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Acceptor-type graphite intercalation compounds (A-GIC) can usually be obtained
through electrochemical oxidation of graphite in aqueous acidic or neutral solutions. Oxygen
evolution usually takes place at the anode in parallel to the A-GIC formation. It can lead to
irreversible changes in the material, and consequently to a loss of reversibility of the system,
caused by the partial oxidation of graphite. A special electrochemical method of prolonged
sequential cyclic voltammetry was proposed for evaluation of graphite stability to oxidation.
The main corrosion mechanisms for different types of graphite are estimated. Special types of
TEG modified by P,Os, B,O3; and H3BO3; are compared. A maximal cycling life (up to 550
cycles) is obtained with TEG modified by 5% of B,Os.
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Acceptor-type graphite intercalation compounds (A-GIC) can find in principle enough
wide application as electrodes for some types of rechargeable batteries and supercapacitors,
electrosorption/desorption electrodes, anodes in different processes of electrochemical
synthesis, etc. Nevertheless, the corrosion processes during anodic polarization of such
electrodes are the main limitation for their practical using. Using of new types of graphite,
more proof to oxidation, can largely increase the electrochemical stability of materials. Quite
high resistivity and stability create real prerequisites for enough wide application of such
graphite materials.

Formulation of the problem

The main targets of this paper are comparision of stability to oxidation for different
grades of graphite, investigation of corrosion mechanisms and finding graphite grades with
more high resistivity and stability.

Objects and the methods of the investigation

Graphite intercalation compounds (A-GICs) can be usually obtained at graphite anode

from aqueous solutions of strong acids by the following electrochemical reaction:

Cx+ A+ yHA < [CA yHA] + e, (1)
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where Cy—the carbon macromolecule, A" — the anion, y — the stechiometric factor for solvated
molecules of the acid HA. Nevertheless, in parallel to formation of GICs there usually takes
place side corrosion reactions [1] connected with oxygen evolution process on anode:

— the anodic evolution of oxygen
2H,0 = 4H +4e + Oy ; 2)
_ the oxidation of graphite to CO;
Cx + 2H;0 = CO; + Cxy + 4H" + 4e; @)

the formation of surface groups
Cx + 2H,0 = Cx4,COOH + 3H™+ 3¢; 4

the formation of graphite oxide

CxA + Hy0 = CxOH +H™+A". (5)
It can lead to the irreversible changes in the material, caused by partial oxidation of graphite,
loss of reversibility of the system along with the efficiency of reaction for intercalation-
deintercalation (1).

Electrodes preparation

We have manufactured the graphite electrodes of «plug» type. An active mass (88%
graphite, 10% carbon black and 2% PTFE) was pressed into a polyethylene plug of 11 mm
inside diameter. We have studied the characteristics of electrodes with an equal weight of
0.280g. Before pressing, the Pt current collector was inserted into an opening, pierced in the
plug wall.

Graphite materials for investigation.

We have performed comparative investigation of graphite electrodes, obtained from
various types of initial natural and artificial graphites. The following materials were
compared:

#1. Natural graphites from Zavalievo (NGZ) graphite deposit, Kirovograd Region, Ukraing;

#2. Natural graphite flakes (NGF) «Kropfmuhl Normalflocke» (BASF®, Munich, Germany);

#3. Thermally exfoliated graphites (TEG) and their composites from Superior
Graphite Co. (Chicago) and prepared from Ukrainian graphite.

TEG preparation. Initial natural Ukrainian graphite from Zavalievo deposit in
Kirovograd Region was chemically intercalated in sulfuric acid. Potassium persulphate was
used as an oxidizer. Thermal expanding of graphite was performed at 900°C [2]. Carbon

content in the experimental samples was of about 99.0%.
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American TEG of ABG-74 commercial grade was manufactured by similar method using,
first of all, the developed continuously thermal purification process for precursor (with ability to
achieve and sustain a relatively large zone of uniform temperature in excess of 2500 °C). The
precursor (as minimum 98.0-99.0% carbon natural flake graphite) must have minimal ash content
in order to achieve lowest possible resistivity (0.007 Ohm-cm) and ultra pure quality of a final
product (99.95 %).

Some structural investigations of graphite

For investigation the micro- and macro-structural characteristics of graphite we have
used a methods of X-ray analysis, SEM and studying the character of particles distribution on
sizes with LASER MICRON SIZER.

Consecutive galvanostatic cycling with control of the electrode mass loss

We have used the methods of galvanostatic cycling in the 0.5-1.75V or 0.5-2.00V
potential ranges vs. the Ag/ AgClI reference electrode. In some cases there was carried out the
control of the loss for electrode mass during the cycling for studying the possible mechanisms
of electrochemical corrosion on graphite electrodes.

Consecutive voltammetric cycling

Electrodes were manufactured of NGZ, NGF and TEG and were tested under
comparable conditions. The relative resistivity of graphite electrode to corrosion was
compared on stability of CVs during the N consecutive voltammetric cycling in given
potential region. The relative resistivity to corrosion was estimated by the numbers of cycles
for very stable cycling (Nsabie) and for saving of electrochemical activity (Nmax).

Results and discussion

1. Structural investigations

1.1. Structural investigations in the beginning and finish of cycling for NGZ and NGF

It is possible to make conclusion about the absence of noticeable structural changes in
graphite in the beginning and finish of cycling based on X-ray data.
The parameters of an elementary crystal cell for initial and finite state are practically identical.
For example, interplanar distance C= (6,718 + 0,007)-10® cm for NGZ (GAC-1 type) and
NGF is not changes during of cycling.

1.2. Comparisons the particles distribution of sizes for NGF and TEG

We have studied the samples of TEG, NGF and TEG at a SK LASER MICRON
SIZER and also from X-ray data. The particle distribution do not vary sufficiently during of
cycling. The average crystal values for NGZ (GAC-1 type) and NGF is, in particular, 35-40
mic. The specific surface of such graphites in initial and finite states is also practically
identical and is of about 6,8-7,0 m?/g. The average size of particles for TEG from Superior
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Graphite Co. is sufficiently less ( Dso < 10 mic: 50% particles less than 10mic.; 90% particles

less than 24 mic.). The specific surface of ABG-74 grade exfoliated graphite is 24 m?/g. One

may suppose that TEG is less oxidation-resistant than NGF and NGZ. However, we have

shown TEG to be much more oxidation-resistant than NGF.

Table 1

The main parameters of NGF and different NGZ materials (on the results of
galvanostatic cycling)

Ne Type of Graphite NCmax | omax, % | Omaxs Hmax,
Cycles A-h/kg %
1 | Natural graphite flakes (NGF)

“Kropfmuhl Normalflocke”, Germany >100 67,1 5,77 20,5
Natural graphites from Zavalievo (NGZ) graphite deposit, Kirovograd Region, Ukraine
2 |Graphite for Zn-MnO2 cells (Standard

#7478-75):

2.1 |GE-1 39 90 10,5 37,3
2.2 |GE-2 35 90 9,3 33,1
3 | Graphite for electro-carbon articles, EUZ-

M type (Standard #10274-79) 26 31 12,8 40
4 | Electro-carbon graphite, EUZ-E type

(Standard # 21-25-156-75) 16 63,5 10,8 38,4
5 |Graphite for alcaline accumulators

(Standard #10273-73):

51 |GAC-1 10 35,2 11,1 39,5
52 |GAC-2 7 27 8,29 25,9
6 | Special graphite with a small ash content, 5 29 8,52 30,3

GMS-1 type (Standard # 18191-78):

7 | Special graphite, C-1 type 4 18 6,1 19,05

(Standard # 113-08-48-63-90)

In this table:

NCmax — is the maximum numbers of cycles before the discharge electrode capacity Qd
will reduce to minimal level (Qd™"= 4Ah/kg in our case); omax = (Qd/Qch)-100% — is
the maximum value of current efficiency; Qch — charge electrode capacity); qmax — 1S
the maximum value of specific discharge capacity (A-h/kg) during the cycling; pmax =
(Qd/Q™d)-100% — is the utilisation factor (%); Q"™"d — theoretical discharge capacity.

It is clear from the data of Table 1 that the initial specific capacitive parameters of

some types of NGZ are higher than NGF by factor 1.5...2.0. Nevertheless, the values of N&

for NGF are considerable higher than for NGZ.

electrochemical oxidation than NGF.

Thus, NGZ are less resistant to
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2. Comparison of Cyclic Voltammograms

On the first stage of investigation cyclic voltammograms (CVs) were compared for the
graphite electrodes during cycling in maximal possible potential range AEmax = 0-2.1V (vs.
the Ag/AgCI reference electrode) at a sweep potentials rate of 10 mV/s. As our cyclic
voltammetric investigations show, the minimal resistivity to corrosion (Nstable =20-30;
Nmax=50-90 cycles) is demonstrated by the natural Zavalievo graphites (group #1).

It is clearly seen from the curves presented for TEG (Fig.1) that there is not any
evidence for the electrode surface oxidation, at least during the first Nstable = 190 cycles,
whereas the oxygen evolution rate is quite high under these conditions. After 190 cycles a
gradual decrease of peak currents can be noticed (see curves corresponding to 200 and 250
cycles, respectively). The service life of the electrode composed of TEG under these
conditions is Nmax=250 cycles. When cycling a NGF electrode under the same conditions
(Fig. 2), the deintercalation peak current values are much higher. At the same time, under
comparable conditions, a noticeable surface oxidation of NGF starts to be observed
significantly earlier, after Nstable = 50-60 cycles. The service life of the NGF electrode is
Nmax = 100 cycles.

| L
60 A

TEG-electrode (m=0.28g)

401" 4M HBF4 + 4M LiBFy

20
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-Qﬁo-.-"o'

Fig.1. CVA for the TEG - electrode (m=0.28g); Emax=2.1V; v=10mV/s

On the next stage of investigation cyclic voltammograms were compared for the TEG
modified by P,Os, B,O3; and H3BOj3 during cycling in more realistic and narrower range of

potentials AEn = 0.8-2.1V at the same sweep potentials rate of 10 mV/s. Considering the
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results of the comparison it is easy to conclude that the TEG electrode is more resistant to
electrochemical corrosion. A maximal cycling life in such conditions (up to 550 cycles) is
obtained with TEG modified by 5% of B0:s.

I,mA
50° NGF -electrode (m=0.28g)
4M HBF4 + 4M LiBF4

-50;

Fig.2. CVA for the NGF - electrode (m=0.28g). Emax=2.1V; v=10mV/s

3. Investigation of mechanism of electrochemical corrosion of graphite electrodes.

Comparison the capacity loss with the loss of graphite electrodes mass

There is exists point of view that the main mechanism of electrochemical corrosion
connected with a full step by step oxidation of graphite to CO, during the cycling according
with reaction (3). For studying the possible mechanisms of electrochemical corrosion we have
compared first of all the capacity loss for graphite electrodes with the loss of their mass
during prolonged galvanostatic cycling (Table 2).

Table 2

The capacity and mass loss for NGZ (GAC-1 type) and NGF («Kropfmuhl Normalflocke»)
during the consecutive galvanostatic cycling up to Umax;=1.75V and Umax,=2.00V

The loss of electrode capacity The loss of electrode mass

Type of | Umax, i

graphite \Y Qo, Qmin, 5, % Mo,g Mmin,g 5,%
mA-h mA-h

NGZ 1.75 5.00 1.66 66.8 2.00 1.00 50.0
(GAC-1) 2.00 9.00 0.48 94.7 2.00 0.87 56.5
NGF 1.75 5.70 3.33 67.5 1.14 1.11 2.51
2.00 9.11 3.33 68.0 1.13 1.11 2.49

The comparison of electrode capacity loss with loss of their mass during the cycling

unambiguously shows, that degradation of electrical characteristics cannot be explained only
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by CO, derivation with appropriate decrease of an active material store. The main mechanism
depends strongly on the type of graphite. For example, for NGZ the loss of capacity is higher
but comparable with the loss of graphite mass (66.8 and 50.0%; 94.7 and 56.5%). Thus,
corrosion mechanism (3) is predominant for such non stable to oxidation graphite group. For
NGF the loss of capacity is much more higher (of about 68%) than the loss of graphite mass
(of about 2.5%). Thus, for such type of graphite the corrosion mechanisms (4) and (5) with
formation of surface groups are predominant.

The same mechanisms (4) - (5) are typical also for TEG and modified TEG. As results
of additional acid-base titration shows even in the initial state the developed internal surface
of TEG is covered by thin layer of -COOH and -OH groups which are the result of heat-
treatment during preparation of expanded graphite. This makes TEG more stable to the
electrochemical oxidation during cycling. It is well known also that chemical activity of any
carbon material is less if carbon was treated at higher temperature. The stabilizing influence is
connected usually with its acceptor properties and its influence for TEG can be similar as for
the other carbon materials. The stabilizing influence of boron is connected obviously with its
acceptor properties which appear after its implantation in a structure instead of carbon atoms.
Such effects are mentioned in the literature for some types of carbon materials [2] and the
influence of boron on TEG can be the similar.

Conclusion

The minimal resistance to oxidation (few dozens of cycles) is demonstrated by the
natural Zavalievo graphite. Natural graphite flakes «Kropfmuhl Normalflocke» prove to
possess significantly higher resistance to oxidation (up to 100 cycles). Furthermore, TEGs
demonstrate even much higher resistance to oxidation (250 cycles). The main corrosion
mechanism for the natural Zavalievo graphite connected with a full step by step oxidation of
graphite to CO; during the cycling according with reaction (3). The main reason of graphite
electrodes corrosion for NGF and TEG is the derivation and accumulation of surface groups
[reactions (4), (5)/, which gradually lock «entrances» and hinder intercalation of anions in
interlayer space. The evaluations show that the most probably areas, where the redundant acid
centers are located, are the initial sites and «entrances» in interlayer space. Using of new types
of graphite, more proof to oxidation, (in particular, TEG and TEG modified by boron) can
largely increase the electrochemical stability of materials. Quite high resistivity and stability

create real prerequisites for enough wide application of such graphite materials.
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bapcyxoe B.3., Yepnwviu O. B., IInasan B. I1.

Ycmoutuusocmo Kk okucnenuro 00b14H020 U MOOUPUUUPOBAHHOZ0 PACUUPEHHOZO0
epaghuma

HUnmepranayuonnvie coedunenus epaguma axyenmoproco muna A-UCIT mozym
OblMb  0OLIYHO NONYYUEHbl NymeM IAEeKMPOXUMUYECKO20 OKUCTEHUs. 2paguma 6 BOOHbIX
KUCTbIX Ul Heumpanvhvlx pacmeopax. Ilapannenvno ¢ obpaszosanuem A-UCI ma anooe
00bIYHO UMeem MeCmO 8bl0eNleHUue KUCIopood. Dmo modcem npugooums K HeooOpamumbvim
UBMEHeHUsIM 6 Mamepuaie U, Cle008amenbHo, K nomepe OOpAmuMocmu 8 cucmeme,
CBA3AHHOU €  YACMUYHBIM — OKucieHuem  epaguma.  Ilpeonooicen — cneyuanbHuiil
INEKMPOXUMULECKULL Mmemoo OnuUmenvbHoll noCc1e008amenbHOl YUKUYECKOU
sonbmamnepomempuu  Olisl  OYeHKu ycmouuusocmu epaguma K okucienuro. OyeHeHvl
OCHOBHbIE MEXAHUBMbL KOppO3uu 01 pasiudHuix munos epagumos. Conocmaenenvl
cneyuanbible munvl pacuuperHsix epagdumos, moouguyuposannvix P,0s, BoO3 and H3BOs3,
Haubonvwuit  cpox  cayocoor (0o 550  yuknos) umeem pacwupennviti  epagpum,
moouguyuposannwiti 5 % B,0s.

Kniwouesvle cnosa: pacuwupennuiii epagum, Mexanusmvl KOppo3uu, YCmouyusocms K
oxucaenuro, moougurxayusi P20s, BoOs u H3BO3

bapcyxoe B. 3., Yepuuw O. B., IInasan B. I1.

Cminikicmb 00 OKUC1eHHA 36UUAIH020 | MOOUPIKOCAH020 po3uiupenozo zpaginy

Iumepxanayiuni cnonyku epagimy axyenmopnozo muny A-ICIT moocyms Oymu
3a36UYAll OMPUMAHT ULTAXOM eNIeKMPOXIMIYHO20 OKUCTIeHHs 2pagimy y 600HUX KUCIUX aOO
Heumpanvnux poszuyunax. Ilapanenvrno 3 ymeopeunam A-ICI" na anooi 3azeuuail mac micye
sudinenus Kuctio. Lle moowce npuzgooumu 0o HeoOOpOmMHUX 3MIH 6 mamepianii i, omaice, 00
empamu 0bopomHocmi 8 cucmemi, NO8'I3aHOI 3 UACMKOBUM OKUCNIEHHAM 2paghimy.
3anpononosanuii cneyianbHull eneKmMpOXiMIYHULL MemooO Mpueanoi nociioo8Hoi YUKIIYHOL
sobmamnepomempii 0 oyinku cmitikocmi epagimy 00 okucinenHs. OyiHeHi OCHOBHI
Mexauizmu Kopo3ii 05 pizHux munie epaghimis. Cniecmagienti cneyiaibHi Munu po3uupeHux
epaghimie, moougixosanux P20s, B2Os and H3BOs. Haibinbwuit mepmin cayxcou (0o 550
Yukie) mae pozwupenuti cpagim, moougikosanuti 5% B,0s.

Knrouoei cnosa: poswupenuii epaghim, mexanizmu Kopo3sii, cmitikicms 00 OKUCLEHH,
mooughixayis P20s, B,O3 i H3BO3
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