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HNCCIEAOBAHHUE JIEKTPOXUMHNYECKOI'O UHTEPKAJIMPOBAHUSA I'PA®UTA B
PACTBOPAX HNO; METOAOM XPOHOBOJIbTAMIIEPOMETPUH

Hccneoosanst pusuxo-xumuueckue ceoiicmea cycneH3ull zpagum-azomuas Kucioma, no-
000pansl COOMHOUIEHUA KOMROHEHMO08 8 CYCREH3UU, 00echeuusaujue 603MOMCHOCMb UX AHOO-
HO20 OKucnenusa c 00pazoeanuem coeounenuil eneopenusn zpaguma. OnpeodeneHvl 3HAYUEHUA
INEeKMPONOPOBOOHOCHU CYCREH3UIl zpaghum — a3omuan Kucioma ¢ paziuyHsiM COOMHOUWEHUEM
meepooii u icuokoi haz. Maxcumanvhnole 3HAUEHUS INEKMPONPOBOOHOCHU CYCREH3UI 00cCmuUza-
omca npu maccoeom coomuoutenuu zpagum : HNO; =~ 1:0,66. Paspabomana KoHCMPYKyus
INEKMPOXUMUUECKOU AYEUKU 011 NPOGEOEHUA XPOHOBOAbIMAMNEPOMEMPUYECKUX UIMEPEHUTI HA
CYCneH3UOHHOM Zpagumogom rnexkmpode. Hccnedosanvl npupooa u Kunemuka 371€KmPOOHbIX
npoyeccos Ha OUCREPCHBIX 2paumosvix r1ekmpooax ¢ 60% azommnoii kucaome. Ilokazano, umo
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HpU AHOOHOIU ROAPUZAUUU OUCHEPCHO20 ZPAPUMO06020 INEKMPOOA NPOMEKaen KOMNIeKe anoo-
HBIX npPOYecco8: OKUCIeHUue NOGEPXHOCHHBIX (YHKYUOHATILHBIX 2PYRN, 00paA308anue coeOuHeH il
G6HeOpeHusa u evloenenue Kuciopooa. Haubonvuan snekmpoxumuueckas oopamumocms aHOOHbIX
npoyeccoé na cycnenzuax zpagpum-HNO; ommeuaemca npu E,,, < 1,2 B, ckopocmu peakyuii 06-
Pazoeanus coeOunenuii HeOpenusa paguma u peaxkyuil ¢ y4acmuem nO0GePXHOCMHBIX QYHKUUO-
HAILHBIX ZPYHN HA CYCREH3UOHHOM IJIEKMpPooe 603pacmaiom ¢ ouanazone nomenyuanos 1,2-1,7 B,
npuuem ygenuyenue moka, 21A8HbIM 00PA3OM, 6bI36AHO IIEKMPOXUMUYECKU 0OPAMUMbBIM RPO-
yeccom UHMEPKAIUPOBAHUs, MAK KAK HA 00pamHoM YuKie 8 KamoOHOU odaacmu makxdice peu-
cmpupyemcsa pocm moKa, 00ycioeieHHbll peakyuell 0euHmePKAIuposanun. Inexmpoxumuye-
CKOoe OKuclleHue OUCnepcHoz20 zpagumosozo rnekmpooa ¢ HNO; ciedyem eecmu 6 unmepeane
nomenyuanoe om 1,2 B 0o 2,1 B, umo obecneuum oopazosanue coeOuHeHuil éHeopenus zpajduma
C MAKCUMATILHOU CKOPOCMbIO U HAUMEHbUIUMU IHEPZO3AMPAMAMU.

KuroueBbie cioBa: coeanHeHHs BHEIpEHUs rpaduTa, XpOHOBOJIBTAMIIEPOMETPHUsS, HUTPAT rpaduTa,
3NEKTPOXUMHUYECKOE HHTEPKAINPOBAHUE, CYCIIEH3UOHHBIN 3JIEKTPOJ
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STUDY OF ELECTROCHEMICAL INTERCALATION OF GRAPHITE IN SOLUTIONS OF HNO;
WITH METHOD OF CHRONOVOLTAMPEROMETRY

The physico-chemical properties of suspensions of graphite-nitric acid were studied. The
ratios of the components in suspension providing the possibility of their anodic oxidation with the
formation of compounds of the implementation of graphite were determined. The values of electri-
cal conductivity of suspensions of graphite-nitric acid with different ratio of the solid and liquid
phases were determined .The maximum value of the electrical conductivity of suspensions is
achieved at the mass ratio of graphite to HNOz;~ 1:0.66. The design of the electrochemical cell for
carrying out chronovoltamperometric measurements on a suspension graphite electrode was devel-
oped. The nature and kinetics of electrode processes on dispersed graphite electrodes in 60% nitric
acid were studied. It is shown that under anodic polarization of dispersion graphite electrode the
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complex of anodic processes occurs: the oxidation of surface of functional groups, the formation of
compounds of implementation and evolution of oxygen. Maximum electrochemical reversibility of
the anodic processes on the suspensions of graphite-HNO; observed at E,.,< 1.2 V, the rate of reac-
tions of formation of compounds of the introduction of graphite and reactions involving surface
functional groups on the electrode slurry increases in the range of potentials of 1.2-1.7 V. At that,
the current is increase mainly causes by electrochemically reversible process of intercalation, since
at the reverse cycle in the cathode area also recorded the growth of the current due to the reaction
of deintercalation. An electrochemical oxidation of dispersed graphite electrode in HNO; should be
in the range of potentials from 1.2 V to 2.1 V, which will provide formation of compounds of intro-
duction of graphite with the maximum rate and minimum power input.

Key words: graphite implementation compound, chronovoltamperometry, graphite nitrate, electro-

chemical intercacclation, suspension electrode

INTRODUCTION

Identifying of the nature of the cathodic and
anodic reactions in solutions of HNO; is a necessary
step in the development of electrochemical technolo-
gies of the synthesis of compounds of implementing
of graphite (CIG). The threshold concentration of the
nitric acid with sufficient potential for spontaneous
intercalation in graphite oxidation (0.995 V) is ~75%
[1,2]. It is known that the formation of nitrate graphite
of the highest levels is possible during anodic interca-
lation of graphite in 60% or more concentrated HNO;
[1-3]. During the electrochemical oxidation, CIG are
formed in solutions of HNO; and with smaller con-
centration to 20% [2]. However, the mechanism of
electrochemical intercalation of graphite and the na-
ture of anode processes at disperse carbon materials
are not fully understood untill the present. The elec-
trochemical behavior of graphite electrodes in con-
centrated nitric acid solutions described only sporadi-
cally in the literature [4-8], and the bulk of information
obtained by using of pyrolytic graphite. To obtain pre-
liminary data with the aim of developing methods of
electrochemical synthesis of protecting thermal ex-
panding graphite compounds in nitrate electrolytes the
potentiometric and chronovoltammetric measurements
on dispersed graphite electrodes were carried out. The
physico-chemical properties of suspensions of graph-
ite-HNO; were studied, the ratio of the components in
suspension providing the possibility of their anodic
oxidation with the formation of compounds of the im-
plementation of graphite was selected.

THE METHOD OF THE EXPERIMENT

The studies performed with dispersed graphite
powders of Chinese origin (standard GB/T 3518-95),
ash content is 0.2%, particle size — 250+300 um. The
study of graphite electrodes was carried out without
prior surface preparation. To obtain suspensions of
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graphite-HNO3, particulate graphite powder with a
certain mass placed into a glass container and mixed
with the necessary amount of acid of appropriate con-
centration. The obtained suspension was mixed for a
uniform distribution of components and aged under
static conditions. The 60% nitric acid solution of
brand KHCH (TU 701-89E) was used as the electro-
Iyte. All electrochemical studies were carried out us-
ing a potentiostat P-5848, the registration of potential
in time was carried out with a digital DC voltmeter
SCH-1413 with a limit of permissible error of
+0.05+0.02/(10/x-1)%, where x — is the reading, V.
Concurrently with the potential in time recorded self-
recording potentiometer KSP-4 with the basic reduced
error of reading of 0.5%. Under chronovoltam-
perometria measurements the sweep rate of potential
was 10+20 mV/s. The reference electrode served as
silver chloride electrode brand EWLa-1. The electri-
cal conductivity of graphite powders and suspensions
were measured in a glass cell with two flat vertical
platinum electrodes with a working area of 1 cm? and
interelectrode distance of 1.5 cm.

After the graphite powder or graphite-HNO;
suspension was load into the cell, a constant current
from 2.2 to 15 mA with the registration of the ohmic
voltage drop in the cell was passed. The voltage drop
in the cell did not reach settings that allow the flow of
the faraday reactions. This was confirmed by a recti-
linear course of the dependency of voltage variation
on the cell under the current. The injection of acid
into suspension was carried out by microdonation
with a precision of 0.02 ml.

In the current range, where the Ohm law for a
site of a circuit was remain, a specific conductivity
were calculated using the formula:

_ 1
LTI 1)
where y — specific conductivity, Ohm™ cm™; | — DC
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current, A; U — voltage, V; S — area of electrode, cm?;
| — the distance between the electrodes, cm.

Fig. 1. Scheme of the cell for measuring conductivity and volume
of the graphite powders. 1 — glass body; 2 — steel punches;
3 — platinum electrodes; 4 — graphite powder
Puc. 1. Cxema s4elku U1 U3MEPEHHUS 3IEKTPOIPOBOAHOCTH U
o0BbeMa MopomKoB rpadura. 1 — KOpIyc U3 CTeka; 2 — CTAbHBIC
MyaHCOHBI; 3 — INIATHHOBBIE TOKOOTBOBI; 4 — MOPOLIOK Tpaduta

Electrochemical measurements were carried
out in a small electrochemical cell made of glass with
two flat vertical platinum electrodes (Fig. 2), the
cathode was sealed in separator material (polypropyl-
ene filtrate(CN 5636)).

N

Fig. 2. Electrochemical cell for the synthesis of graphite nitrate
suspensions: 1 — electrolyte; 2 - platinum current collector of the
anode; 3-silver-chloride reference electrode; 4 - suspension of
graphite-HNOj3; 5 - the body of the cell from organic glass;

6 — titanium cathode for a diaphragm case
Puc. 2. DnekTpoxuMuieckas siueika Juis CHHTe3a HUTpara rpa-
¢uta u3 cycneHsuii: 1- aNeKTPONUTHYECKUIT KITF0Y; 2- TIIaTHHO-
BBII TOKOOTBOJ aHOJA; 3-XJI0pCcepeOPSIHBINA IIEKTPO] CPABHEHUS;
4- cycnensus rpadput-HNOj3; 5- kopiryc stueiiku U3 oprerekia; 6-
THUTAHOBBIN KaTroJ B III/Ia(i)paFMeHHOM qeXxJie

The study of the electrochemical behavior of
dispersed graphite is associated with the solution of
the question of the formation of the electrode having

electronic conductivity and uniform distribution of the
electrolyte in their volume. In comparison with com-
pact graphite electrodes, the use of carbon powders
requires a study of the properties of the graphite-acid
suspension, as the ratio of the components in suspen-
sion and the degree of pressing to tocollection will
determine the Kinetics of electrode processes.

For the process of anodic intercalation all par-
ticles of the dispersed graphite needs to be in contact
with each other providing the electronic conductivity.
It is obvious that only pasty mixtures with a predomi-
nant solid phase will have electronic conductivity. At
the same time, during anodic oxidation of graphite-
acid suspensions with the aim of obtaining com-
pounds of introduction of graphite according to the
reaction:

24nC + 3HNO3 = C24n+‘N03_'2HNO3 +H" + e, (2)
(n — the number of stages of CIG), it is necessary
enough acid in the mixture for maximally possible
filling of the graphite matrix with intercalation.

As the electrochemical oxidation of graphite
in solutions with water content of more than 20%
produces nitrate graphite of the 2nd and higher level
[7], the mass ratio of graphite and HNOj in the sus-
pension, calculated according to reaction (2) must be
not less than 1:0.33. The excess of liquid phase will
lead to the stratification of the suspension and loss of
electronic contact between the graphite grains, and the
lack of it will lead to uneven distribution of compo-
nents and the formation of electrolytically unbound
particles of graphite, which will lead to the exclusion
of such sites from the electrochemical process. Under
the wetting of graphite powder by acid regardless of
its concentration, the volume of suspension is almost
constant until the achieving the mass ratio of graphite :
HNO; = 1:0.5. Then, under the increasing of the vol-
ume of liquid phase the volume of suspension de-
creases accompanied by a sharp increase in its densi-
ty. This is due to the filling the voids with acid in the
volume of graphite powder, which promotes the ag-
glomeration of the graphite grains and the formation
of quasi-crystalline structures [9]. In terms of the dis-
persion stability at the maximum content of the liquid
phase, the electrical conductivity of every studied
suspension (x.,c) increases in 3.2 times in comparison
with the corresponding acid solution (), which indi-
cates the presence of the electronic component of
conductivity. The measurement of electrical conduc-
tivity of suspensions of graphite — HNO;, confirmed
the improving of contact between the particles of the
dispersed graphite under wetting them with solutions
of HNO;. The maximum value of the electrical con-
ductivity of suspensions is achieved when the mass
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ratio of graphite: HNO; ~ 1:0.66. Further dilution of
the suspension with nitric acid leads to decreasing of
conductivity due to the stratification of suspension
and increasing of the proportion of the ionic compo-
nent in the process of charge transfer.

The study of reversibility of the anodic pro-
cess using the method of cyclic chronovoltam-
perometria on suspension graphite electrode is associ-
ated with certain difficulties, due to the poor repro-
ducibility because of the instability of the dispersed
electrodes structure. It is difficult to interpret the re-
sults obtained from the reverse potential in excess of
1.65 V, as a result of intensive gassing of the graphite
particles in the suspension electrode structure is ex-
posed to fluctuations leading to the disruption of the
contact between them, as a consequence of it there is
partial or complete shutdown of a suspension of the
electrochemical process. This is due to the decrease of
the cathodic and anodic current densities with cycling
of the electrodes (curve 5, Fig. 3). Maximum electro-
chemical reversibility of the anodic processes on the
suspensions of graphite-HNO; observed in Ep, < 1.2 V
(Fig. 4), the speed of reactions of formation of CIG
(2) and reactions with surface functional groups [10]:

. e S + .
=C-OH == (=0+H + ¢ 3)

~ -0 + _
=C-OH +H0 == ~C___ #2H+2¢ (4)

=0
b0y ]
“OH

on the suspension electrode increase in the range of
potentials of 1.2+1.7 V, the current increases by elec-
trochemically reversible process of intercalation, since
the reverse cycle, the cathode range also registered the
growth of the current caused by the reaction of deinter-
calation. A further decrease of Q./Q, due to the irre-
versible reactions with the involvement of oxygen [4]:

+ .,40
—2H ~Cio
o — T

—2¢ -CO
0

(®)

2H,0 5 O, +4H" + 4¢ (6)
C+H,0 5 CO+2H" +2¢ (7)
C+2H,0 5 CO, +4H" + 4¢” (8)
and peroxidation of nitrate graphite:
C24+NO3_‘2HNO3 + 3HNO3 rd
- 2C12+N03_‘2HNO3 +H +¢ (9)

In this range of potentials the anodic currents
in the suspension electrode is much higher on the first
cycles of potentiometric curves, however, there is a
tendency to equalize the speeds of anodic reactions on
a subsequent cycle.

The more definite conclusion about the influ-
ence of the mode of anodic oxidation of dispersed
graphite electrode on electrochemical processes of
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implementation can be done on the basis of research
of properties of some samples of CIG. The obtained
information provided a focused development of the
methodology of electrochemical synthesis of CIG sam-
ples with nitric acid based on the dispersed graphite.

I, mA/g

107 2

I, mA/g
200 1

150 4

Fig. 3. Cyclic potentiometric curves (10th cycle) for suspension
graphite electrode in 60% HNO; at different voltages of reverse:
1-1.20; 2-1.30; 3-1.40; 4-1.65; 5-2.2V
Puc. 3. Llukmuueckre MTOTEHIIMOANHAMUYECKIE KPUBBIE
(10-mukiT) A7Is CYCIIEH3MOHHOTO TPA(UTOBOTO IEKTPO/IA B
60%-it HNOj3 mpu paznuyHbIX moTeHIuanax pesepcea: 1-1,20;
2-1,30; 3-1,40; 4-1,65; 5-2,2 B

Qk/Qa
1 ~

0,8 A
0,6
0,4

0,2 A

0 T T T T T T
1 12 14 16 18 2 22 E.,B

Fig. 4. The reversibility of the anodic processes at different volt-
ages of reverse of cyclic potentiometric curves for suspensions of

graphite - 60% HNO;. Qi — quantity of cathode electrons,

Q. — quantity of anodic electrons
Puc. 4. OOpaTUMOCTb QaHOHBIX MPOLIECCOB TPH PA3IUYHBIX I10-
TCHIHaIaxX peBepcCa HUKINYCCKUX NOTCHUUOJUHAMUYCCKUX KPU-
BbIX Ha cycnieHzun rpadurt - 60%-it HNO;. Qy-konmmyecTBo
JJICKTPOHOB KaTo/Ja, Qa —KOJIMYECTBO 3JICKTPOHOB aHOJa
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CONCLUSION

The compositions of the graphite — HNO;
suspensions with the electron component of conduc-
tivity, which make them anodic oxidation without
forced pressing were installed.
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It is established that electrochemical oxida-

tion of dispersed graphite electrode in HNO; should
be in the range of potentials from 1.2 V to 2.1 V, that
will ensure the formation of a CIG with maximum
speed and minimum power input.
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