IPOMEHIB;
MaJIM{ BIIJINB HA HABKOJIMIIHE CEPEOBUIIIE; Tio D*/D* Electrolyte
2
KK/ S =
o 11% (pizunni CBCE) cb - 5
i 10 2-3% (TBepaoTiiibHi CBCE) - @-

D/D*
Dye

leHepauia Ta po3gineHHsa HOCITB
3apsay BiobyBaeTbCA B Pi3HUX

doyHKUIOHaNbHUX cepeaoBuLLax 3

OMTMMI30BaHUMM BIIACTUBOCTAMM



[IpuHLMN Aii ceHCUOi1i30BaHUX
OapBHUKAMH COHAYHMX eJIEeMEHTIB

CEeHCUOiN1i30BaHUK OAPBHHUKOM
HAHOAWCIIEPCHUMN OKCUTHU U

HamiBIPOBIJHUK
TiO,, Zn0O, SnO,, Nb,0O.

Po6ouyuu maTepian

KomnoHoeska CECE

CKJlO

SnC%:le
Kamanizamop

eJleKmpoJiim
OapBHUK

HII




[IpuHLMN Aii ceHCUOi/Ti30BaHUX
OapBHUKAMM COHAYHUX €JIEMEHTIB

D=0 (D\:«—(D

M. Griitzel, Nature 2001, 414, 338-344.

XapakTtepuctuku TiO,

nyuToMa Itoina nosepxti 30-150 M?/T,
THUIOBA NOPUCTiCTb 50-65%,
cepeHiM po3Mip 4acTUHOK 15-20 HM,
cepenHIiN po3Mip op 15 HM




HIT|D+hv — HIT| D"

HIT|D” > HIT|D" +e,,,
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BimHoBNeHHS | peKoMbiranis
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BapBHMK - ceHCcHOiTi3aTOp

H o eJIEKTPOHHI lepexoau
€OpraHItiHI ceHcubinizatop -TiO,
noJIinipuAnJIbHI KOMILIEKCH RU

ta OS, nopdipuny, ¢pTasolniaHinu

COOTBA

BapianTu iMmo6isizanii 6apBHUKa Ha
noBepxHi Ti0, yepe3 KapOOKCU/IBHI IpyNHU

COOTBA
R
OpraHiyHi . . i =
AHTOLiaHiHU, XJ0pOPian | | |
C
3 C B N
N Q __—COOH o” o 0" g |? o
O] MgN,OH,,C | |
AAoR ST ——cooH | N A M M
Ti M

AHTOLMAH XeMocop6b1iig 3a6e31e4yeThbCs KApOOKCUIATHUMU I'PyliaMu
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CrieKTpaJibHa 3aJI€KHICTh

KoedilieHTa POTOH-E/IEKTPOHHOIO IePpEeTBOPEHHHA

NCS-rpynu 3a6e3ne4yyoTb MOTJIMHAHHS Y
BU/IUMiM 00J1aCTi CHEKTPY

A,HM
460 560 660 760 B(I)D 960 1UI00 11I00
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HanpsaMmku nigBueHHs e(peKTUBHOCTI Ta
ctabiibHOCTI po60oTH CBCE

* po3po6Ka BUCOKOe(DEKTHBHUX TEXHOJIOTIM CUHTEe3y MaTepiaJjiB

* 3 KOHTPOJIbOBAHUMM XapaKTePUCTHUKAMHU Ta 33/1aHO0 MOPPOJIOTIED

* mig6ip KOMILJIEKCy MaTepiaJiB— OKCUIHHUM HaMiBIPOBiJHUK /

*  OapBHUK-CEHCHOINi3aTOp / eJIeKTPOJIIT

* 3MEHIIeHH WMOBIPHOCTI BTPAT HOCIIB LIJIIXOM

*  KOPHUTYBaHH{ eJIEKTPOHHOI CTPYKTYpHU punoBepxHeBoro mapy Ti02

*  OTpPUMAaHHS CTPYKTYPHO BIOPSAAKOBAHUX IJIiBOK Ti02 3 yHiGOPMHUM pO3MO/AiJIOM IOP
3a po3MipaMU Ta CTBOPEHUMHU KaHaJIaMU IPOBIAHOCTI

*  mepexiJ BiJ piIMHHUX eJIEKTPOJIITIB /10 TBEPAOTIIbHUX 3i 30epexxkeHHAM KK/|

MexaHni3mu BTpaTt npu redepanii crpymy B CbCE

*Pesiakcaliist 30y/1>KeHOT'0 CTaHYy MOJIEKYJIU 6apBHHMKA 0€e3 iHxkeKIlii eekTpoHa B HII

*PekoMbiHallis esleKTpOHA 3 30HU NPOBiAHOCTI TiO2 3 0KHC/IEHO0 MOJIEKYJIOHO
OapBHUKA 10 TOTO, IK OAPBHUK Bi/JHOBJIIOETHCS 3 €JIEKTPOJIITY +
HII|D* +e,, — HIT|D

*PekoMbiHalisg esekTpoHiB B HII 3 gipkaMu esieKTpoJIiTy

l; +2e,, >3l



KoxkeH J3epKaJlbHUM MOZYJb - Lie CAUCTeMa 3 JBOX
BEJIUKUX [Ji3epKaJl , pO3MIpOM fK rapaxHi BopoTa.
Takuii MoAynb Ha3WBA€TbCA - resiocraT. CTaHLiA
ckiagaetbca 3 173 000 Takux resiocrarTiB, fKi
CIIPAMOBYIOTH COHAYHI IPOMEHi HAa BEPLIMHU TPbOX
HaJBUCOKUX BeX, Ki 3HAX0AATbCA B 1leHTpi. KoxxeH
rejiiocTaT pyxXxOMH# Ta 3a J0IOMOrOK KOMII'IOTepa
BCi JA3epKasia 00epTalOTbCad 3a COHIEM. TakKuMm
YUHOM COHAYHI NpPOMEHi MomaJarwTb [0 BeX Ha
NpOTA31 BCbOr'0 CBITJIOBOTO JHA.

Haitbinblia COHAYHA eNneKTPoCcTaHuifA

Cranuis Ivanpah Solar posrtamoBana B mycresni
MoxaBe / Mojave / , B TpbOX rofydHax IOI3JKH Ha
cxin Big Jloc-AHxeseca. i OyZiBHUIITBO BeJIOChb
6/1M3bK0 3-X POKiB Ta KowTyBaso 2 miaph. 200 mMiH.

fojapiB. CoHAAYHA  eHepria BUKOPUCTOBYETbLCH
CTAHLIE HaBITb MmicJad 3aX0o4y COHLA 3aBALKHU
MOXJIMBOCTI  akyMyJitoBaHHA  eHepril.  Cekpet

6e3nepebiiiHOI pPOOOTH TresioyCTaHOBKU B TPbOX
0alIHAX, 1110 OTOYEHI THCAYaMH A3epKalJl.

P S eSS e



3arasbHa noTyxHicte Ivanpah Solar - 392 MBT .
Bcd 14 noTyKHICTh apu nepefaeTbCa BHU3 BEXi - HA
TypOiHM, §IKi  BUPOOJIAIOTH  €JIEKTPOEHEPTIIO.
Besnvkoro nepeBaromw reJjliioTepMaJibHUX
eJIEKTPOCTaHLi Tmepes 3BUYAMHUMH COHSYHHUMU
NaHeJAMU ABJIAETbCA MOXJIUBICTb aKyMYJIIOBaTHU
Ha/JJIMIIKUA eHepril , a 3HAaYUTh MpaloBaTy 1 micad
3axony coHugd. Ileperpita pigMHa HaKONUYYETHCH B
crieniaJJbHUX  OO'€EMHHMX  CXOBHUIIAX i  BHOYI
BUKOPUCTOBYETbCA  AJida  poboTh  TypbiH Ta
BUPOOHUITBA eJieKTpoeHepril. CXOBHILIA MOXYTb
3a6e3neyuTu poboTy Typ6iH 0 15 roguH Ha MOBHIM
MOTY>KHOCTI.

Haitbinblia COHAYHA eNneKTPoCcTaHuifA

Bucora koxHoi Bexi 148 wmetpiB. Ha BepiiuHi
BCTAHOBJIEHUX BEX 3HAXOAATHCH KOTJIU 3 PIJUHOIO,
AKa BHACJIJOK HArpiBy COHAYHUMU NPOMEHAMH,
AKI HallpaBJIAKTbCA A3epKaslaMy, IepeTBOPIOETHCA
B napy. TeMnepatypa B KOTJIaX MOXe IiAHIMAaTUCh
no 700 C.




Aekiiig 8

[Ta;inBHI esleMeHTH
[lafMBHU esleMeHT Iindividual Fuel Cell
[TopiBHAHHA npuHuunis Aii /IB3 i [IE
[IpyHUMD Al TAJIMBHOTO eJieMeHTa 3 g
Tunu naJMBHUX eJIeMEeHTIB SEENT ™
TepMoguHaMika MaJIMBHOTO eJieMeHTa (=) =)
Hanpyra naivuBHOTO ejieMeHTa "
BTpaTtu Hanpyru "
PiBHsHHA baTnepa-®Posbmepa
fAx 3MeHIKMTH BTpaTU? .
TBepgonosiiMepHUN NAaJUBHUMN €JIEMEHT "
. Enextposit (MeM6paHa) L
KartanizaTopu. BUrotosjieHHd eseKTpoja 3
Tunosa nossipusaninHa KpyuBa
[Ipo6siemu nosnimepuux I1E
[IE npAMOro OKUCJIeHHS OpTaHiYyHUX CIIOJIYK it H, s
[IE npAMOro OKUCJIeHH MeTaHOJIy Hydrogen ! Electric /
. TBeppmoTinbHO-okcHAHMH TTE sy 7 7

, - Power
TBeppoTinbHO-okcHAHUM [1E: npuHumn ail
TBeppoTinibHO-0OKcUAHUM [IE: XapakTepucTUkKu
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ITa/iMBHUM eJIeMeHT

[laMBHUNA esleMEeHT - eJIeKTPOXiMiUHHUK MPUCTPIiM, B IKOMYy PEUYOBUHH, HEOOXiJHI JJis1 e/eKTPOXiMiuHOI
peakuil MoJarwTbCAd 330BHI - Ha BijMiHy BiJ, 0OMe»XeHOl KiJIbKOCTI pe4OoBUH Ta eHeprii, o € y 3anaci y
3BMYallHOMY raJibBaHiYHOMY eJIeMeHTi abo aKyMyJISITOPi.

[lanvBHI esleMeHTH 3/iUCHIOIOTh TepeTBOPEHHS XiMiYyHOI eHeprii nasuBa (BoAHIO abo JIy?KHOTO MeTasy ) y
eJIEKTPUKY, OMUHAI4Y1 MajioepeKTHUBHI MPOLeCH FOPiHHS.

[IpypoAHUM MAJIMBHUM €JIeMEHTOM € MITOXOH/APIfA *KUBOI
KJIITUHM.

MiToxoHApii nNepepob/AIOTh OpraHiuHe «maJibHE» -
KUPHI KUCJIOTH, cuHTe3ywdn ATD - yHiBepcasbHe
JDKepeJio eHepril /15 BCiX 6i0XiMiYHUX MPOIECIB B 2KUBUX
OpraHi3max, OZlHOYACHO CTBOPIOIOYU PI3HULIO
eJIEKTPUYHUX TMOTEHIliaJiB Ha CBOIM  30BHILIHIN
MeMOpaHi.

MiToXOHApiA KJIITUHU



ITopiBHAHHA npuHuUniB Ail AB3 i IIE

TOMMWMEBHLIA
pe3epeyap

ranseaHmu-
yeckKan
MK
aKKymyna-

TOMNUBHBLIN

IJIIEMEHT

TOpHaA
farapen

OKUCINNTEND

[lanuBHI  eJleMeHTH He  MOXYThb

/IBUTYH BHYTPIIIHbOT'O 3TOPSHHA ) ,
30epiraTu eJIeKTPUYHY eHeprit, sK

*TIepeTBOPIOE XiMiUYHY eHeprilo MajrBa i OKUCII0BaYa B MexXaHidyHY aKYMY“f‘TOPHi Garapet, ane A
eMexaHiYHa eHepris B reHepaTopi IepeTBOPIEThCH B BUIA/KIB FeHepaToplB o
eJIeKTpoeHepI‘iIO BI/IKOpI/ICTOBYI'OTf) .HEHOCTII/IHI
JoKepeJsia eHeprii (CoHIle, BiTep), BOHU

[TanMBHUH esleMeHT COUJIBHO 3  eJIeKTpoJiizepaMu

KOMIIpecopaMM 1 €EMHOCTAMMU [Jid
30epiraHHs mnaauBa ( HaNpUKJIAJI,
6a/OHU [AJi1  BOJHIO) YTBOPIOKOTH
NPUCTPIiH A5 36epiraHHs eHepril.

*6e3nocepe/IHbO MEPETBOPIE XIMIYHY eHEPTrito NaiMBa i OKUC/I0Bada
B €JIEKTPOEHePrito
*[IPUHLIMI - IO/ NIPOLECiB 3a YYACTIO MMaJyUBa 1 OKUCI0BaYa



[IpuHIMN Ail TAaJIMBHOTO eJIeMeHTa

Gledchstrom \ fj’l Gleighstram
Elaktron |
.

)

] .

Elpkirelyt Membran

Bo/siHeBO-KMCHEBUH NaJUBHUK €JIeMEHT 3 MPOTOHOOOMIHHOI MeMO6paHOI0 (3 MOJIiMEepHHM eJeKTPOJTOM)
MICTUTh NMPOTOHONPOBIAHY MOJIMEpPHY MeMOpaHy, sika pO3/iJs€ ABa eJeKTPoAr - aHojA i kKatoj. KoxeH
eJIEKTPO/, € BYTiJIbHOIO MJIACTUHOIO (MaTpHUIlEl0 3 HAHECEHUM KaTasli3aTopoM (MJIAaTHHOIO).

Ha kaTanizaTopi aHoa MOJIEKYJISIPHUX BOJEHb NUCOIIIOE | BTpayae eJleKTpOHU. KaTioHHM BOAHIO MPOBOAAThCS
yepe3 MeMOpaHy [0 KaToJa, ajle eJeKTPOHU NepesarTbCsl y 30BHIIIHE KOJIO - MeMOpaHa He INpPOMyCKae
eJIEKTPOHH.

Ha kaTasizaTopi kaToja MoJieKyJla KUCHIO 00'€JHYETbCS 3 €JIeKTPOHOM, IKMUM MiZIBOJUTHCS 3 30BHILIHHOTO
KoJIa Ta MPOTOHOM i YTBOPIOE BOAY, KA € EAMHUM MPOAYKTOM peakuii (y BUVIAAI mapu abo piguHu).



THUIIM NaJIMBHUX €JIEMEeHTiB

Abbreviations

AFC Alkaline Fuel Cell

DMFC Direct Methanol Fuel Cell

HT PEMFC High Temperature Proton Exchange
Membrane Fuel Cell

MCFC Molten Carbonate Fuel Cell

PAFC Phosphoric Acid Fuel Cell

APPLICATION PEMFC Proton Exchange Membrane Fuel Cell
SOFC Solid Oxide Fuel Cell




Tun najiMBHOro ejieMeHra Peakiiist Ha aHoAl EsexkTpouJir
JlykHu M 2H, + 40H" —
Alkaline fuel cells — AFC)  2H,0 + 4¢-  Lo3mi KOH
[IpoTOHHO-MEeMOpaHHUM
(TBepaomosIiMepHUIA) [IpoTOHHO-
Proton-exchange 2H, — 4H" + 4e° o6MiHHa
membrane fuel cell — MeMOpaHa
PEMFC)
MeTaHO/IbHU A 2CH;0H + 2H,0 MpoToHHO-
Direct-methanol fuel cell — — 2CO, + 12H* + obMiHHa
DMFC) 12e- MeMbpaHa
OptrodochopHOKUCTIOTHUMA Po3uuH
Phosphoric-acid fuel cells 2H, — 4H* + 4e- docdopHoi
— PAFC) KHUCJIOTU
Ha ocHOBIi po3miaB/ieHOro 2H, + 2CO2 — )
KapOoHaTy 2H,0 + 2CO, + Po3snuiaBienuu
Molten-carbonate fuel cells — de KapOOHAT
MCFC)
TBepAOTiI/IbLHO-OKCUAHM I )
Solid-oxide fuel cells — Zgﬁ:ozfze-—) CyMim oKcu/iB

SOFC)

THUIIY Na/IMBHUX €JIEMEHTIB

Peakuia Ha KaToai Temme-
1 A paTtypa, °C

A0H-

O, + 4H* + 4e- > 2H,0 80

30, + 12H* + 12¢” —

6H,0 60
O, + 4H* + 4e- — 2H,0 200
0, + 2CO, + 4e" —
2C0,2 650
0, + 4e — 20, 1000



TBEpPAOINOJiMEPHUM

MeTaHOJIbHUU

JIYKHUA

dbochOopHO-KHUCTOTHUN

po3MaB-KapObOHATHUM

TBEPJOOKCUAHUH

PEMFC

DMFC

AFC

PAFC

MCFC

SOFC

MMaJInBO

aHo[ KaToJ

€JIEKTPOJIIT

THUIIY NaJIMBHUX €JIEMEHTIB

g0°c
a0°c
100°C
200°C
BEHEE
1000°C

KHCEHb



TepMmoanHaMika ma/IMBHOIO eJieMeHTa

[luTanHsa
YU € peakllisl B MaJIMBHOMY €JIEMEHTI CHOHTAHHOIO?
sIKe MaKCHMMaJibHa Hanpyra Ha NaJIMBHOMY €JIEMEHTA, B IKOMY NPOTIKa€E Iis peakiyis?

eJIEKTp,MaKC

Po6oTa o nepeHreceHHo 3apsaay Q 3asexxuTh BiJ Hanpyru E :
AG > 0 HecaMOBiJIbHUM Tpo1ieC W
(eHepreTUYHO HEBUTIJHHN)

eJIEKTp,MaKC EMaKCQ

3apsij, 10 MTEPEeHOCUThCS eJIEKTPOHAMU
AG = 0 piBHOBara Q=nF
(N —4ucao MousiB eneKTpoHiB, F — ctana ®apajes)
AG < 0 caMOBiZIbHUM NIpoOLIEC

(eHepreTUYHO BMTiZHMIA) O6’enanHs piBHAHD

AGy 1 = -NFE

MaKcC

P03anYHOK HAIIPpYT'd IAJIMBHOT'O €JIEMEHTA
H, (r) + %20, (r) = H,0 (p), AG®%;=-237 k/l>)x/Mob.

EO .=-(-237000 Jlx/moab) / 2 / 96485 Kn/mons = 1,23 B



CtaHzapTHa

Hampyra

Temnepartypa (K)
300 400 500 600 700 800 900 100011001200
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L 100
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100 200 300 400 500 600 700 800 900 1000

Temnepatypa (°C)
PiBHOBakHa Hampyra NaJMBHOIO eJIeMEHTa 3

KHMCHEM-OKMCJIIOBAYEM B 3aJIEXKHOCTI BiJ
TeMIlepaTypHy i BUAY NaUBa

Hanpyra na;inBHOro ejieMeHTa




[lopgaua

[Togaua
naJibHOro - . OKHMCHIOBa4a
= Seimga BrpaTu Hanpyru
) ' [Topuctun (:)f(:) (fl
eJIEKTPO/| HEAVERSY
A.node/, l\cmm BI/IXiﬂ Oy BI/IXi,L[
NPOAYKTY

Eecroe npoaykty G

AHop  EsnextpoJsiit  Karton

1. TpaHcnopT peareHTiB

U=E- Nakr = Nom ~ nKOHu

2. EnexTpoxiMiuHa peakiis AKTHUBaLiiiHi BTpaTu
(mepeHecenHst 3apsiAy) IpUYMHA — CIIOBIJIbHEHHA eJIeKTPOXIMIYHOI peakiiii,
cTafis 2)

3. [oHHe nepeHeCceHHs B €JIEKTPOJIITi
OmivyHi BTpaTu

4. BupaneHHst MPOAYKTIB peaKiil NPUYMHA — CIIOBIILHEHHS i0HHOTO i e/IEKTPOHHOTO
nepenocy (craaisa 3)

KoHuieHTpauinHi BTpaTu

IIPUYHMHA — CHOBIJIbHEHHA MAaCOIepEeHOCY peareHTiB i
(un) mpoaykTiB peakuii (ctazii 1i4)




Brpatu Hanpyru

PisHoBaxHa Hanpyra AKTWBALiiHI BTpPaTH Omi4Hi BTpaTK
L - | -
) & o)
C N i
(0 o O
T T T
ycTuHa cTpymy 'ycTuHa cTpymy ['ycTuHa cTpymy
KoHueHTpauiiHi BTpaTtK BuxigHa Hanpyra

~

Hanpyra
11
Hanpyra

CycTUHa CTpyMy 'ycTuHa cTpymy



Hanpyra

l
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BTpaTu Hanpyru

PiBHOBa)kHa Hanpyra

CTPyMy BTpaT HemMae

KpuBa 3
BpaxyBaHHAM
CTpyMmy BTpaT

[YCTUHa CTPYyMY



Piensinus Bamaepa-®oavmepa

§ {ex laaan] ox l_ avc.anJ}
J =Jo - {€Xp RT Xp RT

J :Tycrunactpymy, A/m?2 (defined asi=I1/A)
Jo :piBHOBaXKHa Ir'ycTHHA cTpyMy, A/m?

E :enextpoguuii norexuiani, V

E.q, : piBHOB&XKHH U mOoTeHLias, V

T :temnepartypa, K

Z I 4HCJIO eJIEKTPOHIB, 1[0 6epyTh Yy4acThb B peakKlil
F :crana ®apages

R :rasosacrana

Q¢ : KaTOJHUM KoedilieHT mepeHocy 3apsay, dimensionless
. aHOAHMHU KoedilieHT nepeHocy 3apany, dimensionless

77 . aKTUBAL|IMHUU NTepeoTeHIial
n= (E - Eeq)

PiBHaHHA baTiepa-®osibMepa

8
¥ 6
5
E 4
= 2
| S N
—Z’ 0 .
8 2 :
E '4 a-2-F
e - - -3
(&)
-8 1 | 1 1)
-0.10 -0.05 0.00 0.05 0.10
Potential [V]
-1.5

- a =105

- =103

Log (Current density j [Acm™] )

1
-0.1 -0.05 0 0.05 0.1
Potential [V]

PiBHSIHHSI OTUCYE, SIK CTYM siepe3 eJIEJKTPO/, 3aJIEXKUTh BiJl €JIEKTPOJHOT0 NOTEHIiaNy



fIK 3MeHIIUTH BTPATH ?

AKTUBALiMHI BTpaTy *30UIbIIEHHA CTPYMY OOMIHY ig
*30i/IbIIIEHHS] KOHLIEHTpAllil peareHTiB
*3MeHIIIeHHsI aKTHUBAIiHHOTO 6ap'epy (e/ieKTpoKaTali3aToOpH)
*30i/IbIIIEHHS] TEMIIEPATYPH
*30i/IbIIIEHHS YMCJIAa PeaKI[iHHUX [[eHTPiB (ILOPCTKOCTI peakI[iiHOI MOBEPXHI)

3akoH Oma
=1. =-1. Hydr
. . MNom = I ROM =1 (ReneKTpOHHoro NpOBiAHHUKA + Riom—xoro l'IpOBi,Z[HI/IKa) oo s
OMmi4yHi BTpaTH e
*30i/IbIINTU €JIEKTPONPOBIAHICTh €JIEKTPOJIITY i €JIEKTPOAIB

*3MEHIIHTH TOBIIUHY €JIeKTPO/IB i eJIeKTPOJIITY

ra30BbIii  NOPUCTLIRA
NoTOK aHo[

—
Ame/ , '\Cmnoae

Electrolyte

‘1::1:::}-&:'1:

PR

KoHuleHTpaLinHi BTpaTH
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TBepaonosriMmepHUi NAJIMBHUA eJIeMEeHT

Ha
r N
nopuctuin | | .
| eyrinbHMii CTpyMOyTBOpIOIOYa peaKiiia
aHoz, o= 2H"* + 2e-
. m 2H, + O, - 2H,0
nonimepHui H* Pt/C
eNneKTponiT KaTanisatop
nopuctvii | 1205 + 28” + 2H* —H,0
BYTi/IbHUM
| KaToz )
P ket
O,
BOZEHb

FasogudysiiHnm
wap

F 3

AHOAHWI KaTaNiTUYHUI
wap

MpoToobMiHHa
MmembpaHa

KaTtogHuit KaTaniTmuHmi
wap

rasogudysiiHnm
wap

Po6boua Temnepartypa — 80-100 °C

KUCEHb



EnekTpouit (MeMmOpaHa)

‘{-( CFs—CF; CF—Cin*
n I m

OCF,CFOCF,CF,SO,H

[
CF,

[TonimepHa MeMbpaHa 3a6e3ne4yye NPOBIHICTh
IpOTOHIB, ajie He esieKTpoHiB. (Hadion (Nafion),
noJ1ibeH3imiazo.r)




KaTasizaTopu. BUroToB/IeHHA eJIeKTpoja

Pt

*Pt, 1eroBaHa nepexifHUMH MeTaJaMHU

*Fe, Co, Ni, Cr, Co

*CIIJIaBU IIATUHU Karasisatop
*Pt-Ru, Pt-Rh, Pt-Mo, Pt-Sn, Pt-Ir

*ByrJielleBUM HOCili (caka, aKTUBOBaHE  Nafion
ByTi/JIs, rpadiT) i3 cepeaHiM yacTUHOK 15-
50 M

*KaTaJIi3aTop y BUTJIAAI JpiOHUX
BUCOKOJHCIIEPCHUX MeTaJIeBUX YaCTUHOK
(6sim3bko 2-6 HM), HaHeCEHMX Ha
BYTJIELIEBUN HOCIH

Etunen-
rJIiKOJIb

ByrseneBuii
namnip

Katanitnunui
Ha pucyHky: wap Pt/C
1. BuroToBJieHHAl KaTaJiTUYHOTO YOPHHUIA
2. HaHeceHHs 4opHUJIA .
3. Topsye npecyBaHHA Nafion



Hampyra, B

Tunosa nondapusauinHa Kpmea

PipHOBayKHa Hampyra

Hanpyra posiMKHYTOI0 KoJ1a

AKTHBAILIIFIHI BTpaTH
KHMCHeBOI0o KaToaa

.-"‘;K.']'II'[IEH]I_'I.I_I]!I H'['l_ld'l"l] BOJHEeBRDI'D AHOIA
Omiani BTpaTH

KoHueHTpaliimHa KpuBsa

—_—

[Tosna nosspusaninga Kpusa

1
I'yerusa ctpymy, A om-2



Haza3BuyallHO BHCOKa BapTiCTb MJIATUHOBOTO

KaTaJiizaTopa i MeMOpaHHU NOLIYK
aJbTEePHAaTUBHUX /[ielIeBUX [POTOHIPOBI/JHI
MeMOpaH 3 NPUUHATHOI NPOTOHHOI

npoBigHicTio piBHA fopororo Nafion®

HeBupinieHi HaykoBi npobseMu

*oTpy€eHHs okcuioM Byriento (1)

*[IOLIYK AHOZHUX eJIeKTpOoKaTaJi3aTopis,
ToJiepaHTHUX A0 CO

*BHCOKe IlepeHalnpyKeHHs BiIHOBJIEHHS KHUCHIO
*[IOLIYK epeKTUBHUX KaTOJHUX
eJIeKTpPOKaTa/i3aToPiB

[Ipo6s1emu nostimepHux IE




NO EXIT © Andy Singer

NUCLEAR

THESE
HYDROGEN
FUEL CELL
CARS ARE
ENTIRELY
POLLUTION
FREE!

IIE npsAMOro OKMC/JI€HHA OPraHiYHUX CIIOJIYK

Henpmv\e OKUC/IEHHA

I‘IpﬂN\e OKNC/IEHHA

OpraHiyHe nanmeo

OpraHiyHe nanneo

ESINGER

BoaeHb

EnekTpuka

n
E

NS

Enektpuka




CO_H.0, air
CH OH, (uld)l
CTOssoveY
1,0, + 6H" + 6¢
Y 3H,0

0
..... ‘- - - -! .'

H,0, CH,OH, (acid) A

@ rccozTmon

I1E npsaMoro oKucjieHHsI MeTaHOJIy

CH4OH —» CH,OH —» CHOH —» COH
X XX

XXX

: . .

CH,0 — CHO — CO
X

{ :

HCOOH — COOH
X

.

e

CH;0OH + H,0 — CO, + 6H" + 6e~ 1/2 02 +2H"+ 2~ — HZO

MeTaHON NPOHMUKAE Y MEMOBPaAHHWUIA ENEKTPOIT i NepeMiLLy€ETbCA
3 aHOAHOI B KaToAHY Kamepy (KpocoBep meTaHony)
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Cell voltage [V]
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Current density [mNcmz]



A

AOPOF#AHaTIAKUIATOP

| . o
BWCOKa Temnepatypa: TBepaoTiibHO-oKcuauuii ITE

KepamiyHun enexkTponirt
MposigHicTb 3a6e3neyyoTb iOHU KUCHI0 0%

» TeepagononimepHun MNE
Hydrogen |

AHoA,:
H, > 2H" + 2e-
Katoa:
%0, + 2H" +2e- - H,0O
CTpymoTBOpYa peakuis:
H,+% 0O, H,0

» TeBepaookcmaHui ME

AHoA,
H,+ 0> - H,0 + 2e-
Katoa:
150, +2e~ > O*

CTpymoTBOpYa peakuis:
Bipolar-Flate (ias Diffusion Layer Membrane Gas Diffusion Layer Bipolar-Plate
H2 + Y2 02 - HZO EJA“ud,e) with Catalyst with Catalyst Cathode)
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TBEpAUMn
eneKkTponit

BoaeHb

TBepaoTiibHO-OKCUAHUM [1E

CcO
e
CO+0% - CO,+2e
—ff—
3 |
e O,+4
CH, o i
2 02
CH, +20% — H,0 + CO + de
Bs
CO, H,0
4 4 AN
AHO[A KATO.,
TBEepAuin
eNeKkTponir

MeTaH abo yrapHui ras



Conductlvity (Siem)
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TBepaoTiibHO-OKCcUAHUH I1E: npuHumMn aii

AHop,

AHop,
OpUCTa MeTaloKepaMika 3 HuKess i YSZ, MOPHCTa MeTaJoKepaMika 3 Hikeso i YSZ;
?”_eKTp(;HH TPaHCHOPTYIOTLCA 9€pEs METAT eJIEKTPOHH TPaHCIOPTYIOThCA Yepe3 MaHraHaT
HiKeJIb);

JlaHTaHy-cTpoHuio (LSM) Lag gSry,MNnO; ;

10HK KMCHIO— 4Y€pe3 JIETOBAHWH OKCUA HHPKOHHIO iOHU KHUCHIO- yepes JIeroBaHuii OKCH/, IUPKOHHIO




TBepaoTiibHO-OKCcUuAHUH IIE:

Elactrohyte WA,
XdPaAKTEPUCTUKH
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