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AT'PETAIIUA HAHOYACTHUI YIVIEPOJA B ITYHI'UTAX
N YIBTPAJUCIIEPCHBIX AJIMA3AX

UccnenoBaHbl arperaloHHbIE CTPYKTYPBI, 00pasyloliuecs B YCTOWYMBBIX BOAHBIX aucrepcusix Hanouactur (HY)
IIYHTUTOBOTO YIMEpoAa M YAbTPaAUCHEPCHOTO ajiMa3a JAETOHAIMOHHOTO cuHTe3a. OT CTPYKTYpHO-AMHAMUYECKUX
CBOMCTB rmapaTHOK 000m0uKH, KoTopas dopmupyercs Onaronaps ocobeHHOCTAM cBOHCTB moBepxHocTH HY, 3aBucaT
YCTOHYMBOCTD BOJHBIX UCTICPCHI, KHHETUKA arperaiioOHHBIX TIPOLECCOB U MOPPOJIOTHS (POPMUPYIOLIUXCS CTPYKTYP.
KiroueBble crioBa: HAHOYACTHIIBI, ITYHIMTOBBIN YIIIEPOJI, HAHOAIMA3, arperamus

CnoXHOCTh KOHTPOJIA HaJ MPOLECCAMH, B KOTOPBIX
Y4acTBYIOT HAaHOYACTHIIBI, CBSI3aHA C UX arperanu-
eii. Ora npobiieMa OCOOCHHO aKTyalibHA I YIve-
poIcCOEpKAIUX MaTepUaloB HOBOTO MOKOJIECHUS,
MOJTy4aeMbIX MJIa3MEHHBIMH METO/aMH, K KOTOPBIM
OTHOCATCS (yJUlepeHbl, HAHOTPYOKH U yJIBTpaauc-
MEpCHBIE alMa3bl H3-32 MX BBICOKOPA3BUTOM IIO-
BEPXHOCTH U PEaKUMOHHOW crmocoOHocTH. s 3¢-
(EKTUBHOTO TPUMEHEHUS HOBBIX MAaTepHaliOB
HEOOXOANMO TOHATH YCIOBUS CTaOMIM3allMd HAHO-
Pa3MEpHBIX 3JIEMEHTOB YIVIEpONd, arperupyrommx
Ha cTaguu (GOpMHUPOBAHUS CTPYKTyp. Hanbompimme
CIIO)KHOCTH CBSI3aHBI C TOHMMAHHEM IIPOLIECCOB B
BoAHbIX guctiepcusx HY ymepona. OT cTpyKTypHO-
MUHAMAYECKIX CBOMCTB TUAPATHON O0OJIOYKH, KO-
Topasi GopMupyercst cBolcTBamMu noepxHoctu HY,
3aBHCAT YCTOWYMBOCTh CHCTEMBI, KWHETHKA arpera-
IUOHHBIX MPOLECCOB U MOP(OIOTHsI TOMyYaIOMINX-
csl CTPYKTYD.

B pabote mpuBeneHbl pe3ylbTaThl HCCIIENOBa-
HUSl CTPYKTYp, 00pa3yrommxcsi B BOIHBIX JUCIEP-
cusix HY myHruToBoro yriepoma M yabTpajuc-
MEPCHOr0 ajaMas3a ACTOHAIIMOHHOTO CUHTE3a.
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Bricokopassuras nosepxHocts HY ymiepona
mpenonpenenseT 0CoOeHHOCTH (HH3UKO-XHUMHYIEC-
KHX CBOKMCTB, OOJBIINE CKOPOCTH MPOILIECCOB Mac-
CO- M TemjaooOMeHa B Marepuajax Ha MX OCHOBE.
CnoXHOCTh KOHTPOJS HaJA IPOIEccaMH, B KOTO-
peix yuacTByloT HY, 00bsicHseTCS yCHIeHHEM B3a-
umojeicteus Mexay HY, mpuBojsinero x ux ar-
perarmuu.

Ora npobieMa npuodpeTaeT 0COOCHHYIO aKTy-
AITBHOCTH TPHU HM3YYCHHUHU YIJIEPOJCOACPIKAIINX Ma-
TEpUaJIOB HOBOTO TOKOJICHHS, K KOTOPBIM OTHOCST-
cs1 (ymiepeHonoqo0HbIE HAHOYACTHIIEI, HAHOTPYO-
KM, JYKOBHYHBIE CTPYKTYpBI U YIBTpaJUCIEPCHBIC
ayMasbl, U3-3a UX BBICOKOPA3BUTOI MOBEPXHOCTH U
peakuoHHOM criocobHocTr. s ux 23 pexkTuBHOTO
MPUMEHEHHUS] HeOOXOIMMO MOHSTH YCJIOBUs cTadu-
JU3aI HAHOPa3MEPHBIX 3JIEMEHTOB yIIepona, Tak
KaKk OHHU arperupyroTr yxe Ha ctamuu (opmupona-
uus ctpykTyp [8]. Crpykrypa u muHaMuka obpaso-
BaHHUS HAHOMACLITaOHOH YIIIEpOJHON CETKH MOXET
OBITH OMMCaHa NPH CPABHUTEIBHOM H3YUYCHUH YI-
neponueix HY Omaromapst ux MopQororndeckomy
U TeHEeTHYeCKoMy Tooouto [5].
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Mopdonoruuecku MogoOHbIE CTPYKTYPbI MOTYT
OBITh BBIpAIllEHBl M3 PacTBOPOB M M3 PACIUIABOB.
Kpucrannsl xoporiero kauectBa pacTyT B MeTacTa-
OmIBbHOM 007acTH (ha30BOM AUATpaMMEI, B TO BPEMsI
KaK BBICOKas HeCTaOMJIBHOCTh MeX(]a3HbIX TpaHUI]
B 00JIaCTH IIE€PEHACHIICHU MOXET HPUBOOUTH K
o0pa3oBaHuIo (pakTadbHBIX CTpyKTyp M3 HY mmm
uX arperaroB. B mpomuecce 3BOMIOINH JUCIIEPCHBIX
CHCTEM MOTYT BO3HHKaTh HaHOMAcCIITaOHbIE IEPHO-
JUYECKHe CTPYKTypbl. Takue CTpyKTypsl, IIO-
BUIAMMOMY, (DOPMHUPYIOT TPEXMEpPHYIO CETKy IMIyH-
rutoBoro ymiepoxa (LIY), uro npemompenenser
HHTEPEC K MEXaHN3MaM arperanuy U cTabniIn3anum
HY B mynrurax [11].

B Bomubix kommomaneix pactBopax HY yr-
Jepofia MEXaHU3Mbl B3aUMOACHUCTBUS YCIIOKHSIIOT-
csl, TIOCKOJIBKY HEOOXOIMMO YYHTBIBATH KOPOTKO-
JISUCTBYIOIINE OPUEHTAIIMOHHBIE B3aMMOJICHCTBUS,
BKJTIOYAIOIINE B C€0SI CHCTEMY COTPSHKEHHBIX BOJO-
POAHBIX CBsI3e MOJEKyl BOAbI, (hopMmupyromen
rugpatayio  obomouky HY. Ot crpykrypHO-
JUHAMHYECKUX CBOWCTB 3TOW O0OOJOUYKH, KOTOpas
hopmupyetcs cBoiicTBamu moBepxHoctu HY, u mo-
3aMYHOCTU PACIOJNIOKEHUS] AKTUBHBIX LEHTPOB 3a-
BUCSIT YCTOMYMBOCTb CHUCTEMBI, KMHETHUKA arpera-
LIMOHHBIX MPOIECCOB M MOP(OIIOTHS MOTyHaIOIINX-
cs1 cTpykTyp [7].

HccnenoBanne BOJHBIX KOJUIOMIOB HAaHOYACTHIL
IITY u ynsTpagucnepcHOro ajiMasa JeTOHALMOHHO-
IO CHHTE3a II03BOJISIET NPOBECTH CPAaBHUTEIBHBII
aHaM3 CTPYKTYP, POPMHUPYIOIINX 3TH MaTePHAIIBL.

CTPYKTYPHAS HEPAPXHUS ITYHI'UTOBOI'O
YIJIEPOJA

[IpeanoxkeHa MoAenb IBYXypOBHEBOW CTPYK-
TypHOit opranmzanuu 111V [1]. Arperarsl pasmepom
IECATKU-COTHU HM omucaHbl ¢ momolinbio ACM n
MIPOCBEYHBAOIIEH AIIEKTPOHHOW MHKPOCKOITUHU BHI-
COKOTO pa3pelieHus B IUara30He pa3MepoB OT €IH-
HUII /IO IECATKOB HM M COCTOSIT U3 (hparMeHToB Me-
Hee 1 HM. DTH CTPYKTyphl OBUTH BBEIACICHBI MPH
00paboTKe BOJSHBIM TapOM TOBEPXHOCTH LIYHTH-
TOB U B YCTOMYMBBIX BOAHBIX Aucnepcusax HIV.

Mertonpr MaJIOyTJIOBOTO PEHTTEHOBCKOTO
(MYPP) u ueiitponnoro paccesausi (MYHP) nos-
BOJIWJIM OXapakTepU30BaTh HM3MEHEHUE CTPYKTYp-
HbIX napaMmeTpos LY npu pasnuyHbIX BO3AEHCTBU-
ax Ha yrepon (MYPP) u nontBepauts ABYXypoOB-
HEBYIO CTPYKTYPHYIO HEPapXUI0 ¢ MHHUMAIbHBIMH
(oCHOBHBIMH) CTPYKTYpPOOOpPa3yrOIUMH  (parMeH-
tamu < 1 um (MYHP) Gnaromapss MeToay KOHTpa-
crupoBanus [4].

YcroitunBble BOJHBIE TUCIIEPCUH TTOJTYYaId MPU
00paboTke ynbTpa3BykoM mopoiinka < 40 MKM B BO-
Je ¢ MoCHeAyome QuisTpanueid u MeHTpudyri-
poBanueM aucriepcun. CpenHuil paauyc 4acTHIl B
IUCIIEPCUH, 10 JAaHHBIM JUHAMHYECKOTO CBETOpac-
cesaus (JICP), cocrasmser ~50 HM.

BeicylieHHbBIE BOJHBIC JAUCIEPCHH HaHQUACTHII
1Y 6bun HccaenoBansl ¢ nomoinso SIMP °C u 'H
BBICOKOTO pasperieHusi. CpaBHEHHE MOTyYeHHBIX pa3-

JIYUHBIX YIIEPOIHBIX CTPYKTYP C NEPEXO/HBIMH sp>-u
Sp°-hopMaMyl THOPHIM3AIMH TTO3BOJISET CHENaTh BbI-
BOJI OTHOCHTENTLHO 0a30B0ii cTpykTyphl LY kak w30-
THyTOH TpadeHOBOH TUTOCKOCTH. VICIONB3ys 3KpaHH-
pyrolee BIMSHKE MIPOTOHA HA YITIEPOJHOE SIPO, Me-
TOZ, KPOCC-TIOSIPH3AIINY, OLEHWIA PACCTOSHIE MEX-
Iy aroMoM yriiepona 6a30Boro gparmMeHta U aroMoM
BOZIOpO/a, KoTopoe coctasuio ~0,8 um [12].

Macc-cnexktp BogHoW aucnepcun HIY umeer
MaKCUMyMOM HMHTEHCHBHOCTH mipu ~284 m/z, uro
COOTBETCTBYET Macce OCHOBHOTO JJIEMEHTa B JHIC-
NEPCUH U MPAKTUYECKU COBNANAET C JaHHBIMH, TO-
JMy4eHHBIMH TIPU J1a3epHON aOIAIUU HCXOIHOTO
uryarura (~300 m/z).

®dopMupoBaHUE CETKM HAaHOPa3MEPHBIX arpera-
TOB MNpPHU OCAXIEHWU M3 BOAHOM mucrnepcun [ITY
ucciaegoBaiau ¢ nomombso MYPP. B mienke, oca-
YKICHHOW M3 BOJHOM JMCIIEPCUU, BBIIEISIOTCS Kila-
cTepsl AByX pasMepoB — 7,7 M u > 30 HM. OTH
pa3Mepbl TPaKTUYECKH COBIMAJAIOT C pa3Mepamu
I00YJI M MX arperaToB, paHee OMUCAHHBIX B UCXOJI-
HOM IIIYHTHTE.

IIpu 0OpaboTke TapoM OIpeneneHbl POCT HH-
TCHCHBHOCTH CHIHaJIa, COOTBETCTBYIOIIETO PasMep-
noctu pacceusarens ~0,5 um (npu 20g, = 17°). ITpu
9TOM HaOIomaeMoe yMeHbIIeHne (paKTaabHOM
pasmeproctu ¢ 2,2 no 1,8 IIOM u snexTpoHHas
TUpaknusd MOATBEPKAAIOT Pa3MEPHOCTh TIOp H
TOJILIUHY IUICHOK, C(OPMHUPOBABILMXCS TOcie 00-
pabotku mapom B auanasone 30-50 uwm [2].

CTPYKTYPHASI OPTAHU3AIIUA HAHOAJIMA3A

AHayoru4Hasi JByXypOBHEBass OpraHu3anus Obl-
Jla TONydYeHa Ui YIBTPAIUCIIEPCHBIX —aJMa3oB
(YIA) netoHaIlMOHHOTO CHHTE3a. Tak, Kakmas ya-
ctuia Y/IA npencraBieHa MOHOKPHUCTAJUIMYECKUM
aJIMa3HbIM SAPOM, OKPY)KCHHBIM T'Pa)eHOBOM «IIIy-
00i1», KOTOpasl OmNpeneNsIeT XUMHUYECKOE COCTOSIHUE
noBepxHoctd YJIA. B ucXoqHOM MOpOIIIKE HaHOAII-
Ma3Hble YacTUIIBI 00pa3yIOT MPOYHBIC arTIOMEPaThl C
pasmepom yactun > 200 um. Wcxomusiii YA (mpo-
m3Bogurenb — Gansu Liru Lingyun NanoMaterial
Co., Ltd., Lanjou, Kuraii) o6pabarsiBaii KUCIOTOM
JUISL ymaJieHWs TpuMeceil U aMopgHOro ymiepona, a
3aTeM U3MENRIAM B OWCEPHON MENBbHUIIE B BOJIC.
B kxadecTBe MeNFONMX TeN HCIIOIB30BAHbI ITHPKOHHE-
Bbie mapuku (< 30 MKM) ¢ MOCIICIYIOLIUM LISHTPUdy-
TMPOBaHUEM, YTO TIO3BOJMIO TIONYYUTh JTHUCIEPCHIO
Hanoanmaza (HA) mdsn-D (NanoCarbon Research
Institute Ltd., Smonwms) [6]. TTopomiok Hanoamma3a,
MONyYeHHbI 13 MAsn-D  aucrieperu, ObUT TFOGE3HO
npenocTasieH mpogeccopoM E. OC&BOI/I

Ucnons3osanne SIMP °C u 'H Bsicokoro pasz-
PelICHNS TO3BONIMIIO YCTAHOBUTE HaMMdue (asbl SP°
(rpadeHOBBIX (DparMeHTOB), COXpaHHBIICHCS Ha
moBepxHoctr HA [10].

[To manueim JICP, nucnepcus xapakTepu3yercs
Y3KUM pachpefelieHHeM YacTHI[ II0 pa3Mepam,
cpennuil pasmep — 6 HM [9]. DkcnepumeHTH HO
MVHP c ucnonb3oBaHHuEM BapHalluM KOHTpAcTa Ha
mucriepcusix HA B Bome m numeTHiCynb(hokcuae
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(IMCO) noaTBepawiv, YTO MEPBUYHBIC YACTHIBI
HA umeroT xapaktepHbiii pazmMep ~6 HM U 00pa3sy-
10T ()paKTaabHBIE arperarbl ¢ 00beMHOU (ppakTaib-
HOM pasMepHOCTRIO okoo 2,3 [3].

Bkian Heanmassoro yriepoaa ( < 1 um) B dop-
MHupoBaHue (PppakTambHON CTpyKTYyphl HA TIpu KOH-
LCHTPUPOBAHUM  BOJHOW  JMCIEPCUU  TOKa3aH
¢ momomplo MYHP c¢ wucnombp3oBaHneM MeTona
KoHTpacTupoBanus [3].

[To-BunnmMomy, 0a30BbIi CTPYKTYpHBII 3JIEMEHT
< 1um (rpadeHOBBIH (parMeHT) ¥ BOAA HMIPAIOT
BOXHYI0 pOIb B (OPMHUPOBAHUHM aHAJOTMYHOH
CTPYKTYpHOH HMEpapXuu MPUPONHOIO yIiepona
UTYHTMTOB M CHHTETHYECKOTO HaHOAIMAa3a.

Pabora mopnmepxkana rtpanramu OH3 PAH-5
n S1-Vishy-00996/2008.
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