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" We plotted polarrzatron curves on pyrolytrc carbon in phosphate and chloride solutrons wrth drfferent
pH in the potential region 0.4-1.2 V (sat. o, eL), i.e., lower than the equilibrium oxygen potenual.
In this potential region we observe linear dependence of the current on the potential. At the given
current density the electrode potenual is v1rtua11y mdependent of the PH.. -The’ assumpnon is made
that in the region where the current is linearly dependent on potennal, the oxygen is removed from
the graphrte surface in the form of CO, through bamer-free electrochemtcal desorptio

papers dealing with the generanon of oxygen on graphrte unfortunately do ‘not grve any idea of the mechamsm of.
oxygen generatton (2. 3] We consrdered it of mterest 10. study the kinetics of oxygen generatton on nonporous graph-
, to study as well the potential region that is below

’ graphrte grid was 1, 1 10 ohm cm. and in a perpendrcular dtrectron 3 ohm cm. :
[4 5}, deposrts obtarned in thrs way consrst of graphtte scales, the ax's o v{hrch is normal to the surface of the graph-

EXPERIMENTAL PA.RT |

S The po]arrzauon curves were plotted rn. a cell with the anode and cathode space divided by. taps. 4
SR bon graphrte rod 1.2 cm 1in diameter pressed rnto teﬂon served as the anode.w, The current lead made of « copper wire
" had a slotted end by means of thCh it was screwed to the graphite. In view of the fact that the reststance of pyro-

- litic carbon is anisotropic, hrgh ohmic losses mrght have been feared, ‘But the resrstance of the mterface copper/
graphrte/pyrohnc carbon, as measured by us at a maximum load of 0. 005 A, “showed’ that ‘there was no need for dif <
- ferent contact ‘when polarizrng ‘and measurmg the anode potentral. ‘As the cathode we used a platrnum grid beneath
-~ the'end of the graphrte ‘electrode.” When the electrode had been imbedded in teflon, the graphite was purified ;
anodrcally m alM solunon of HgPO, at a current density of 2°1075 A/cm? for 10 b, i.e., until such time as tepro

ducible’ i-¢ curves were obtamed over the current densrty mterval 1 5 10'7-10 4 A/_cm’.*

* The specimens of py_roiytic_ 'carhon \vere kmdlysupphed bv AL Baver_and M. L Chaikan.
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_Frg. 1 Graphtte electrode potentral asa ' ) "Frg 2. Graphite electrode potential as
;.’.ffuncuon of current densrty in1 M phos- =~ function of the current densrty in 1IN
_ phate buffer solutions at drfferent pH: - ~ KC1 solution for different pH: 1) 1;

71)1 PHRIRE Canves 0.

,' Plottmg of the polarrzanon curves was preceded by anodrc actrvanon in a corresponding solution by a current
2 10" -5 A/cm for 15 min, after which the solution was replaced by another portion of the same composition in which
we carried out the polartzatron measurements. Each point on the curve was held for twenty minutes until we ob-
tamed a constant potential. . This insured reproducibility of the i-¢ curves later obtained. The phosphoric acid and
‘potassium and sodium phosphates used in our work were recrystallized from doubly distilled water two times and
cleaned anodrcally on platmurn ]ust before the curves were plotted whrle the hydrochlonc and chlorrc acrds were

doubly drstllled

changes the electrode potential, with the linear dependence of the current on potent1a1 being mamtarned over an
‘,mterval of almost one volt.- P ST (R TLIUP I T T e
‘I‘he polanzauon curves obtamed dunng transmon from large to small densmes are close 0 the results ob-
tamed when the current densrty is 1ncreased ‘For pracucal purposes the electrode potenual is not a funcnon of the
mrxmg (2 000 rpm) o < : o T O

‘show that the dependence obtained corresponds to the standard process of oxygen generatron, and not to chargmg of
_the electrode, Approxrmate ‘calculations show that under our conditions the electrode holdrng time at constant
potentral is consrderably greater than the time requrred to estabhsh an oxygen coaung on the electrode that does not
- ivary wrth tune. SE : : P : o :

- Figur 2 shows polanzatron curves in HC1 and KC1 solutions for the same potentral regron. 'These data relate to the
generatron of oxygen rather than’ chlorine smce ‘the electrode potentral is at least 0,3 V more negatrve than the =
equthbnum chlonne electrode p0tent1al.

it Ag can be seen from the graph there is no quahtanve difference from the relatronshrp obtained earlier for_.
' phosphonc acid, although in chloride solutions the straight lines are less steep. Nomndependence of pH is observed
_over the pH interval from 0 10 2;- at pH 4.8 the curve rises a little higher than for other solunons and is no longer
_~a strarght line, Slmtlar measurements were cited by us for perchlorate solunons, howeve in that case we ‘observe

 yery swong hysteresrs at low potentra]s and the data are poorly reproducrble '

& Results of the measurements of current asa funcnon of potentral in phosphate and chlorrde soluuons wrth dif-
ferent pH are shown in Figs. 1 and 2. It follows from Fig. 1 that the slight variation in current density consrderably o

Stablhty of the potentral wrth time and comcrdence of the 1-¢ curves dunng their forward and reverse paths

T As shown in Frg. 1 the mcrease in pH from 1 t0 9 causes vm:ually no change m the behavror of the 1-¢ curve.‘ |
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" two minutes and on further polarization, in the regron 1-1.2 V'the chargmg of the electrode until a stationary po-

. Further removal of the oxygen may take one of three paths- Oy, CO or CO,, with each of the products being formed

' the whole potential interval is extremely unhkely smce we. are. basrcally operatmg at potentia]s more negative thatt:

o the C/COz electrode [7).. .Thus, the forrnanon of both products is thermodynamically possible although formation.
- of CO; is more lrkely since the CO; equihbnurn potenual is considerably below that of co

- potentials 0. 9—1 1V (sat. o.e. ), or in anacid, medium at more, positive potentials, CO, is i‘orrned more readrly and
. CO and orgamc compounds contaimng oxygen_are obtained inr latrvely small quantmes (see ,

! small the whole time. There are no quantitative data on the adsorptton of oxygen under out experimental condrtions.

tential takes three to four hours. In the event that this potential i is obtained from the higher current densitles, it is
set up consrderably more quickly. In the transrtton region we observe hysteresrs in the forward and reverse paths of il
the i-¢ curve, An increase in the electrode potential above 1.3 V (sat. o.e.) results in a Tafel depéndence between
the current and potential. Data relating to this region will be considered by us in separate commumcations.

_ Apart from the stationary polarization curves. we determmed the capacltance for the initial segment of the
potenttal drop curve. The capacitance was calculated from the drop curves obtained by means ofacCl -delectronic
oscillograph by the method described earlierin(6l.” * ° - : ERL M"’"‘v"j

~ The capacitances obtained are 3, 000-4, 000 l-lF/cm of vxsible surface in acrd solutions (pH 174.5) In the
alkaline region at pH 9 the capacitance is 50 —60 pF /cm® of visible surface. Taking it into account that’ the’ elec
trode surface is bumpy, we should take the roughness factor as approximately equal to 3, though in acuial fact, “con-
sidering the microrelief, it is most likely greater. . In thrs case the capacitance denved by us in the alkaline regfon
is close to the double layer capacitance. : e < : o
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DISCUSSION 01= RESULTS

Oxygen generatron on graphite isa complex and multistage process. The firstlstage is in all hkelihood a
for exam le g

through different mechanisms. In the region we rnvestigated the generation of free’ oxygen as a basic product over g

The C/CO equihbnum potentral is-+0. 51V for the hydrogen electrode in the same solution, and +0 21 V fo
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It known from numerous pubhshed data that dunng oxidatron of ordinary graphite in an alkahne medium at

' for example. [

s quiet clear that the coatmg of the surface with oxygen over a wxde range of pOtentials cannot remain *!
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0= Op +—r—'ﬂ. (6)

where @ is the coverage for the overvoltage 7, 6p is the same at equilibrium potential, r is the coefficient in Eq.(7)
relating the bond energy of the adsorbed oxygen and the degree of coverage

E = Ey—r0. (D

If the adsorbed particle is atomic oxygen, then n = 2 (reaction (2)) and if the radical is hydroxyl, thenn =1
(reaction (1)). Equation (6) presupposes that the energy level of the adsorbed oxygen is determined entirely by the
overvoltage, i.e., that the equilibrium discharge -ionization occurs.

The overvoltage is associated with the potential ¢, the standard equilibrium potential ¢ ; and the concentra-

tion of OH ions by the following relationship
RT
n= (P—‘(Ppo‘f'Tln Cou™. (®)

Variation in the carbon-oxygen bond energy during variation in the degree of coverage leads to variationin the ac-
tivation energy of the second stage of the electrode process—removal of the adsorbed oxygen. In the case of reac-
tions involving electrochemical desorption of COjy (reactions of the type (4) or (5)) we can expect that the more
firmly the oxygen and hydrogen are bonded the lower the activation energy will be. Accumulation of oxygen on the

surface leads to weakening of its bond with the carbon and, therefore, to increased activation energy. Variation in
the activation energy due to change in the coverage may be represented, on analogy with other known cases, as

AE* = — gAE = arA®. (9)

This quantity depends upon the potential and composition of the solution
AE* = anFAg + an RTAIn cox™. (10)

Here a is the transport coefficient for electrochemical desorption of the CO, (discharge of OH~ or H,0O alongside the
adsorbed oxygen or hydroxyl with the formation of a complex which then becomes gaseous COy).

The rate of this reaction is proportional to the concentration of adsorbed oxygen and discharging particles, and
depends exponentially on the potential and on variation in the activation energy due to variation in the bond energy

i = kOcom - e—BE*/RT . gaAQF/RT — kgc:)—;n,eaa-n)mpmr. (11)

Linear dependence on potential has been observed experimentally. The dependence results from Eq. (11) at
n =1, since 8 depends linearly on the potential. In other words at n = 1 (OH radicals are adsorbed on the sur-
face) the accelerating effect of the potential on the CO, electrochemical desorption reaction is compensated by its
retarding effect through an increase in the surface coverage, as a result of which the C~OH band is weakened and

the reaction activation energy increased. As a result, dependence of the current on the potential is determined by
dependence of the current on coverage.

The practical nondependence of the current on concentration of the alkali follows from Eq. (11) on conditions
that an = 1, i.e., taking it than n = 1, we should get o = 1. Thus, the nature of the dependence of current on coy-
may be explained by assuming that the reaction of the electrochemical desorption of CO, involving the OH " ions is
barrier-free. For determination of the barrier-free reaction see [8].

Typical of a barrier-free discharge is proportionality of the OH ions concentration current at a constant elec-
trode potential. In the given case this effect is compensated by the influence of the Coy- on coverage and, there-
fore, on the bond energy and activation energy.

The quantity 6 depends on ¢y -, but the dependence is less pronounced (linear dependence of 6 on cgy-) $O

that in accordance with the experimental data the current can be considered to depend hardly at all on the OH~
concentration.

From Eq. (6) it is easy to find the adsorbed pseudo-capacitance
. 2
CPS =n -NF—B =7ﬂﬁ‘z_
dn r

(12)
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where N is the maximum possible oxygen adsorption N ~ 2-107% g+ at/cm?,

It has been experimentally found that C = 103 microfarads/cm?, if we make allowance for only approximate
rou§hness of the surface. When the microrelief is taken into account the capacitance is approximately 3°* 10% uF/
cm®. From here we calculate r = 15 kcal/mole, i.e., we obtain a quantity of the same order as the order as the
ordinary value of r for other cases in which the logarithmic adsorption isotherm is observed.

From Eq. (12) it follows that the pseudo-capacitance is constant over a certain pétential interval where the
initial Eq. (6) is valid. As is known, the logarithmic adsorption isotherm is only observed at mean coverages, usual=
ly over a range of 6 from 0.2 to 0,8. This corresponds, given the value of r as estimated above, to a constant
pseudo-capacitance over the interval of about 0.4 V. This conclusion also accords with experiments,

Thus, we have explained the experimental data by assuming that rernoval of the oxygen from the graphite sur-
face occurs in the form of CO, by means of barmrier-free electrochemical desorption,

The actual possibility of this process occurring seems quite reasonable in the case in point since it is favored
by a low anodic potential and the electrode reaction should be greatly decelerated.

It is not out of the question, however, that there is another mechanism in which a < 1, if we accept that at
the slow stage of the reaction not one but two electrons are transported, The kinetic equation corresponding to this
process can be written in the form 4

i =] kBCOH— . e—AE'/TR . eGZAWF/RT — kec:)';{an . ea(z—ﬂ)AWF/BT. o (13)

This equation accords with experimental data atn=2 and a = 1. Formally accordance with the experiments
is just as satisfactory, but physically the first explanation, which does not require supposition of the simultaneous
transition of two electrons, is more likely to be true.

Supposition of the discharge of H,O molecules, which at first glance seems most apt as an explanation of the
nondependence of current on pH, does not produce in actual fact any satisfactory results. For example, if we take
the oxygen coverage of the surface to be small, we cannot derive an equation giving a linear dependence of i-¢
over a wide range of potentials. But if we consider that adsorption of the oxygen conforms to the logarithmic iso-
therm (6), then we get '

i = kQe—AE*/RT , paAQF/RT — kﬂcz‘;{n-ea(i—ﬂ)A‘PF/RT, Q14)

This equation tallies with experimental data only at & =0, i.e., it requires the most unlikely supposition that
there is discharge of the water without activation energy. '

- We should also point out that the assumption of slow electrochemical desorption of O, is in itself improbable
and means a change of sign in Eqs. (9) and (10) (weakening of the C—O bond reduces the activation energy of de-
sorption of Op) and, consequently, the derived kinetic equations cannot be made to agree with experimental data,
whatever the parameters. '

Finally, the observed dependences cannot be explained by the slowness of any chemical stage of the type of
reaction (3). The activation energy of this stage should depend to a considerable degree on the CO bond energy,
i.e., on 6 and in the final analysis on ¢. Consequently, we should not observe a linear but an exponential de-
pendence of i on ¢ and substantial dependence by the current on ¢y -.

A linear dependence of i-¢, on condition that the current is not a function of the pH, could be obtained by as-
suming that detachment of CO molecules is the slow stage. It was noted earlier that this process is most likely not
the principal one. Furthermore, experimental data may be made to agree with this mechanism only if we accept
the not very valid assumption that the activation energy of the formation of CO molecules from C(0), 4, does not
depend on the energy of the oxygen and carbon adsorption bond.

Thus, although the explanation given above —barrier-free electrochemical desorption of CO, through the dis-
charge of an OH- ion—has not been conclusively proved, it still is the most acceptable version of those considered.
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