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PaccMoTpeHbl MeToAbl JIOKaJibHOM MoauduKauun yriepogHon NMOBEPXHOCTU C MOMOLLbIO aTOMHO-
CUJIOBOM MUKPOCKOMUM Ha BO3AYXe U CKAHUPYIOWLENA KanuisspHOW MUKPOCKONUM B pacTBoOpax
31eKTponuToB. OTMEYEeHO, YTO MpUMEHEeHMe CKaHUpYIoLeldA 30HA0BOM MWMKPOCKOMWUU MNO3BOJSeT
onpepenuTb CTpoeHue, GUIMKO-XMMUYECKMEe U INeKTpodUusnyeckne XxapakTepucTuku 2D-cTpykTyp
C MPOCTPaHCTBEHHbIM pa3pelleHeM A0 eAUHUL, U f0/1el HAHOMeTpa.

Methods for local modification of the carbon surface using atomic force microscopy in air and scanning
capillary microscopy in electrolyte solutions are considered. It is noted that the use of scanning probe
microscopy makes it possible to determine the structure, physical-chemical and electrophysical
characteristics of 2D structures with a spatial resolution up to units and fractions of a nanometer.

KaHUpYyIoIasg 30HA0Bass MUKPOCKOIIUS BKJIIO-

4aeT B cebs 6OIBIIOE YHCI0 METONOB KaK H3yde-

HHS HAHOCTPYKTYP, TaK U HaIIpaB/JIeHHOU MOJH-
dUKanUKU UX QU3IHUKO-XMUMHUYECKUX U 3JIeKTPoPHU-
3HM4YeCKHUX CBOHCTB. HaHOpa3sMepHble 2D-CTPYKTYpHI
SIBJISIIOTCS MePCIIeKTUBHOM OCHOBOM [JIS CO3[aHUS
BBICOKO3QPEeKTHBHBIX SHEPrOHAKOIIHUTE/IeN U KaTalu-
3aTOPOB C UCII0/Ib30BAHHEM YIJIEPOAHBIX MaTepUaJIoB
Y 6LOIIONTMEPOB.

g HanpaBIeHHON MOAUPUKALUU YIJIepon-
HOI I10BePXHOCTH aBTOPaMHU HCII0JIb30BaHBI METOIBI
ATOMHO-CHJIOBOM MHUKPOCKOIHHK BO BJIaXHOU
cpelie M CKaHUPYOIIEH HOH-TIPOBOASIIEN MHKPO-
CKOIIMM B 3JIeKTPOJIUTe. MoguduKanus yIiepon-
HOH IIOBEePXHOCTH IIOJ AeHMCTBUEM OTpHIaTeNlb-
HOTO 3JIeKTPHUYeCKOro HaIlPSI>KeHU S, IIPUJIOKeHHOI0
K 30HJy aTOMHO-CHJIOBOT'O MHUKPOCKOIIA, [IPOUCXOAUT

32 CYeT JIOKAJbHOTO0 AHOAHOTIO OKHCJeHHUs [1].
90 $eKTHUBHOCTD 3TOTO IIpoliecca BO MHOIOM 3aBU-
CUT OT YCJIOBUM OKPY>KAIOIIEL Cpe/ibl, B OCHOBHOM,
OT BJIa)KHOCTHU BO3Zyxa. B 6osee cyxom Bo3zmyxe mist
MHULIMHUPOBAHUS JTOKAJIBHOTO AHOLHOI'0 OKUC/IeHU ST
NPUXOAUTCS YBeIMUKUBATh PAa3HOCTb IIOTEHI[HMAJIOB
Me>KIy 30HJIOM U ITIOBEPXHOCTLIO YIJIEPOAHOI0 MaTe-
puana. TUIHYHOe 3HaYeHHe pabounX HAIIPSSKeHHU I
AJISI TUIITMYHBIX na60paToprIx yCJ'[OBI/Iﬁ HaXOOUTCS
B IMarIia3oHe oT 2 110 8 B.

CylnecTBeHHBIN MHTEPeC [ pellleHHs 3a/la4 3Hep-
ros¢deKTUBHBIX TeXHOJOTUM MpeACTaBiseT co3a-
HHe MeTOIOM JTUTOrpaduu HaHOCTPYKTYPHPOBaHHOMU
MOBEPXHOCTH 60sbIIOro MacmTaba, cocTosmen U3 rpa-
duta v okcyua rpaduTa 2], 17151 3TOro HAMU CO3Z[aHa 3KC-
MeprMeHTa/IbHasl yCTAHOBKA 10 XM MHUYeCKOH MOgUH-
KallMH [TI0BePXHOCTH YITIEPOAHBIX MaTePHUa/IOB METOLOM
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Puc.1. Mpumepbi AumMozpaguyeckux pucyHKo8 Ha NogepxHOCMuU 2paguma: d — OKUCAEHHbIe y4acmKu 8 8ude NpsIMOL U nepegepHy-
mol cmuAu308aHHol 3mbaemsl FS; b — abbpesuamypa MHSOC, copmupo8arHHast AOKaAbHbIM AHOOHbIM OKUCAEHUEM; C — mpex-
MepHOe U306pa>keHue amomMHol meppacsl; d — mpexmepHoe U306paceHue NpsMoyz0AbHbIX NOAOCOK

Fig.1. Examples of lithographic patterns on surface of graphite: a - oxidized areas in form of straight and inverted stylized emblem;

b - abbreviation, formed by local anodic oxidation; c - 3D image of the atomic terrace; d - 3D image of rectangular strips

JIOKaJIBHOTO AaHOJHOT'O OKHUC/IEHH S B CUCTeMe C KOHTPO-
JIMpyeMBIMH BHEIIHUMHU ITapaMeTpaMu (TeMIlepaTypa,
BJIaSKHOCTbB, COCTAB BO3/YIIHOL aTMOCdEPBI) C [IOMOIIIBIO
aTOMHO-CHJIOBOr0 MUKpocKorma "®emToCKaH" [3].

canning probe microscopy
involves a large number of
methods both in the study of
nanostructures and in the direc-
tional modification of their phys-
ical-chemical and electrophysical
properties. Nanoscale 2D structures
are a promising basis for the cre-
ation of high-performance energy
storage and catalysts using carbon
materials and biopolymers.
For directional modification of
the carbon surface, the authors

JIleHbl Ha puc.l.

used atomic force microscopy in a
moist medium and scanning ion
conductance microscopy in an elec-
trolyte. Modification of the carbon
surface under the influence of a
negative electrical voltage applied to
the probe of an atomic force micro-
scope occurs due to local anodic oxi-
dation [1]. The effectiveness of this
process depends largely on the envi-
ronmental conditions, mainly on
the humidity of the air. In drier air,
to initiate local anodic oxidation, it

IIprMepsl TUTOrpadrUYeCKUX PUCYHKOB IIpHUBe-

HoBbIM HamlpaB/leHHeM XUMHUYeCKOH MoJudHKa-
LIMU YIJIePOLHBIX MaTepHasoB (rpadura, rpadena)

is necessary to increase the poten-
tial difference between the probe
and the surface of the carbon mate-
rial. A typical value of the operating
voltages for typical laboratory condi-
tions is in the range from 2 to 8 V.
An important interest for the
problems of energy-efficient tech-
nologies is the creation by lithog-
raphy method of a large-scale
nanostructured surface consisting
of graphite and graphite oxide [2].
For this purpose, we have created
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Puc.2. MosepxHocmb 2paguma nocae 3AeKmpoxumu4yecko-
20 8030elicmaus Npu UCN0Ab308AHUU 8 Kauyecmee Kamoda
8 10-MM pacmeope Humpama aumus. Modupukauus ocy-
wecmansemcst npeumyuw,eCmeeHHo no depekmam noeepxHo-
cmu

Fig.2. Graphite surface after electrochemical exposure when used
as cathode in 10 mM lithium nitrate solution. Modification is car-
ried out mainly on surface defects

SIBJISIeTCSI CKAHUPYIONAsi KATHJ/IISPHAsE MUKPOCKO-
nus. B aTom ciaydae afipecHast oCTaBKa peareHTOB
MO>KeT IIPOBOAUTHCS C IOMOIbI0 MHOTOKaHAIbHOTO
HaHOKAnuaspa [4].

M3yuyeHHe KUHETUKU UHTEPKAISIIUHU U JeHHTep-
Ka/ISIIUH MOHOB JIMTHS M3 MaTepHasa KaTola aKKy-
MyJsiTOpa 6BI7I0 IIPOBEIEHO C IIOMOIIBIO CKAHHUPYIO-
Iero Karu/UIsiPHOI0 MUKPOCKOIIA, B KOTOPOM HOHBI
JTUTHUS II0JABAIUCH Yepe3 HAHOKATIUJLIAP.

PaHee, B pabote [5], 6Bl UCIIOIB30BAH METOJ
ATOMHO-CHJIOBOM MHUKPOCKOIIMH JJIsI HabnIogeHU

MHTepPKa/sILIUK CePHOM KHUCJIOTH C 06pa3oBaHUeM
6/1HCTepOB Ha [TOBEPXHOCTH BHICOKOOPHUEHTHPOBAH-
HOIo uponuTUdeckoro rpagura (BOIIL) U BBICOKO-
COBEpIIEeHHOTO MU PONUTHYecKoro rpapura (BCIIT).
Pasnuyue BOIIT u BCIIT COCTOMT B T@XHOJIOTHH
IojlyuyeHus: maTtepuasa. B pesynsrarte, BCIII umeer
boJiee CoBepIIEHHYIO CTPYKTYPYy C MEHBIIUM COLEp-
JKaHHeM JedpeKTOB Ha IOBEePXHOCTH, B TOM YHC/Ie
CTyHmeHeH CKoJa. Ilocjle XMMHYECKOTO OKHCIIe-
HUs 10 MeToAy XaMmepca Ha nmosepxHocty BCIIT,
B oTiMuMe oT BOIIL, opMUPYIOTCS OIHCTEPHI.

CyllecTBeHHOe NPeHMMYIIeCcTBO CKaHUPYOILeH
KaMUIASIPHOM MUKPOCKOIIMH COCTOMT B TOM, YTO
Ipolecc XUMHYECKOI0 OKMCAeHHU S MOXKXHO IIPO-
BOJHUTD JIOKAJBHEIM 06pa3oM C IIOMOIIBIO JOIION-
HHTeJbHOI0 KaHa/a HaHoKanuaasgpa. IIpu stom
OCHOBHOM KaHaJl HAHOKAMMJIAAPa CIY>KUT B Kade-
CTBE U3MEPUTE/IbHOIO 30H/a [JIsl 3alIMCH TOIlOrpa-
duueckoro penpeda OKUCIeHHOM 06/1acTH.

PaHee HaMHU OBIIM MOJTYy4YeHBI Pe3ylIbTaThl
10 PerucTpalMHy JIOKAJbHOIO paclpefesieHUs
IIOTEeHIIMAaJ/Ia ITI0BEPXHOCTH BHICOKOOPHEHTHPOBAH-
HOTO IIMPOJIMTUYECKOro rpadrrTa MeTOLO0M CKaHU-
pyIolllell pe3suCTHBHON MUKPOCKONUH [6]. JaHHEIe
CKaHHUpYOLeH KeJIbBUHOBCKOK MUKPOCKOIIUH IIOJ-
TBEPXKIAKT 3TOT pe3yabTar.

YcTaHOBJ/IeHHME B3aHMMOCBSA3H MeXIY TOIIOrpa-
buel MOBEePXHOCTHU U ee 31eKTPOoPU3UUECKUMHU
CBOMCTBAaMH C IPOCTPAHCTBEHHBIM pa3pellleHHEM
Ha ypOBHE eJHHHI] HAHOMETPOB BO3MOXHO IIPHU
KMCIIOJIb30BAHUM COBMEILIEeHHBIX PeXHUMOB CKaHH-
Pyolell 30H10BOM MHKPOCKOIIHH: OLHOBPeMeHHOM

an experimental unit for chemi-
cal modification of the surface of
carbon materials by the method of
local anodic oxidation in a system
with controlled external param-
eters (temperature, humidity, air
atmosphere composition) using
the FemtoScan atomic force micro-
scope [3].

Examples of lithographic pat-
terns are shown in Fig.1.

A new area of chemical modifi-
cation of carbon materials (graph-
ite, graphene) is scanning capillary
microscopy. In this case, targeted
delivery of reagents can be carried
out using a multichannel nanocap-
illary [4].

A study of the kinetics of inter-
calation and deintercalation of
lithium ions from a battery cath-
ode material was carried out using
a scanning capillary microscope
in which lithium ions were fed
through a nanocapillary.

Earlier, an atomic force micros-
copy method was used in [5] to
observe the intercalation of sulfu-
ric acid with the formation of blis-
ters on the surface of highly ori-
ented pyrolytic graphite (HOPG) and
highly annealed pyrolythic graph-
ite (HAPG). The difference between
HOPG and HAPC is the technology of
obtaining the material. As a result,
HAPG has a more perfect structure
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with a smaller content of defects on
the surface, including the steps of
cleavage. After chemical oxidation
according to the Hammers method,
blisters are formed on the surface of
the HAPG, unlike HOPG.

A significant advantage of scan-
ning capillary microscopy is that
the chemical oxidation process can
be carried out locally using an addi-
tional channel of the nanocapillary.
In this case, the main channel of the
nanocapillary serves as a measuring
probe for recording the topographic
relief of the oxidized region.

Earlier, we obtained results on
recording the local distribution of the
surface potential of highly oriented
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“3MepeHUH Tonorpaduu obpasna u pacrnpeneneHus
HeCKOJIbKHX JIOKa/JIbHBIX [IapaMeTpOB ero II0BEPXHO-
CTH (COTPOTHUBIIEHU S PacTeKaHHUSsI, IOBEPXHOCTHOTO
3apsifa, 3MeKTPUUeCcKoro ToKa U Ip.).

OnpepeneHHe T0KaAbHOTO TOKA 3apsAfa/paspana
MIpOBeJeHO C IOMOIbIO CKaHUPYIOIleld KalluJIsp-
HOM (MOH-IIPOBOASIIEl) MUKPOCKONKUH. OmleHKa
ob1rero yKcia UKIIOB 3apsifa/paspsfa A5 JIOKab-
HBIX 0671acTeH KaTofa C MOMOIIBIO CKAHUPYIOIIeH
30HJOBOM MHKPOCKOINHH ITOKa3blBaeT, UTO 3Ta
BeJIMYMHa cocTaBiseT 100 u 6onee pas aas ciaydas,
KOI/la yMeHblIIeHHe TOKa He ITpeBblmaeT 60%.

C moMOWbIO Pa3HOBHUAHOCTEH CKaHHPYIO-
ImeH 30HAO0BOM MHKPOCKONMH - aTOMHO-CHJIO-
BOM MHKPOCKONHM, CKAHUPYIOIEH Pe3UCTHUB-
HOM MHKPOCKOIHH, KeJIbBUHOBCKOH MHKPOCKO-
MU, CKAHUPYOILeld KaOHUJISPHOHN MHKPOCKO-
INUU - MOXKHO [I0J1y4aTh CJlefyIomylo HHPopMa-
LHM0: TolmorpaduyecKuM penbed, KapTy paclpe-
JeleHU s JIOKaJbHOU 3/1eKTPHUUYeCKOM IPOBOLHUMO-
cTu obpasma, pacmpeneneHHUe IOBEPXHOCTHOIO
3apgia, Halu4He AU31eKTPUYeCKHUX BKIOYeHHH.
ITpu 3TOM LOCTHIaeMoOe IPOCTPaHCTBEHHOe pa3pe-
IIeHHe COCTaB/sIeT eJUHUILIBL U N0/ HaHOMeTpa.
MopguduKralnus yriepogHOMH II0BEPXHOCTH IIPOBO-
OUTCS JIOKAJAbHBIM 06pa30M BO BJIASKHOM BO3JYII-
HOM Cpefie C IOMOIIBIO 30HJa aTOMHO-CHJIOBOTO
MHKPOCKOIIA IIPU IIPHUJIOKEHHUH K HeMYy OTpHIIa-
TEeJIPHOTO0 IIoTeHIHala. JIokalbHasg MOAUPUKALIU S
IIOBEPXHOCTHU yI/IePOJAHBIX MaTepHUaJIOB B pacTBO-
Pax 371eKTPOJIHUTOB IIPOBOAUTCS C [IOMOIIbIO CKAHHU-
pyIolero KaluajaIspHOro MUKPOCKOIIA.

HccaedosaHue 8binoaHeHo npu ¢uHancosoll noddepx ke
PODH (npoekm N2 16-29-06290).
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pyrolytic graphite by the method of
scanning resistance microscopy [6].
The data of scanning Kelvin micros-
copy confirm this result.
Determination of the relation-
ship between surface topogra-
phy and its electrophysical proper-
ties with spatial resolution at the
level of nanometer units is possi-
ble when using combined modes of
scanning probe microscopy: simul-
taneous measurement of the sam-
ple topography and distribution of
several local parameters of its sur-
face (spreading resistance, surface
charge, electric current, etc.).
Determination of the local
charge/discharge current is carried

out with the help of scanning cap-
illary (ion conductance) microscopy.
An estimate of the total number of
charge/discharge cycles for local
cathode regions by means of scan-
ning probe microscopy shows that
this value is 100 or more times for
the case when the current decrease
does not exceed 60%.

With the help of the different
types of scanning probe micros-
copy - atomic force microscopy,
scanning resistive microscopy,
Kelvin microscopy, scanning cap-
illary microscopy - the follow-
ing information can be obtained:
topographic relief, local electri-
cal conductivity distribution map,

surface charge distribution, dielec-
tric inclusions. At the same time,
the spatial resolution is achieved at
the level of units and fractions of a
nanometer. Modification of the car-
bon surface is carried out locally in
a moist air medium with the help
of an atomic force microscope probe
when a negative potential is applied
to it. Local modification of the sur-
face of carbon materials in solu-
tions of electrolytes is carried out
with the help of a scanning capil-
lary microscope. [ |
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