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Presented new trends of electrochemical intercalation of fluorocomplex anions
into carbon nanotubes, which are used in lithium batteries. Methods of Transmission
Electron Microscopy and X-ray Diffractometry were used to characterize the microstructure
of the carbon nanotubes. Electrochemical cells with metallic lithium were as the negative
pole and a polypropylene microporous separator in the complex fluorides with organic
solvents used as the electrolytes solutions. The cells were cycled between 4.5V and 2V
by cyclic voltammetry technique under 70 mV/s voltage sweeping rate. It was shown that PFy
and BF intercalate into carbon nanotubes in a similar way than in graphite and fullerenes.
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Azamu P., I'onuapoea U. Li-6amapeu: 31eKmpoxumuiecKkas UHMEPKAAAUUA
¢PmopoxomnieKcHbIX aHUOHO8 6 y2iepoOHble Hanompyoku. l[lpeocmasnenvl Hobie
MeHOeHYUL 2IeKMPOXUMUYECKOU UHMEPKATAYUL IMOPOKOMIIEKCHBIX AHUOHOS 8 YelepOOHble
HaHompyoKu 015 iumuessvlix bamapeil. Memooamu mMpancMucCUOHHOU IIeKMPOHHOL MUKDPO-
CKORUU U PEeHM2eHOBCKOU OUDPaKmomempuy onpeodeieHa Xapakmepucmuka MUKpoOCHpyK-
MYypbl yenepoOHbIX HAHOMPYOOK. DIEeKMPOXUMUYECKUe AYElKY, NOKPbIMble MeMaLIUYecKUM
JUmMUeM, UCNOIb306AHbl 8 KAYecmee OMpUyamenbHo20 31eKmpood, NOAUNPONUIeHO8ble
MUKPOROpUCIblE Cenapamopsbl 8 pacmeopax KOMNIEKCHbIX (mopudos u OpeanuiecKux
pacmeopumenell CAYHCUIU INEKMPOIUMHbIMU pacmeopamu. Hueliku Ovliu RPOYUKIU-
poeanvl npu 4.5 B u 2 B memoodom yukiuyeckol 801bmamMnepomMempuy npu cKopocmu
70 mB/c. Iloxazano, yumo anuonvt PFs u BF; unmepxanupyiom 8 yeiepoouvie HAHO-
MpYOKU AHATO2UYHO UHMEPKATAYUU 8 2pAum uau (yriepeHsi.

Kniouesvie cnosa: nutueBble OaTapen, KOMIUIEKCHbIE (hTOPUABI, yIIICPOJHbIE
HAaHOTPYOKH, OJJIEKTPOXUMHYECKHE SUCHKH, PACTBOPHI AIIEKTPOJIUTOB, LUKINYECKAs
BOJIbTAMIICPOMETPUS, aHUOHHAsI MHTEPKAJISIIIHA.
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Introduction. Nowadays Li-ion batteries are the powerhouse for the
digital electronic revolution in this modern mobile society, exclusively used
in mobile phones and laptop computers. The most important problem for
scientists in the field of lithium-ion batteries today is electrochemical
intercalation of the fluorocomplex ions into carbon nanotubes [1; 2].

Since their first observation by lijima [3], carbon nanotubes have
attracted a great deal of interest due to their very exciting properties. Their
structure is characterized by cylindrical shaped closed graphene layers that
can form co-axially stacked multi-walls nanotubes (MWNTSs) or single-
walled nanotubes (SWNTs). Like in graphite, carbon atoms are strongly
bonded to each other in the curved honeycomb network but have much
weaker Van der Waals-type interaction with carbons belonging to adjacent
nanotubes. Such a weak interaction is believed to be at the origin of the
bundles structure of carbon nanotubes. Intercalation compounds have been
reported in MWNTs and SWNTs, with intercalated species occupying the
Van der Waals gaps. Most reported intercalation compounds were
concerned with cation intercalation [4—6]. So far, there have been no reports
on anion intercalation although covalent compounds especially with
fluorine [7] were successfully prepared. In this paper we have performed
some preliminary experiments on the anion electrochemical intercalation
into SWNTs with the following reaction equation:

nC+A4 — C,A+e (A =PFs or BFy). (1)

Material and methods. SWNT obtained by pulsed laser ablation of
graphite [8] and shaped in a thin film (buckypaper) of approximately
50 microns in thickness. XRD (Co K, radiation) and TEM (high resolution
imaging and electron diffraction) were used to characterize their micro-
structure. Discs of 6 mm in diameter were cut from the film and dried
in vacuum at 200 °C for 12 hours before their use as positive electrodes in
coin-type (2016) cells. Cells contained metallic lithium as the negative pole
and a polypropylene microporous separator soaked in EC:DMC-LiPF¢ or
EC:DMC-LiBF, molar solutions as electrolyte. The cells were then cycled
between initial open-circuit voltage and 4.5 V and then between 4.5 V and
2 V by cyclic voltammetry technique under 70 mV/s voltage sweeping rate.

Results and discussion. Structure characterizations. Characterization
of the initial SWNTs included XRD and HR-TEM imaging and diffraction.
Fig. 1 shows the XRD chart.

Fig. 2 shows the HR-TEM image of the starting SWNTs. The low
angle XRD diffraction peaks are characteristic of the bundle structure, with
characteristic hk. lines. The ’a’ crystal parameter the triangular structure is
about 1.7 nm. Graphite impurity (<5 %) is clearly evidenced by the (002)
characteristic peak. The bundle structure is visible in the HR-TEM image in
Fig. 2a. Fig. 2b shows typical diffraction rings of the triangular structure
with corresponding indexation.
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Fig. 1. XRD pattern of purified SWNT
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Fig. 2. HR-TEM of SWNTs. Insert show the diffraction rings

Electrochemical characterizations. Fig. 3 and Fig. 4 show the first
cyclic voltammogram (CV) obtained with PFs and BF, respectively.
Arrows in the figure indicate the direction of the voltage sweeping. During
the first voltage sweeping, starting from ca. 1.1 V vs. Li'/Li, the oxidation
current remains very low until a threshold value of about 4.15 V is reached,
then it increases sharply. When the sweeping is reversed after 4.5V, a
strong oxidation peak appears at about 4.4 V followed by several other
oxidation peaks especially around 3.5 V. The current is then reversed and a
reduction peak appears in the 2.5-2.2 V area.

In the following cycles the CV pattern does not show anymore the
4.15 V anodic potential threshold, indicating a lowering of the anion inter-
calation overpotential. New anodic and cathodic peaks appear which
indicates some degree of reversibility of the anion intercalation. Fig. 5 and
Fig. 6 show the second cycles voltammogram (CV) obtained with PF4 and
BF, respectively. However, the anodic part remains dominant.
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Fig. 5. Second CV (70 mV/s) Fig. 6. Second CV (70 mV/s)
of LI/EC:DMC-LiPFs/SWNT cell of LI/EC:DMC-LiBF4/SWNT cell

The appearance of oxidation peaks in the CV is a direct evidence of
PFs and BF, anions incorporation within the SWNT structure. The
macromolecule C, should then bear a positive charge as result of oxidation
following. In the case of PFy the anodic oxidation is:

nC + PF;— (C,", PF5) + €. (2)

It is very likely that PF¢ occupies the Van de Waals gap between the
SWNTs in a similar way than in graphite intercalation compounds and in
anions doped fullerenes [9; 10]. Because of lower surfaces area between
SWNTs, the stability of the (Crf, PF¢) ionic compound should be lower
than in flat graphite layers. Therefore, during the electrochemical
intercalation a chemical de-intercalation (decomposition) may take place,
which explains the low faradaic yield of the anodic intercalation.

The observation of a high threshold voltage during the first
intercalation suggests high activation energy to form the C," macrocation.
Since alkali metals do intercalate into SWNTs with associated formation of
macroanions C,, SWNTs are amphoteric in character. However it seems
that the macroanion form is more stable and reversible as reported for the
lithium intercalated SWNTs.
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Conclusion. We showed that PFs and BF, intercalate into SWNTs
in a similar way than in graphite or in fullerenes (C60 and C70 molecules).
The intercalation (equation 1) takes place in different steps, which evolve
with the cycle number. This is rather unusual but we observed similar
behaviour with fullerenes (C60 and C70 molecules). We suppose that in the
first cycle it needs to break the tube-tube interaction (separation) and to
transfer the electron. After separation is made it becomes easier to
intercalate and deintercalate anions, although the reaction is not 100 %
reversible. The technological output of different cycles anion intercalation
into SWNTs is obvious knowing the need to improve the energy density
and the power density of existing lithium-ion batteries. We believe that
increasing the energy and power density will make the nanotube-based
lithium batteries more attractive.
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M3ami P., I'onuapoea I. Li-6amapei: enekmpoximiuna inmepxanayia ¢pmopo-
KOMMNJIEKCHUX AHIOHI8 Y KapOOoHO06i HAHOMPYOKU.

I[MocTtanoBka mpoOaemMu. Y cydacHOMY MOOIIBHOMY CyCHUIBCTBI JITiH-HOHHI
AKyMYJISTOPH ITUPOKO BUKOPUCTOBYIOTHCS B €IEKTPOHHIN ITU(PPOBiH TEXHIIl, TepEBAKHO
B MOOUTEHHX TenmedoHaX i MOPTATHBHUX KOMIIIOTepax. HaiOimpIm BaskKIIMBOIO TIPO-
OnemMoro Juisi BUCHHX B 001acTi JiTieBUX Oarapell ChOTOJHI € eNeKTpOXiMiuHa iHTep-
KaJAIis TOPOKOMIUIEKCHUX HOHIB Yy KapOOHOBI HAaHOTPYOKH [1; 2].

I3 MOMeHTY mepIioro croctepekeHHsI [3] 0cOOMMBY yBary BUEHUX MPUBEPTAIOTH
KapOOHOBI HAHOTPYOKH 3aBISKH IX BJIACTUBOCTSAM. BUIBIIICTh IHTEPKATHLOBAHUX CIIOIYK
CHOTOJIHI TOB’sI3aHI 3 KaTIOHHOI iHTepKayslier [4—6]. [loBiqOMIICHHS 111010 aHIOHHOT
IHTepKaJAIil MPaKTUYHO BIJICYTHI, XO4Ya KOBAJIEHTHI CHOJMYKH 3 DIryopoM YCIIIIIHO
MiAroToBeHi [7].

Mema pobomu — npoBeJieHHsI JIOCIIPKEHb CTOCOBHO aHIOHHOI €JIeKTPOXIMIYHOI
IHTepKaJAIiT PTOPOKOMIUIEKCIB Y KapOOHOBI HAHOTPYOKH JUTS JIITIEBUX OaTapen.

Marepiaau Ta Mmetoau. O0’€KTH IOCITIHKEHHS — PO3UYNHU (DTOPOKOMITIEKCHUX
CoJeldl ITiI0 B AamnpoOTOHHUX IUIOJNAPHUX PO3YMHHUKAX 1 OJHOCTIHHI KapOOHOBI
HAHOTPYOKH.

Metonamur TpaHCMICIHHOT eJTeKTPOHHOT MIKPOCKOTIIi Ta PEHTTEHIBCHKOT MI(paKTOMETpii
BCTaHOBJIEHO MIKPOCTPYKTYpPY KapOOHOBHMX HaHOTPYOOK [8]. SIk HeraTMBHHUN eNeKTpOs
BUKOPHUCTAHO EJEKTPOXIMIYHI YapyHKH, BKPHTI IIapoM MeTaliqyHoro Jirtito. [lomimpo-
TJICHOBI MIKPOMIOPHUCTI CEeNmapaTopy B PO3UMHAX KOMIUIEKCHUX (DTOPUIIB Ta OPTaHIYHUX
PO3YMHHUKIB 3aCTOCOBAHO SK EJIEKTPOIITHI PO3UYMHA. METOIOM IHKIIIYHOI BOJBTAM-
nepoMeTpii MPOBEJCHO LUUKIIOBAHHS eNEKTPOXIMIUHUX YapyHOK [9; 10].

PesyabTaTtu gociimkenb. IlpoBeneHo nOCHiIIKEHHS IBOX EIEKTPOXIMIYHHX
[IUKITIB €JIeKTPOIITHUX cucTeM Ha ocHoBi: LiPF¢, LiBF, / erunenkapboHnat — quMeTHII-
kapOoHaT, kapOoHOBI HaHOTPYOkH npu 4.5 B 1 2 B Ta mBuakocri 70 mB/c. Cnocre-
PEKEHHS BUCOKOI MOPOrOBOI HAMIPYTH MiJ Yyac HUKIIOBAHHS Nepeadadae BUCOKY EHEPTriro
akTuBaLii 1 popMmyBaHHs MakpokaTioHa C,’ . BcraHoBneHo, mo (popMa MakpoaHiOHy
C, € OubII cTaOUTBLHOIO JIJIS JTITi0, IHTEPKaIbOBAHOTO B KAPOOHOBI HAHOTPYOKH.

BucnoBku. Ilokazano, mo anionn PF¢ 1 BF, iHTepkamooTs y kapOOHOBI
HAHOTPYOKM aHaJOTiYHO iHTepKamsmii B rpadit abo dymnepern. s 30iIbIICHHS
TEXHOJIOTIYHOTO BUXOAY PI3HUX ITUKIIIB aHIOHHOI IHTEPKAJAIi B KapOOHOBI HAHOTPYOKH
HEOOXITHO MIABHIIUTH E€HEprifo 1 MUTOMY MOTYXXHICTh JITIH-HOHHUX aKyMyJSTOpIB.
Came 1e 3poOuTh JIiTiEBI OaTtapei HA OCHOBI KapOOHOBUX HAHOTPYOOK OiIBII MPaKTHY-
HUMH y BUKOPHUCTAHHI.

Kniouoei cnoea: nitieBi Oatapei, xoMmIuiekcHi (ropuau, KapOOHOBI HaHO-
TPpyOKH, eNeKTPOXiMiUHI YapyHKH, PO3UWHH €JIEKTPOJITIB, HUKIIIYHA BOJIBTAMIIEPOMETPIs,
aHIOHHA THTEePKAJISIIis.
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