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Ha ocHoBe co4yeTaHMs ATOMHO-CM/IOBOM MMUKPOCKOMUU C HOBbIMM W YCOBEpLUEHCTBOBAHHbIMU

mMeTogamMmu I1be3031'IEKTp0XI/1MVI‘-IECKOﬁ,

BHEKTPOXMMMHECKOﬁ n MOH'I‘IPOBOAHLI.I,Eﬁ MUKpockonuu

pa3spaboTaHa 3KcnepuMeHTasibHas yCTaHOBKA /1 UcciefoBaHUS Mop$osiormm u CBoMCTB MaTepuasos,
Mcnoib3yeMbix A1 HAKOM/IeHWS U Npeo6pa3oBaHUs 3HEpruu, a TakKe KaTanumsa.

On the basis of a combination of atomic force microscopy with new and improved methods
of piezoelectrochemical, electrochemical and ion conductance microscopy an experimental
system was developed to investigate the morphology and properties of the materials used for
the accumulation and conversion of energy and catalysis.

OBpeMeHHEIe YIJIepOJHEIe U [I0JIMMepHBIe MaTe-

pHaIBl UMEIOT CJIOKHYIO CTPYKTYPHYIO OpraHM-

3a1uIo. [IJis yCTaHOBIEHH S B3AUMOCBS3U MEXKAY
KX JIOKa/JIbHOM CTPYKTYPOH, GU3UKO-XHUMHUUYECKUM
COCTaBOM U 3JIeKTPOOHU3NUUeCKUMHU CBOMCTBAMHU Tpe-
byeTcs manpHeHIIee pa3BUTHE METOLOB CKAHUPYIO-
ImeH 30HJ0BOM MUKPOCKONHUHU. Tak, IIPHU CO3TAaHUU
BBICOKO3)PEKTHBHBIX MaTEePHAJIOB AJ151 HAKOIIUTe/ler
SHepPrUH M KaTaJlH3aTOPOB CyIIeCTBEHHBIN HHTepec
IIpeICTABJISIOT 3KCIIePHMeHTa/IbHbIe JaHHBIE 0 pacIIpe-
JleJIleHUH 1eKTPHUYeCKOro IIoTeHIIMana, ToKa 3apaaa
U paspsna, IOBepPXHOCTHOM KOHIIEHTPAlIUH HOHOB,
KaTaJUTUYeCKON aKTHUBHOCTH HAaHOCTPYKTYpPHPOBaH-
HOM ITIOBEPXHOCTH C [IPOCTPAHCTBEeHHBIM pa3pelleHHeM
B eIUHUILIBI U JeCATKY HAHOMETPOB.

CraHupyolIas 30HI0Bass MUKPOCKOIIKS C MOMEHTA
K306peTeHHU s CKAHUPYIOIIEro TYHHEeIbHOI0 MUKPO-
cKkoria B 1981 rony 3apekoMeHg0Baja cebs KakK BBICOKO-
HMHQOPMATHUBHBIN METOJ AUATHOCTUKH CTPYKTYPHI,
bH3UKO-XMMHUYECKUX U 3TeKTPOPHU3NUeCKHX CBOUCTB
HAaHOCTPYKTYPHUPOBAHHBIX MaTepHaJoB. Pa3BUTHe
MeTOJ0B CKAaHHPYIOIeH 30HJ0BOM MHKPOCKOIHH
IIPOUCXOOHUT 3a CUeT IIOBBILIEHU I CKOPOCTH CKaHHU-
poBaHus, paclIMpeHHUsI UHPOPMATHBHOCTH IIyTeM

COBMeIIeHH S Pa3/IMYHBIX C[10COH60B JIOKATBHOM AHa-
THOCTHKH, CO3/JaHMSI HOBBIX IIPUHIIMIIOB pealn3alui
JIOKQJIPHBIX M3MePeHHUH Ha HAaHOMeTPOBOM yPOBHE.
HoBble MeTOJBl U3MEpPEeHUH, B YaCTHOCTH, BKIIIO-
YaIoT B Ce6sl 1be303/IeKTPOXUMUYIECKYI0 MHUKPOCKO-
nuio (1], KoTopas M03BOJISIeT OIlpee/siTh IOABUKHOCTh
HOHOB Li B MaTepHasie KaTofa 3/IeKTPOHAKOIIUTeIs.
CylecTBeHHOe pa3BUTHE B IOC/Ie[lHee BpeMs IOy~
YHJIM 31eKTPOXHMMHUYeCcKass MUKPOCKOMHUS U CKaHH-
pyolasi HOH-IIPOBOASIIAS MHKPOCKOIIUSI, KOTOpPhIe
JAI0T BO3MOKHOCTb OOHAPY>KMBATh Pa3IMYHbIe XHMU-
yecKHe BellleCTBa Ha IIOBEPXHOCTH MaTepHasoB HU/IU
B613U Hee [2]. [IoBbIIIeHHE OBICTPONENCTBHUS 30H/I0-
BOM MUKPOCKOITHH [3] o 50 u 6osiee KafpoB B CEKyHIY
II03BOJISIET CyIeCTBEHHO YIy4IIMTh BpeMeHHOoe pas-
pellleHHe M HabIIOAATh MHOTHE IIPOLIECCHI Ha ITOBEPX-
HOCTH HaKOIIHTesIel U Ipeobpa3oBaTesell SHEPrUHU
B pe>XKHMe Pea/IbHOIo BpeMeHU. IIpiMeHeHMte HOBBIX
Pe>KHMOB CKAaHHPOBaHHUS [4], B KOTOPBIX UCIIOIB3YeTCsI
IIpellM3HOHHOe KOHTPOIHpyeMoe IlepeMellieHHe 30HAa
10 BePTHKA/H, I103BOJISIeT HCCAe0BaTh MaTepHa bl
C CHUJIBHO Pa3BHUTOMN IOBEePXHOCTHIO. CylleCTBeHHBIN
Iporpecc B U3y4eHUHU 3JIeKTPOAKTUBHBIX U KaTalH-
TUYeCKUX MaTePHAJIOB C HAHOCTPYKTYPHUPOBAHHOMU
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[IOBEPXHOCTBIO IOCTHUTAETCs 3a cueT KOMOHMHALIUU pa3-
JTUYHBIX METOJ0B CKaHUPYIOLIeH 30HI0BOM MHUKPOCKO-
IIMH B PAMKaX OJHOM 9KCIIePUMeHTa/IbHOM YCTaHOBKH.
CBepXCyMMapHBIHM pe3ynbTaT obecriednBaeTCs IpH
YCTAaHOBJIEHUH CBS3H MeXJy MOPJOJIOTrHeki II0BepXHO-
CTH, GHU3UKO-XUMHUYECKUMHU U 3/1eKTPOPH3UUCKUMU
CBOMCTBAMU MaTepHaJIOB.

Bo/NBIIMHCTBO TPaJUIIMOHHBIX METOL0B U3yYeHH I
CBOFICTB IIOBEPXHOCTH MaTepHaJIOB SHEPrOHAKOIIHTe ek
Y KaTa/IM3aTOPOB HOCUT MHTer Pa/IbHBIM XapaKTep, BMe-
CTe C TeM 0CO6eHHOCTH MUKPO- K HaHOpe/beda, a TaKKe
COCTaBa [IOBEPXHOCTH UTPAIOT KJIIOUEBYIO POTIb B paboTe
3THX YCTPOHCTB. HOBble METOAbI CKAHU YOI 30H/10-
BOM MHKPOCKOIIKHU JAIOT YHHKAIBHYI0 HHPOPMALIHIO
0 B3aMMOCBS3H CTPYKTYPbI IIOBEPXHOCTH (TeOMeTPHHU U
COCTaBa) U ee GH3UKO-XUMHUYECKUX CBOKCTB C 37IeKTPO-
$H3UYeCKHMMHU XapaKTePUCTHKAMH, YTO II03BOJISIET CO3-
JlaTh HOBble MaTepUaJlbl C peKOPAHBIMU I1apaMeTpaMHU.

B HacTosmeM poeKTe pa3paboTaHa 3KCIIePUMEeH-
Ta/IbHAasl YCTAHOBKA 151 UCC/IelOBaHUS MOP(OIOrUHU
Y CBOMCTB MaTepHasoB, HMCIIONb3yeMBIX /ISl HaKO-
IIJIeHUS U ITpeobpa3oBaHUS SHEPrUH U KaTalu3a, Ha
OCHOBE COYeTaHHSI aTOMHO-CH/IOBOM MHKPOCKOIIUH
C HOBBIMH U YCOBEPLIEHCTBOBAHHBIMHK MeTOAAMHU IIbe-
309/IeKTPOXHUMHUYECKOM, 37IeKTPOXHUMUYECKON U HOH-
IIPOBOJSIEN MUKPOCKOIIMY C CHHXPOHHBIM II0OSTyUe-

Puc.1. ACM-u306pa>ieHue, NOAy4YEeHHOE 8 pexkume usmepeHusl
cua mpeHus. Jlumozpagus ebin0AHEHa Memodom AOKAAbHO20
AHOOH020 OKUCAeHUS Ha zpagume. HanpsikeHue Ha uzae -5 B,
yacmoma ckaHuposadus — 1 Iy,

Fig.1. AFM image obtained in the friction forces measurement
mode. Lithography performed by local anodic oxidation on graph-
ite. The voltage on the needle is 5 V, the scanning frequency is 1 Hz

HHEeM COBOKYITHOCTH 3KCIIEPUMEHTAJIbHBIX TAHHBIX.
DKCIIepHMeHTa IbHasl YCTAHOBKA cobpaHa Ha 6ase
MHOTOQYHKI[HMOHAJIBHOTO CKAHHPYIOIIETro 30H0BOTO
MuKpockorna "®emroCkan" [5].

odern carbon and polymer
materials have complex
structure. Establishment of
linkages between their local struc-
ture, physical-chemical composi-
tion and electrophysical properties
requires the development of meth-
ods of scanning probe microscopy.
So, when creating high-perfor-
mance materials for energy stor-
age and catalysts the experimental
data on the distribution of electric
potential, charging and discharg-
ing rates, the surface concentration
of ions, the catalytic activity of a
nanostructured surface with a spa-
tial resolution of a few tens of nano-
meters are of significant interest.
Scanning probe microscopy
since the invention of the scanning
tunneling microscope in 1981 has
established itself as a highly infor-
mative method of diagnostics of the
structure, physical-chemical and

electrophysical properties of nano-
structured materials. Methods
of scanning probe microscopy are
developed by increasing the scan-
ning rate, the growth of the infor-
mation value by combining differ-
ent local methods of diagnostics,
creation of new principles of imple-
mentation of the local measure-
ments at the nanometer level. New
measurement techniques, in par-
ticular, include piezo-electrochem-
ical microscopy [1], which allows to
determine the mobility of Li ions
in the cathode material of stor-
age device. A significant develop-
ment in recent times is typical for
electrochemical microscopy and
scanning ion-conductance micros-
copy, which enable to detect vari-
ous chemicals on the surface of the
material or close to it [2]. Improved
performance of scanning probe
microscopy [3] to 50 or more frames

per second, allows to significantly
improve temporal resolution and
to observe many processes on the
surface of energy storages and con-
verters in real-time. New scan-
ning modes [4] with precision con-
trolled vertical movement of the
probe allow us to study materi-
als with highly developed surface.
Significant progress in the study of
electroactive and catalytic materi-
als with nanostructured surface is
achieved through the combination
of different methods of scanning
probe microscopy in a single exper-
imental device. A synergistic result
is achieved in case of establishing a
link between the surface morphol-
ogy, physical-chemical and electro-
physical properties of materials.
Most traditional methods for
studying the surface properties of
energy storage materials and cat-
alysts are of integral character,
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Puc.2. Tonozpaguyeckoe ACM-u3obpaxkeHue. Jlumozpagus bi-
NOAHEHA Memo0oM AOKAAbHO20 AHOOH020 OKUCAEHUS Ha 2padu-
me. Boicoma caos okcuda 2pauma — 0,6 HM, HANpsKeHUe Ha
uzne -7 B, yacmoma ckaHuposaHus — 1 Iy,

Fig.2. Topographical AFM image. Lithography performed by
local anodic oxidation on graphite. The height of the layer of
graphite oxide is 0.6 nm, the voltage on the needle is 7 V, the
scanning frequency is 1 Hz

OnHOBpeMEeHHO C IIOMOIIBIO 3TOH YCTAHOBKH MOXKET
OBITH OCYIIeCTBJIEHA HANIPaBIeHHAas] MOAUPUKAIHS
[IOBePXHOCTU I1yTeM CHJIOBOTO U 3/IeKTPUUECKOr0 BO3-
JIeHICTBHSI CO CTOPOHBI 30Ha. HarpaBieHHast KOHTPO-
NMHpyeMas JOCTaBKa BellleCTB B UCCIelyeMyIo 06/1acTh

MO3KeT ITPOBOAUTHCS TaKKe C IIOMOIIbIO HAaHOKATIHII-
JISIPHOY TeXHOJIOTMH CKaHUPYIOIIel HOH-TIPOBOJ ek
MHKPOCKOITHH.

JKCIepUMeHTa/lbHble U3MepeHHUs BBIIIOTHEHBI
C HCII0/Ib30BAHHEM MHOTOQYHKIIMOHATBHOTO CKa-
HUPYIOLIETro 30HA0BOr0 MUKpockoma "®emtoCKkaH" U
pa3paboTaHHON aBTOpAaMHU YHUKAJIBHOM OBICTPOIEH-
CTBYIOIIEN CUCTeMbl CKaHUpoBaHUs "PemToCKaH X"
(dacToTa KaZpoBOI pa3sBepTKH - A0 64 KampoB/c).
IIpueM u o6paboTKa MAaHHBIX OCYLIECTBISETCS
C TIOMOIIIBI0 OPUTMHAIPHOTO CIIeIIHaIM3MPOBAHHOTO
nporpaMMHoro obecreueHus "PemToCkaH OHIANH"
(Www.nanoscopy.ru). MoguorKaluio II0BePXHOCTH
YIJIEPOAHBIX MAaTePHAIOB YIO06HO IIPOBOLUTSH C IIOMO-
IIBIO JIOKATPHOTO AHOAHOI0 OKHC/IeHHU S [6], KoTopoe
II03BOJISIET IOYYUTh TUTOrpadUUECKUHN PUCYHOK
OKMC/IEHHBIX Y4aCTKOB C TOYHOCTBIO [I0 e[ HHUL] HAHO-
MeTpa (puc.l u 2). HanmpapieHHas AOCTaBKa BellleCTB
Ha MOBEPXHOCTh KAaTa/JIM3aTOPa M SHEePrOHAKOIU-
Tensi/mpeobpasoBaress B pa3paboTaHHON KCIIEPH-
MeHTaJIPHOM YCTaHOBKE OCYIIeCTBIISIETCS C [IOMOIBIO
MOAUPHUIIMPOBAHHOIO BapHaHTAa CKAHUPYIOIeH
HOH-TIPOBO/SIIIIE Nl MHKPOCKOIIUH C UCII0JIb30BAHHEM
MHOTOKaHaIbHOTO HAHOKATIMJIJISPHOTO 30H .

C IIOMOIIBIO CO3/IAHHOM aIlIIapaTypbl BO3MOXKHO CO3-
DaHUe HAaHOCTPYKTYPHPOBAHHOM IIOBEPXHOCTH I'pa-
duTa c IpUMeHeHHeM HaHOKAIIHU/IISIPHOM JOCTaBKHU
peareHTOB U OKHCIUTeNeH MeTOJOM MHOTOKaHasIb-
HOTO0 30H/]a CKaHHPYIOIIeH HOH-TIPOBOASIIEN MUKPO-
ckonuu. Co3maHue pa3THYHON IreOMeTPUH JIUTOrpa-
duM HAaHOCTPYKTYPHUPOBAHHOIO IpaduTa MEeTOLOM
JIOKQJIBHOTO AaHOJIHOT'O OKHUC/IEHUSI MOKET OBITh I10JIe3-

however, the peculiarities of micro-
and nanorelief and composition of
the surface play a key role in these
devices. New methods of scanning
probe microscopy provide unique
information on the relationship
of surface structure (geometry
and composition) and its physical-
chemical properties with electro-
physical properties that allows to
create new materials with record
parameters.

In this project an experimen-
tal system is developed to inves-
tigate the morphology and prop-
erties of the materials used for
the accumulation and conversion
of energy and catalysis, which
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is based on the combination of
atomic force microscopy with new
and improved methods of piezo-
electrochemical, electrochemi-
cal and ion conductance micros-
copy with simultaneous obtain-
ing of the experimental data set.
The experimental device is assem-
bled on the basis of a multifunc-
tional scanning probe microscope
FemtoScan [5].

At the same time, this system
can be used for targeted modi-
fication of the surface by power
and electrical influence of the
probe. Directed controlled deliv-
ery of substances in the inves-
tigated area can be carried out

using nanocapillaries technol-
ogy of scanning ion conductance
microscopy.

Experimental measurements
were conducted using a multi-
functional scanning probe micro-
scope FemtoScan and developed by
authors unique high-speed scan-
ning system FemtoScan X (verti-
cal deflection frequency is up to
64 frames/sec). Receiving and pro-
cessing of data is carried out using
the original specialized software
FemtoScan Online (Www.nanos-
copy.ru). Surface modification of
carbon materials it is convenient
to carry out using local anodic oxi-
dation [6], which allows to obtain



CONTROL AND MEASUREMENT

HBIM [/I51 OLleHKHU BIHUSHHUS pa3MepHBIX 3$deKToB
[IOBEPXHOCTH KaToJa Ha ero 3jeKTpodH3HUYecKHUe
CBOMCTBA. Pa3paboTKa KOHTPOIKPYyeMOH LOCTaBKHU
BeIeCTB B HCCIeyeMyIo 06/1acTh IOBEePXHOCTH SHep-
TOHAKOIIMTeJISI U/ WJIK KaTaJAKU3aToPa MO3BOJISeT oLle-
HUTb 0COO@HHOCTH ee GyHKIIMOHHUPOBAHHSI.

Ha puc.2. npuBefeHBbl y4aCTKHU BBIPAIleHHOIO
OKCcHAa rpaduTa, NpencTaBsIone co60k BEICTYIIEI
BBICOTOU B 0,6 HM HaJ IIOBEePXHOCTHIO rpadHuTa.
Xopollo 3aMeTHEI JIOKaJbHEIe YYaCTKH C XapaKTep-
HBIM pa3Mepom oT 10 mo 250 HM. B KayecTBe JIMTO-
rpa¢uvecKoro puCyHKa aBTOpaMHU ObIIH BIOPaHEI
Hn300paskeHUs CIeloB eHoTa. [IpefcTaBleHHOe Ha
puc.l nusobpaskeHHe eHOTAa B HAHOMETPOBOM Mac-
mTabe chopMUPOBaAHO 37IeMeHTAMU OKCHAA Ipa-
duta. JIutorpadus 6pya mpoBefeHa Ha BO3yXe B
YCJIOBHSIX €CTeCTBEHHOM BJIA’KHOCTH 0K0JI10 70%.

B HacTosimer paboTe Moka3aHbI BO3MOKHOCTH CO3-
OAHHOM 3KCIIePUMeHTaIbHOM YCTAHOBKH I10 HaHe-
CeHMIO INTOrpadruecKoro prcyHKa C TOUHOCTBIO [0
eQUHUI] HaHOMeTpa. [l KanubpoBKU MlepeMelie-
HUS 30HJa 10 KOOpAHHaTe Z 6bI1 UCII0/Ib30BAH 3Ta-
JIOH HaHOMeTpa [7].

Hacmosawas paboma evinoaHeHa npu GuHaHcosoii noddepscre
Poccuiickozo ¢porda pyHdamermansbix uccaedosanuii (npoekm
N2 16-29-06290 opu_m).
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a lithographic pattern of oxi-
dized areas with accuracy down to
units of nanometers (Fig.1 and 2).
Directed delivery of substances
to the surface of the catalyst and
energy storage/converter in the
designed experimental system is
carried out using a modified scan-
ning ion conductance microscopy
using multichannel nanocapillar-
ies probe.

This equipment allows to cre-
ate nanostructured graphite sur-
face with the use of nanocapillary
delivery of reagents and oxidants
by a multi-channel probe of scan-
ning ion conductance microscopy.
Creation of different geometries

of lithography of nanostructured
graphite by local anodic oxidation
can be useful to assess the impact
of size effects of the surface of
the cathode on its electrophysical
properties. Development of a con-
trolled delivery of substances in
the investigated area of the surface
of energy storage and/or catalyst
allows to evaluate the features of its
functioning.

Fig.2. shows the areas of grown
graphite oxide, the ledges that are
0.6 nm high over the surface of
the graphite. Local areas with size
from 10 to 250 nm are well notice-
able. As a lithographic pattern, the
authors have chosen the image of

the footprints of the raccoon. The
image of a raccoon in the nano-
meter scale formed by elements of
graphite oxide, is shown in Fig.1.
Lithography was carried out in air
under conditions of natural humid-
ity of about 70%.

This project presents the capabil-
ities of the creation of experimen-
tal system for lithographic imaging
with an accuracy to a few nanome-
ters. To calibrate the probe move-
ment along the Z coordinate the
nanometer standard was used [7].H
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