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e ‘rotting disc- electrode (RE) ha been wed to investigate the’

& ):i.muu of the- ~ferric redox on plati pamum. £

nxlqominiqueansr & acid,. The.electrod ulupewas

ptecue spesd contxol was used for the rotating disc and pogsible noule

metal ﬂlsso‘lllt).nn was mininizéd duang cyd.xc» ncdvation of t.h- test

alect_mde. “Each aylbmkun studied using muz(ter and xetu‘ense eleem

L.

conarxnc:ea;mm the same netal as the LROE,

- Hags ESminpont sefaots vere alxm).n.ated by’ making a 1ong extra— )

po: Lkion m S»ernm rotatin speed (i7" versus'u 142, the dits |

“were nmlyzed in’ seveml vays_ ircluding “the, slope < innreept mmca e D i

AR Ju.hn and v elstich nu'l the: cons: ss tanspoet/matiol of Randles. g
In this regard, Qiffusitn coefficients oE e farious it fasle species

win “were detexnumd ‘as va.u as their- u-pez:ame dependenci.u %
oG Mx—ved rates were _corrected for .real surface aress.as measured.

by .oxygen dasuzp:im or by hydrogen

%oay W rate constants at 298 K were msuxu! on phum-, gold, ‘and p.mai_

o . ¥
md'mfmnamusuxlo ash, 201 X107 us‘.m"
£77% 1073 sy, respectively. . A rleietuu: dmd was observel for
the ‘pre-sxponmtial factor, A+ réasing from goli to'platinato. - ¢ .,

palladh-. > 1 ) ot al’ three metals were -
g eibantiiiny constant vu:hh\ expatin\e:\tal. exror h-vi.ng a median mue of

39 3.5 k3. mnl L m a:tempt was made to wrxeute kinetic pa_runetexs

un.h m bheximn.;l.c vork function of éach hetal.’ The potsiblé effec:

upon »t.he kineues of chldride unp\lxlty axm.nq From zeau:uon o: th -




tiLizing

L ion‘vas’ al

" ‘adsqrpticn’data, the rate con: £ the- xeaction’on a chloride-free - . :

“and fully coyerred platinu electrode v

" réspectivel
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! electrote area .

i Factor. Of the Arrhenit equation! for i 22
',hE rit& Of th‘ﬂ faxzcus-fenic elect:bde iréaction s

ooncenua\s ns of the oxidized and reduced execuo-’
F aCuVS EF ES, respecuvely e
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; - oy ik
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:uffusxon gosteiciént of species
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dn.fiuslon ‘codefiitents of the' reduced and B)?idixed E
elec\:rnact),ve spefies respecdvely B . .

nentia; Gf "Arrhenius equation £ar
dxffusiun coefﬁ:aents DF N = el exp (=B /RD)

+ squars 5t ‘the refract.xvs lndax 5t t_hg solvent B

static dlelect!ic ccnstmt of the solvent

.+ activation eneray for variation ot difeusion
méff cient with tan?perature =

Half-uate lpotenual as, detemned smm a m

activatlon frét eneray bAriers £or th Anpaig na "
. cathoafc Feactions, -respectively
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standara iical free emergy of.activation o'
. 2.

standard . (chemical) free energy of activation il
';scanaaxd Gibbs free enezqy of fematxon B g

Planck's constant - e e ¢

_enthalpy 6F acti of g Bicrincant? ° y

electrode reaction at l.nflnh:e rotation speed -

entialpy of activation obtained 'y - <
_rotation speed. & E 3

R

either direction at equilibrium

 forvard and reverse heteroqeneous rate constants

f # g * i

net cummt‘ density .
anodic Giizrent density, *forvard react mti‘ 5
ctiol -

cathodic current. aensxty&:{wezse read

exchange cutent density,"the current hsity in’

exchange current density at infjinite: rotation speed - s © o

réciprocal of the exchange current density at
rotation spéed w, according to Randles' method .

mass transport. Limited Gurrent, density at high
values of the a\vexpotential

mass transport Limited current ddiiteies for the
anodic'and cathodic slectrade processes,
zespecuve1y

£lux of reacmg material "i", thmugh awit *
area per unit time . Y T

noltm.mn egistant

forwdrd and reverse hetexogenecus rate mnstanf.s:
under non-eguilibrim congitions

-zero overpotential

)letexugenecus rate constant'for both ‘forvard -and
reverse reactions for equal eoncenuatxons of
reactant and product
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S Ky « . appakent heterm;eneo\zs xace constants at *zero y
24 overpotential in the' notat:ion of Johnson ‘and
© . Resmick
= C kg hetexpgeneous raté constant for maximm
’ caverage by chioride ions
X, heterogeneous rate constant for zero !

coverage by chloride ions’ y ¥ A

Tomogensous rate constant’. -

Kolution

ke_lectr o heterogeneous’ ‘ta:e constant; " .
g pzc point of zexd charge Of a metal etfctrode
: ) one-half the distance between the centres ol . e By
i * reacting-ions ik
. —
R gas constant ¢
B} g tine
: T . absolute temperature (K)
W v © velbcity of Solution being trinsported up to
. 2
Vs the aisc
g . Wy . energies of 'r_z‘nnspozt of reactant’ and product
i 1 *. betveen electrode and- soluticn bulk . -
oL o B ¥ the Fight hand side of ecither equation (49)
. or (50) s 2
% " Iainar bouhdary layer
! transport boundary layer g ? -
- W ! / t
- R tzansfet coefficient g ~ : . - B .
3 { c
‘the apparent transfer cceifx.cxent as obtajhed
G : by Randles' method R -
maximum surface coverage by adsorbed ciloride *5
. sons i - ) .
4 A s . diiiusit\q layer thickness :

diffusion layer thickness as calculated b
" Gregory and P.deifotd (fox any electroactive
species)




xtfus.u)n layer thicknessas . determined byt
Newman (for any emcr.mancive species) . %28 . L

@ 6“ D,SN R Newnan's diffu: aya thicknesses Eor r.he
A & ‘oxldized and gﬁ% specms, resp%gtwely

..n , overpotential = dectxcde pot:enu al, o 8
* ) current-flowing, minus the reverslble potem:ial ok N w & oo
) e - B, w:.!:haut net. current . it l 2 §
) rev . : e .
[ . franticna!. ‘toverage of the elemede hy M 2
) . 4 TN Y
= % chloride fons z N
A ] Solvent reuxganiza:‘mn energy . g Wy % . i
o EY kinematic viscosity of the,solution i : & d
Tey ) pzodaﬂct of the mm:enuations of species "i" i
i im its various oxidation states . £ 1 i
' A absolute n\e\:al—snlum.on pzmanmal di £ference . | 1 s
5 » © . withcurrent £lowis . Lo
absolute’ metal—salur_x.on ppt.ential aifference !
. at eq\ulx.h;&um Lo T ' g
work fanction of a metal o . s 1‘
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The ferrous-ferric electrode reaction is generally considered B "

€0 be a.first oxder 174 single slectron transfer and is an example

A L ot t.'hg sxmplest type o: pnx:ess ‘thatscan occur at an electrode- . s

'soxur.wn interface. - : L PG A R

Host expenmenta1 Fh\lrh.es ot (:he heterogeneous( kinetim of thzs
2 4-7, 14

system‘ have been with plaﬁ.num in: clhqude ;i and Eulphate

57,43

< medial ve‘ry ur.tle zeseanch has uulued or.her‘nobie metals

l‘his wm:k is coneemed with pexchlonce medx\m\, in' Which’ the

electtaaorive hydrased fezxous nd’ ferric tons are” dwuqht to exxsc

N uncomplexed by petch).olate anxnns$7. Reseatch using this medium has

been. confined tor p],a::.num electrodes,u 13 15-10 the kinetics of

,elecémn r_mnsfer between, "ferrous.and fer »iohs at pgll.adxum and ety

vqold having previously heen stxﬁxed only . sulphate and chloride

Al

'l'he main purpose of this zeseaxch was ‘to’ zeuwestigacgche L7 s e
3.0 :

ratiéa of, the* zeacdon on platinum, as yell as

;&mm;e of tl)e kinetics m/ pallad:uxm w gum. :'tn this work ratés - -

Jon an..:h:ee memls were measured under special’ expegimem—al condltiuns,

wmch it was hoped wodld' produce unambigious results. This was ajxieved

hy use of & rotating disc. electrode (nng) aid an extia

xsolsmd fron mass: transport effects. In aaau_m., speclal

co;ls:.derat.ion was. qi,van to the choxcg of r.he corrbet elec(_to,.




possibfe electrode dissolution during cyclig of the potential.
In this regard, the noble metal dissolution studies of 'Rand and :

woods™? were found to be most pertinent, ‘dnd their findings were

applmd o Dur expex'uzntal qppmach. As'a’ further p’zeca-'x:ion, Sl

+ real miar:e areas were neasured by e!.ther hydxogen adsarpﬁon or

ROE. m perfom ‘a5 2n atcurats Tata measunnq eviie’ bl #

Hav:mq Satisfied-thess criterid, the corrected rates were

analysed for clues. as (x).;he mechanxsm of‘ electznn r.zansfex. The

theories of Marcus® Hush , Tevich? Doqonadze 2o echers”‘z‘- .

conclude that interfa ial electron transters. in sinple systens

prosas r_‘hrexlqh a process” in which bonds are neither broken nor

xma fxom mehl—- sécies action " The' hew

qeneous rate constahts for electron transfer were measuzed as-a

a5 he ps 1 factors

plots. l(nmv'ledqe of such quantities may-be h.eleul ‘in, suppﬂn: o{ a o 3

il chanism of sfer.. Thé

®effect of adsorbed chiloride ions' (a probable impirity)‘on :n? electron
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a . L4
R i) ‘THEORETICAL BACKGROUND
2 : X 7
Elsotron. Transter mog i oga ’ =,
Y . 4 Smple one. eler:ttan u—ansiez zeactmns accurxinq .{n solution
or:on. an el e sutface eter |may ‘take

; p].ace by o aistin abie me i kwwn ‘as- o\xtsr syh:re and

umex sEhexe elecl;rcn tzanxiers ou:e.r sphere chazqe czansfe.rs

rate —dehemining step.. The c1us€ez' of solvent; ot h.gand mlecules

« ,'uansfex. Smu:tuxal chanqes in thxs cluster may acc\lr, however ,

ke “either befqm‘ or afr.ez the. electrén’ Jump.. In.ner sphare charg' -
- “transfers, on the ot:hez hand;, inply distinct. bond chaxacter mﬂiil.—

Citions. *Aw electron is transferred at the same’ instant that. some

cY el metal-ligand bond is altered. ' he process must u,exefére' 'encairtim

passage of an electron beween reactants which share & ditaal: solvent

elecmn ttansfet

phere gnec ism

b r_tansfer nas heen

have received many theoretical fredtients.. Se’veral 11ént
29-32°

g z;wiews of ‘the subject axxsc, as® weu as'a )ustn:z a1 accounc

For the purpose of ;

o the’ quiantum mechan.lcal aspects ‘of 'the theory

ﬂlﬂ eberogen:ous studies, ; the mosb nom.ble conu.‘xbutinns a:e thnse
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200 021 2 - . P
of Marcns?, mish®,"and nevmh and Dogonadze™; al1 of whom converted

theiy theories for the humuqenznus case 5o that, t_hey were useful for

héterogeneous kinetids. -In’order o' Eglly appreciate the implications

“of this extended theory, the physical’ differences betiieén homogencous

weak ele:l:mscadc intetuctiom wor. \:he case 3E ferrois and ferric

ertic don. - The

the basis for both the

marcus and-Levich theox inposing ‘the

that the felative

positions of the nul:lex renain duzinq i Nies

~For houumuc.\eax‘ Dot exchanqe -t sl 'ns the‘

3 “reaction, thxs pzincll:].e !Eq\xites that the mm ene:gles uf hhe

’temuapdtemc mist, be

1. ti:yzd
- omplexés ‘of the fe_r:ms and Eszri.c dons ‘are fuzmed by 4 cump:ssso

. nf the Jignds about ‘the ;e:zous ion and. an expmsmn of the 1iqands gl

asom: the Ser icion, !espel:t:.ve].y wnen the mec.n-ngand bonﬂ




oE r_he reaetam-.s‘ z‘ouwmg the electron x::ansfer, the pxm:ess is’

- quaazam pmxnnauon P e enezqy of this uqam :omp:ession

and expansmn, o th’at a )wmoqe)xeous rate:Congtant, may be preq}.cted. .

e, theory 14 extended @ p:edlct ‘thie site constarits of hetero—‘

gsneeus e],gecmn cransfers. The nature oi s pzedicu.m- will' ho:r.ly

‘be’made clear. "Unlike the homogencous reaction i ing a"

1 ‘exchi _'the’.anal ogenedus transfer now has'the

o ; o ) .
lle‘hal Electrode as- one of . 1:5 {eanrants. .The reaction ac’ the,metal "

e surface ‘can iow only involve one acti.vabed muplex, conzxstinq of

Just ‘one molecular zachnt sépécies, whieh zeuaes ini

: R : 1ayer.. Its pmpen_tes are now dependem: upon the ouble layer, and

the double 1aye: wxll Ltself be d).stufbed by it Accuzdinq to the .

transfers is’ bxmply to provxde or uccupt an electron. *The netal'

pessxble acdvity as an; electzocatalyst to el.ectxon rxansfez has

en omitted fl‘om cansiderativn. Its powet t\u :eluse

execcmns'xs censidered to be qonr_mned solely by the. avex- f .

"potenr_ial much hds heen" ayplxed o 1€ tl'u.s qovenu,ng e heighits

ana axsuqumion ot its+dnevay. idveis. . By.forcing ‘the’ métal t5; . s




ge n»:v

© .. rémain in a‘non-équilibrium state’([n}>0), the overo

polarization” contributés to the overall” stam!a'ni Free-energy'as

well as 5 the resction’ ral . (thé ovexvaicaqe n'is-the diggerence’”

p hetween the eq’u].li.bn.um pctent.ial E and the woékan electxode

potem:).al B

i On the basu of the thaory ’of R.A:

n"ﬂ‘ ,' us rite

fers by thie' following’ q;tpressxom‘

% aid ém. s ;espect very .

J mt\me of th metal has hee.n excluded. v

the lletal m:. p'xed.u:f.\on is alsc mplxed in the ulculatlon of ﬂle



¢ we
). is gwen by the Landay S expzessxon 4

solvent:. Thi:

énergy of 'activacim

rea H n. Pmuf‘ of*

« £red: energy. of

‘this are eiementary, REE

Bockzis nqain, the rolé.of (;\'Ae

elect(oq‘_'l.s evidenr_ from, sucha :elations]up. i.e. h,av;nq no effeet

* upon the ftee enez'qy of activati.on, aue 'to ﬂ'xe ‘absence’ of ‘any"-

@

terms, Alte ely t‘he theory of N:S. Hush

* contains \shght lwdxﬂuuon,s

Here! the; probu!nlxty aensuy oF-

’lel:r_zons in each reacr.mn paf_h shate is- used ‘to derive: express).ons

&y s fo: actx.vau.un f:ee enezgy and énr_rupy Hush's appmach is Donsxstt!nt

S wi.ch respect o indeperdenice of the meuu, but expxeesions for |

actwatlon JEree. energxes fnr both hetexoqeneous and. homoqeneous :




of acuvauon npo‘n e metal’ used In order. to adequatelx test the -

eféc:mda overlap. &ou the qenezal :em;mnsmps for rate proaesse

given® x:y u\e r.tansu:x.un stﬂte thwry, e cu.n vishalize ‘ths  forward

(anudic) and’ Feverse (cathnd;\.c) Gurrenit - dens&txés as thie rates of’

of iuns over the ‘free ene:qy barrie: at the surfage of

| transfer!

y £rom equumrmn, the Gibbs ﬂa\anerqy barzxe:s

& ele'cu:édu Y




cat_hpdic cuzrem: densxtxes lel Be.

,diffe:ence, 89, &. at egmlxbmum an¢°&m warpomntsul, i1 Note

: Lhat A¢ and Aq‘z aze nut neasura 1& nly their diﬂ’erence, n&,‘ﬁ 4

‘Concentrations, censme:ed

transier cueff).cxent, a‘_ s that’ fractich Df - the overpotenbal hich:

'l'hen Yorim sn.gte elecr_mn transfer, the, zespective anocuc ana&

: cJ are f_he pmducts bf

%e concentrauuns of the

5 reantants “and. prbdnc\:s, ‘Fesy ecr.wely. F is dm Far aday consizm:,

0T, the Kelvnl “hy Pla'nck‘

i n is the gas cohstant. At eqmnbnum, A?;"" = AE"*

A¢ = Mrev and forkard and :evezse cuz:en: densinas ‘ate equal.

re; 'k

‘density is the différence between the cw

m\imshe: the activatlon fzee energy oE v.he anodxc (foward) reaction. &




ancdn: ahd cathodie

[ +nmw

rev

The paxﬂai utrents ?ay ‘also be Expresserl 1n texms ‘of -

1
& |
%
o~
‘spe‘ciei,‘respsctively, and the: zomm ‘and :everse ate constants

heré C
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re (H;O) 5!

:‘S

ver: umxez nomal goluti £

species, ferric and: ferrous ions, respectxvely rhe /super:sczipts
\

pa&axn 5 either thet bulk © of. the soluti.on o /éha Elnuuods

suxface (u). m; r_ranspon-_ step cmpx‘isn the éocess by vhic




Mass| transport occurs by}.hree modes of mt.&m. @) gigration;”

'Pf >

of, spa:ies u.zouqh ‘ ion in the

ncentration gradient. Such diffusiof is




s - - 5 ] ) vl " - = wig)
to ‘the horizontal RDE surface. * Mass transpprt.by convection is.forced

5= . to occur if the medium u»opanu‘zd ugon by -some u{uzm n‘ecmnxa'l.

foree The spummg S Any a RDE provides the n:cessaty convective once o

exansport electroactive species from the Bulk'of, e, E‘futi!nﬂawaxds O

u.g nlect!ode sarface: . o e . &
¢ T
3 With a e the two
are ly i by a RDE.. TEans to the electrode .

D, i surface Gecurs in tuo stages. .The primary stage is movemen B e

. ak Qan,vebtiun from the hul.k of %he solutmn to' thé aul:er boun ary of . 4
/ _‘ N X g 1

the dxg ion layer. -rm layer is a’ very thin.lamina of more or ¢ G

¥ % e d

o 4

len 'stagnant solution ld;went to-the electrode surface oansm.t it :

stirring at‘ the bulk nclm:ion docs not d.lsg.u—h it, ‘but its t:hicknssst .

5. is ﬂq)emient upon ﬂm-agnitude ‘ot (:he mutmn speed’ and Jthe. 7. - 4

o “._of(:hh ion,: which' are. { 2yt

. . -temperature-dependent.” (These inclide ens aitfusivity of m electro- Y

active species ematic viscosi otun ) rm-
* . transport !‘:f—te fant across this quxeswnh Tager is mﬁnly by 3

'dsssuim. : At the electrode's surface \‘he conuenrxauon of the

95 ion or. A o gmium: L
T s 3 o,¢3

exists" acxéss f.ha dLE!\\lion lnyer- hc::oxduﬁ ‘o nquatim. (19) the

‘total flix to-the surface o the: electrode will be -




2

s
of the diffusion layer is
the ti aspects of

at a RDE. Quan-
titatively, we do this by utilizing Fick"s second law of diffusion,

* el

Under steady state conditions, where reacting material is
being sipplied to the disc at a constant rate, i.e.,

g - <
Y. G2
y 3 'a’c1
. or Dy (;xz—) =¥ faz Q i (2?) *
’ = : - . "
> Ms-qu.ﬂmofmnmmmmcmenqnm,mlmby
\ minb .mnmgosv mipvaxintedbyuvlchfmm
o infxniu sexies to be -0.51 m3/2 M2,

2

35-37

2 and the emﬂti.on was solved’
by applying the diffusion layer bo\mdaty emvd.lt{om that m 2+ '@, then

C and at z = 8% & c . [The tnuautng solution was abcainea-'
. oa.

i .
Gzle=0"

o1
1.61 n:” 36 "

. (24)




" at the electrode surface mist be'equal and obposite to the difrusional®

| This two-paranctet relationship predicts the current as a‘funotion

other is varied. Fron equation (27) it.is uppazent that at eonstant Xy

’ 16
% . i ? %
wHfere v is the kinematic viscosity and u is the rotation spepi. o

Comparing equations (24) and (19) and (20), Levich obtained /

8 1.61 D} 173 u‘,/ ® M2, swstitution of Levich's § equation

(20) yields the flux for the material being txmsport;c through -the

diffusion layer. In the steady state the flux of niatérial reacting

£, thus : : o g P B IR

[JRED)

and multiplied by kP, the left hand sidé becomes.the net current’
: : : '

#K D, deens ¥
T e
s —2t : 5 @n

14 8k, R . :

P - 3 ;
of ‘rotation speed (in 6) and 1 (in'%). . For tical

one of these s is m‘pc cohstant vhiie the,




17
limited current density. ’ ‘
K FC, D, . - . . .
Lo i 1L (28)
L T T8 . X L
o T ST o
1/ G612

As previously s ted, r..eu )\ appmxnnatad §-as 1.51 Dy
FA

obt.axn ‘nore exa\ct axpress).ons far 6 azego:y mi R:ﬂd.l o:d appm

mesical "'toobmn

s+ 0-35¢ 0/

" where § refers to'the Levich exprefsion and § to that of cregory &

- ‘and Riddiford.  Newman’® expahded & even further to obtain a moré

1/3

“exact " eipressio

L6 a{uozsm(n/w

¥ 0.1450 (0, /v)z/’) i

2o6i 036 w2 oaise b Y3y e

SN B + o338 p VM2V g

The com;alebe expression for the mmxtmq cuzrem: de_nsxty acmtdinq to

" Newman'is rewtitten as: E “
= 0:620 rnaﬂ 'l/GA s ml/z 3
L ", (3)
LiM .
i expression sl\ould be accurate £ vmun 0. 1%, Acwx‘d.\nq to
By,

\yy c:uncaung the séries in Vi Dthet aur_bozs have xpanded y to

29~




using the slope of a i versus W2 plot (referred to ss-a "Levich

plot”)ithe di {. coefficient i in pxovi.ded the other
paraneters are known. Newman's expression has been c1evex1y mampul.\ted .

¢ ... in.quadratic form, by Bruckenstéw to yield the follmﬂng conve!uent

S T mezpyv‘ﬁ/s %

€My (33)

uyvaxious scuuon mscamzs. . & M By \

m the derivation of ‘the Yimiting: curzent expression nnly the b

rward reaudon ‘has beqn em\s:.dered, sizice. the back reaction is B B M GG

n uqme at'high ntials For xate a

Tie oSl Geriin 9F Fath constanta o bSranta




m sur face concentrations of oxidant md ‘reductant say be calculated .

41,42

‘using the Hernst aiffusion relations™'*2, \hich have the gemeral

“- % .. ..  vheze for'sake of 6

< s Aﬂ;idméu:‘n& g and 8
S, o Da‘]b,uwia,mtnﬁ;lnum(m)fnrﬁ Byntsﬂtnt.%

= ] eqmm(mmm)mmquuulm ann;zngfori

s‘fua anda R,.nwzeuunufmf




+. 2335\;‘1’2)' :

-1/3

Y2

snnulabeu.nean muésam., i

i 1nfomau\m may be obtainsd £rof £ llupe and mcempt_. For our':




The 2 zagé onstant at zero over] ial ku, canbe'

3 fdeummed dxzeeﬂy £rom such a plot,’ uxt_houi: everi xmmg,ﬂm bulk,

‘of the 1 species . pmh‘led only t.hatC ot C .

Thus hut.'h k 20d 1] ) can be ohtninai ffom the m§nit“des- 'f £10pe and

xntezcepc. mey are rexataﬂ by (i ) F E‘k'c 3 an, exyressiun identical

£ wiﬂ\ equatxun 18 \maer these ’1niirute nass. transport, condir_ions.

cbtaxnmg (i Ve fxon the mt.ercegt alonu w111 be. referxed o' hare as:

g S dpration ot both, e:ne slope ami inberc:p&

to ‘obtain H wl.ll he known as. the '\Tahn V:Lelutu:h" method Data

B analys).s um\q Sither methol achleves oiir intended] purpos E_isoh(j._mq

7 omass Gransporé contnbutinns. s giving tnve kinétip infomation,

The mvderlying basis fox: “éach mechoﬂ isthat the.elect

at mfxnitz otation speed. Because of their origis

oh,. t-.znnsfer e

= t.hese extrapqlal:xén-ta—mfinity plots “will' be refe.rred to’ as "u)verse
i

Layidh plcts. :

Raridles Ag' proach

means for: Anux‘predng cuzrenc—avezpotential curvﬂ fol systems of_

vhich the: mass Enfnsport. condii ions. are constant and reptoduci.b).e.

e mE Fulfills, these com]iti.ons petfectly. s

1E wewaqain t:cvnsxdez 'Lha Nemst diifusion !elat‘lun, equurjnn




3 T AL ] o e Ty g S
lhe fonmzd und z‘wex sefrate corismtsahnva already been defihed

by eqmmns (13) and (14) for. non—equi,lx.bxxum uom:ﬁ.é
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sithet smpe

" The m\pon,mt point. bmught fo a.rd re. s the absenc'e of :any,

ﬂependanuy upon rotation: speed in'‘the ﬂnal exp:essxons. Acécxdmé

to Randles' theory a.ny zobauoh pe!d may used ta obwn the same

“and d

-rhese,pnaigqens Viere: tested by tise of the ferrous-terric




systems. Ane ive series of f

were uidextaken, wi.th an apparatus left by ‘& p!evio\ls vnxkex. so t:hat

any gifficulties of either 4 mechanxcax or electrouh;mical nature coula

+pe correceed. 'l!his Squipnent vas like that o wojm&cz and conway

This ROE was the t:ylindximl fype ez’ at rering From the bell -

X sﬂépea desqu\ ¢pEL) favauxgd by Slaion o i iford A

‘Because of 4

. the’ Ahsence of a sarvn S5 steﬂ\, speed, r:r.mttol. vas very poox‘, Déi g

maintainable to within.only ;o\ of‘tie’ dsitired rotation hal e

- Neverthéless, the dévice vas used for obtaining k:

tic data by

operating at speeds kept aohseanc_mnua’).iy, using a‘pre-set General

Radio Type 1531 stroboscope (+1%). The zesu.lrs obtained'by this. means

~are presentsd o show.in a qjﬂicauve manner. the Kinetic behaviou.r

u: €he’ bystsn whoh certain. tlermal and e1ecr_rych=mica1 cm)dxnons

were xmposed. The ‘main conclusxon abtuned fmm usinq (‘his old

appaxatus, "was m essenual need for the desiqn and oonstrucuon of

In'plamning the, new electrodd;. t_h reconméiidations of luddxfﬂrds

: pe:mni.ng to the absolats dimengions’ oi tha nqble metal disc and m‘

“and melmented

i}\_g_' He 2 BﬁtﬂwBBLtype




a.:cum:y is Euxtmr au;mnmd (0 within 0-13) it the “ievian equa:xm et B

is substituted Lnst.ead ;eqmmn ().
Riddifora suggested thak Hie radius of Ehe noble metal disc, x_; *

be at least 100 timés gredter than.Y,, the transport houndary layer
5 2 4

;= 3261t/ Y RS

-+ conservative !} .gure, )-wevu m\.srxathq mt ulectxods uxth

He Showed this w' bean:extrémely .

It i.s i.mn t.his latter ca

1mi vork Jequally well.

our . electrode be!onqs, sh\ce we 'exe 1 e.itricted to mble e

\s& 61’ e uuus. “The speeifu:atinn fl:r

- atanetor’ Xel- cynndar obtaumd £rom ca-zcku Plastics m-ited,

nmmu m O.2¢cm diameter mble ‘metal rod Iplatinm, pdl.ladunl.
L2

ot gold) nsucchhxudadmtnnl oﬁlenqthxcz-xﬂa-em




U7 A - spring-loaded stainléss stéél contact
B - 2 mm: stainless steel shagt tapexed - . - ki

noble metal disk
propy, Bd,or A (2

ned down to.10 mm. . il

i 1. direction of
St
i shaft

=

SRS\

" acroar, . S1zE
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“bctween ehe xomtmq shaft’ and ‘the ‘noble metal insert was achieved

wit_h a’ syainlons steel spring positioned in. o cavity at the end_of

the’ xotat:mq shaft. The shaft operated in a coun:ezclogkwx,se £ shiun,

o pzevem: supgaqe Qur ifg use.: The &léctrode’ surface was qiven a

“réar of suxnce conram:mtwn. Eccentncxt:.es were. measured

* 'Refe_!ence o Fi

1 will; lar1fy e . dem1s of. consttuct:xon o, the
" electrode’ itself; Tt will Ha ohsezved that the main Dunnectmg shaft
Eznm the, mutf)r was. machir\ed :\mm from 1 L ém ls/a") t071.0'cn ' diameter 4

.50 that the:| Kel-F tibe Cnuld have micker stronqer walls:

The RDE' Support Assemblx PRy s £ - 3

~The em:xre assmbly

pmmted by 47 amp 1 hex‘sepwet Sa!vo—Tek control. motor;, model sm—z:z—m, .

by Servo-Tek Product Cel:npanv.,_ Jersey.  Speed. canﬁ:ol

0:25%:. _This vas acmeved thzough

L




aoo g were poss)_ble o ¢ ' I period: of tx.me, y.f

Speeds vere obtalned by satdng the’

vtentiometet type contxo

g r.he des:.x‘&d-positian. Its resu).utlon was -hthxn 0.1%;

g 'l'he l|a:\.n ‘o hatt wray muntsd h;

a suin].eﬁs steel bear ng: housing

‘eed SKE mnng;. This Ema].:.z!d

me ifsolation’of !:he haft. fxam~th= paih suppozt: ‘assembxy. A, 'ref on

cuwonem:s of ﬂva mmve'm;n. These m.us are wtunede sn



M — A2uninm « &
E[ — Stainless Steel

M+ Servo-Tek 1 h.p. sotor T 5

G - slotted aluminum disk ’

W - upper coupling

- Tufnol (electrical insulator)

3 - Lower coupling

K= Phosphor bronze contact collar o
L - stainless steel 5/8" shaft o

N - bearing housing with high speed
_.TPeflon-insulated "red seal”

beazings.®
0 - Teflon cell adapter and seal ° -

. housing . .
P - Kel'F sheath tontaining: noble’ -

- metal disk (not shown) over
machined-down portion of solid ;
stainless steél shaft °

“Fig. .2 Rotating disk electrodé
©  assembly _ B




To facilitate data handling, an automatic plotting device was
s i R ~
“included in the assembly (sep Fig. 3). This included a thin slotted

circular disc located between the motor and:Tufnol coupler.’ A C-typé . ¢

2, Jjaw piece was mounted over this, cnnqxniriq a phowrxansisw: on one

side and a atationm:y 1ight soux‘de on the othe:. Connection was made - .

© further ctrcuitsy (see Fig.a, secuon) o ‘geperate:a voluge

mmrtxonal to.w 1(2.‘ Thé current.was ‘fed ;.nt; e ¥ 5ection ‘of,

,( ‘the same circuit so that i :au).d bé plqn:ed versis w ;12 ] :

The Glass cetn | S
e Slass Tel ; T2 :
S - The experun;ntul a1l wasel single walled Pyrex multi;lointed

vessel with a large 'button type’ support ring pzessed out near, the
top. (see*PLq.. 5 noting that the ceu md qhss :upport axe fﬂsed

tégether into a one piece unit).- With this suppon fhe: cell’ was abm & ok &

Lt fn: nsatly uﬂ‘n a :nezmstacicauy contmllad ]Bcket (see Pw. 6)

. Pfitted uch,a mun_d glass rim. A c.lanp kept, the  jacket and ‘een1 - "

# & ‘sesl. The Jacket wils pmvmee with water pumped frm a Tamson TE-29

water hath controlled to 6.080c. .

The main cel]. conmcticn to hha RDE: eensisted of a ¢o m,o—x,\.nq‘

T, el v.jumr. in. (:he l:anhre af the celi 'l'h)s LJjoint Was nm: off-cenued




Fig. 3 Upper portion of electrode shaft illustrating plotting

attachment, Tufnol coupler, and brass contact brush.



. Y SECTION(ip)
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)
o Zo-- Yo .
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Fig.-4 ‘Schematic diagram of device for direct plotting of, inverse
.7 Levich plots. - >










TG P K

; .

K hzd nequqime efiac: on_the :elaciv y low aueivau.en enezgies

e £itted with 4 tio-way eap fnz pu:qi.nq the soxuuon (degassinq)

" thermoheter well aX3Sed’ the antry of therometer which measu

was_ ehscke aqai_nst & platinum tesxsunoe t.hermcmecei usi.ng a Tmsley

Grade 1-rod (see belowy. This

35

?
between theése two for the possible inclusion of other agxxiliaty . .

(e g+ for i 3 “ A final 510/19 coné

opposx.te, per.'mitted entxy of a nitrogen degassing tu.be This cube 3

ox flmd.hq over f.he sutface (dux g’ A Bu soc!get “ith

of the ekperime Solutii A Brtoo.F series

1% 03100y fen rmomer.e: was used fot s \purpose. . Tes enu.bradcn

Wheatswne bxidqe, 'A‘he correction; obsérved-were so smﬂll mu ﬂ\ey

b obsexved. i ’l‘he Pyxex 1:51). vas raised: and mvered by mounting 1: .on:

‘a small.scissors-

Referénce and Counter Electrodes’

The, reference and countet Elac&odes for the cell sveze alsc '

consuuceed oF Byrex: . mmls e in the:.r pnpanuen vere of v.szyi:xg

quality. “The platmuln counter and »were "

from 1. cn® ‘Johnson na:r_hey and nauury .M. & K:).Grade 2 yxaumm t‘oxls

rollea’in a Sriindeical guman. 'Ihe pq}lad:\.um ana gold countsr ami

were: t fm 0:2'¢ o dxametar T s

nu\mcsz and tefe:encs elacu:odes. 1 me palladhlm a.nd o1 ‘casais




: 'materials (qreases, ous, etu ) was. mnmuzea if ot totally ehuunnted,

& acid. Flnally, 1usr. priot' o an. m:pe:mam-al ‘run, all qlnsswa:e und

‘ canciuded hy !p:.n.rd.mg the electrode at high speed fnr sevezal Tinutes'

. s ¥ PR DA )

at the:metal:

i-glass sealed ends. For the gord e\ectrodes specxu

tzeament was necessary. -Becaise of xr_s lower melting point, xc was T

sealed into soah: alass instead-of met. Comnection T the upper B T

Pyrex tibing, g soclget was mde with heat-ahx‘m]mhle Teﬂon Sadng, L .l L

D\lrin experxment_s ‘this seal whs hi.gh ena\lqh “on: the electrude to be

out. of the aolution.-

cal. aj 4 r:ot\bact with organic

. where' possi,b].e

Howevet, all" eq\:ipment zecewed £xom, t.he nachine shop # b T

was xnu:.uslly déqzeased by treal ng with hot mxuane to exc:acf. soluble

o urqanic mattex', then bot: ethanol o remove- me t‘.olnene" fonowsd by a

numbex of washs.nqs with rnp:te dxstilled wncer. ’ % e
nu newly oonstzucbsd qluswaze was. ueﬂy treated with h6: TL S

conc ntnted mnum Tydroxide, -Ehen vater. Before expezum.ux u;a

'al.l glassware was, : clokidd with boumg conmurated nitric acid.

- Several z&.nsmgs wm-. mpxe dicgggled water fnllmved. For tne case,

‘ot pau.aamn Teferenice andcotnter elect.rodzs. a hm; dilute Adtric it oo 2T

&

iele:rmdes were qivsn a thotcuqh sceanﬂ.ng.

i
%
acid solution was tha cleaninq -sqent in, piane o oom:e.nuwed nitric " Vi ;

. Before-each expezi.mgnt, "the mz wa:

st&xzed in hol: eoncentxa

caustic soda. 1'he elect.rodh was' then treaeed severni ﬂms wi‘t:h\

t:iple d.istulzd Haber, w lhnd with dlhlta ys!chlox‘ic ac).d; qnd

»:smuy was‘hed swetal riore f.nus with uam—. ’l'his ptoced\lzg vas’ e ;




Materials

‘Pexchloric Aeid: 723 BDH ARISTAR HC10,(C10,7, C17, P03 , 5i0,

4 a7
- (2= 4 . e S f
Ca, Mg, Sr, 1 ppn each; 5°§ ¢ 2,5 ppm; AL, NG, Cly, Co,”Cu,

Pb, 'Li, M, Ni, K, Ag, Mg, Na, 7n, less than o,s,ppm each; ) ;:as g

T or 0.1 mol., 17} " for. the test - solution, ,

diluted to either

1.0 mo]

\Tri' e bxstiued Water: Tap water was dxstilled, then tedistxlled o

over alkaline pe:manganatc, folloned by s final dxstula on u.ndez

nitrogen with Garbon aibkide. prevented 'Exum entry by & sod lxme tra

‘Chiarcoal: was, prepared By teacti.ng ‘sucrose with ARISTAR‘ wm:entrated

s : b8 H,50,: washed wmx vater, ‘then’ ctivated at red ):Aeat i air. The }'

charcnal was; r,hen extracted/ with hot ethanol for. three days. and finally

washed Jfor six. veek's e triple: dxstxlled water, renewed weekly. - For'

ke  ;use’in soluion’ puiiléatmn, it was finally acr.waced under nitzogen

m an electm:auy hea'ted silica test tube. houh o ‘, AT P ]

Cin foist hydthen )/ in.c

6 ml.l pe:chlonc aqu at ‘room temp—

i c:ature. .

pre-radud ‘s_rs iy tzom i ota-Fabrlic: | this

material is ctmposeﬂ of 30% Eme).y dieporsed copper oxide] ta.hilized n

a. carrier; actlvated by reduct:l.on vuth hydxogen at, 140' ,' It din\inishes H

oxygen to 1ess than -0.1- ppm, ‘The ruttogm ‘was \:hen gassed through 2 d

“solid catbon- d.\.nxlde = ethanol trap and s Ehronghy two pre—satutatnrs

f).llad with® triple dxst lled water and fmally into tha cell. ol 2 = ¥




vThé.se

- Platinim RDI

| J.M. & M, Grade 1, 0:2 cni’diancter tod was used

for the p‘lath!nm RDE (Ca, 3 ppm;

Fe, Ni, $i, .2.ppm;each; Au, Ag,

v ppm gach T 247 Laen than’ 1 ppn @ach). :

A Nia

7 Ppmy Fei’3 ppnj M' 2-,ppﬂ\7v cu,

von:age pnr.en:' stat (' mo v maxunum a\xtpuc, ‘linearity £ 0. 1\) vas

used:. Anothez custon made Pntend.ostat, with & m,axnnum range oft 5V

mﬂ resn].utinn 0 1 V' vas, tised tcz :unm;j.ng cux'tem: measuzenem:s.

;pment could also _e!ve a5 a'two e].ectxcde qalv

Stat with
current ‘control on vaxx.mm m-qes up toa

pobentxa]. dLEE&\'enc& of 13 voxts. : i S

& vl Applied Res 'ﬂ Model 174

)

‘An Bxac: “T301" functian generatot cuuyled with'a battery- opezm:ed

iﬂ]ustahle Jow valtnqa Boare s used for acnvab.on of the test,




g . : .
vaxmeters'and Ammeters: Currents.were measuted mu\ a.Model 163
Keithley digital vnltmecex shunted by a1l m General radlo stai

resistbr. A Ke).thley Model 602 Eléctrometer (* 2% accuracy) was

c{m@t

the' X

Various

0
iousl

4 with the am:omat).rr plotcing aeucg.’ This was‘uséa inSone of the work

Ecz providinq direct plots, of i vS. m_1/2_

It en\hudleﬂ the pri_nciples
46

S LS the cxx'cnlt desiqned by . Henaiin, and

1 our work the acc\.\racy of the device. was impmvad\ by zeplaczment

li, | of their phntnd).ocle and multxv).bzatcr with a yhotutxansistor and

£requency  £o D. i boavieter, respecu.vely,v _

The entire' se"c-up 15,41
o . S Y

'METHOD * )

Ny experinental xun was of ona week?

duration.’ Solutimls

i o . were prepared and;then, passed into’ the cleansa apparatus ' through:

activated charcoal. The pxepared_fer;b.us perchlorate ‘solution was

pocenc;qscaqcany o¥idized to bring the ferrous and ferric ions to' °

éghal” concéntrations (in 24, to 48 hours).

The prégress of u‘m %

the mass.

1i.mced cun:enc

Al\:ernatwély, the current was meas\u:ed as’a functien

e Lo agg t.hne dunng the electrolysis so that an asthate of the mm
e ’cwgg‘

asshd could be mides in any. evem:, final Vetifiéati.on of

for of

alcilation; was made Eollwinq the -7

cg;so“) titrant. ©







E rmed: ; Tf-n.s vas-done galvanostan.cally, and_ was. carn.ed qut at

was 1uded by .m..'

anode f:nm the !olutian with cur:ent flwinq,

impuritigs’ Ezm iss '7 The

fzes‘h of r und coum:er

The! test al.ectxcde vias ncbi.va.ted in st i,y’cycucau{y varying

its potenr.).al m.t'h thna he:wsen set 11.mi:s, aepenqu upnn the métal

o used: e swesp zace was 40 ny

& ‘*me ce\’thodxc ana anodic umcs it i

“of actwatmn vere' chosen ‘after. reviewing - thel work oi Rand nnd foods™.

Tnesejlauthcxs investigated: ke pitdct oE cyelid activation-of woble

metal ectrodes: to, certain anodic 11mts on :he dlssolutlon of

these etals. . On r.he pa:

progr:

_that: g

Extxa sare yas ‘taken inthe’case of] the pauadmn

electxodeposits.




< until measumnen:s were ﬂep:oducxh‘l

f.emperaéure of observatmn, in order to offset deacl::val:x.cm effects. 3

In the case of platinum longer i petxods of

“eurrent densi:le.s were calculauad £rom equatiun ().s) at.each’ rotp:wn

iutial ‘ojeling vas repeated

_Plots, of EN <L versus. l/z

‘speed.’. In thé Lnitial acﬂvation.

‘were madg.,at egch, wnperatuxe. Intercept, slope, . ana mherent exrors

. were detenzu.ned by a weithea leash squaxes analysis. . Dita wete

se1stich

ferp by bom the 3 e and the

Randles' method of analysx.s was also applied,’ consxdeti,ng current=

0
. overpotential’ relationships and 1mn:1.nq currents ateach rotation

_speed saparataly. For convenience,.a, sexies ot measuxsusnts of

ferzous and faznc aiffusion coedfxcxenes were i e a, va.zi ty of

'.mncenrxae,{ons one plannum. mlxe were 1abez conﬁmed usi.nq qold.

i Since, An- this case, ‘the’ diffexem:e Yotieeh” iitetoal; energy v changés
" 'and enthalpy changes is imy.gm.ficam:; the latter tem was used for
e convemence. -




) ‘
3 % ’
3 1n(i ) ' ¢
: ¥l ol - : ==
) AH R ¢ ERYZI) ) - (55)~
. ) PRSI, t_ﬂe standard deviatfon/of the slope
. LR ]
obtained by weighted least squares. * the pre-exponentul factor
At vas obtained from-the intercept of the Arrfenius plot at T = 0. |
3 By -, - - b r .
Y o g

.. Real Surface Areds: The real surface agea-of each of the noble metal

RDE's was ', i by various i ' 1In each case the real : g

, surface area.uas. mot de:eimu.ned until all tl'\e kinekic vork had been .
[*]

‘oncluded: Th)._s was _due to it possibility that the procedure used >

. for estimating these areas could cause metal d}ssolur_ion and roughening
‘o . af the electrode. This fear was greatest in the case of palladiun.

.+ Burface urea measurancnts were important since the Kinetics of the

£exxous-ferrxc systen depend upon the real surface area.

2 e . Far measuring the surface ‘areas of each metil, the methods of
i g Vioods®” -were used. The. platinum real surface area was determined by

measuring the chatqe required to adsorb either a monclayer of hydrogen

atons or desuzb a inonolayer of oxygen atoms. C\n:rent—ti.me sweeps were

e i ing, to the ions of WwaS.v The hydrogen method . ¢ . ° .

vas Braterred for.platinum and Toal murface: arens ware A iuinted By

dividing the integrated charge by 210 uc/em?. )
For real surface area méasurements on palladium and gold, areas’ . - |

— cax::‘.xla:edﬁ%y UL deanEption: Slone.. THeNN VeESSHLIINERA Y

dividing the integrated charges, for ‘paliadium and gold by 424'and . h h

386 KC/cn?, respecsively’’. & 3 ! -

-




44

- ’
. RESULTS AND CALCULATIONS

B ¢ v i

“ e The initial stage of the research involved exploratory experiments,

performed using the platinum RDE of the old apparatus. During this

périod, ‘aata ;omts were collected ave: a wider temperature ranqe "3 L

(zsa =~ 338.K) than fo: most of the later’ work In addition, ‘the:

z
. was. i 4 over two different potenti.al ranges, . one’ I A

be).ng the conventional range +0. ‘4o 410 42 v and the-other, +o.4 “to b
+1.05 v, msun—.mq iFom an examination of Rand ‘and Woods' expe:).mentslg‘ :

Thede expexmna were xnfcrmatwe with respect to the pexfomance

of the old experinental eqmpmen: as well as to-the general mse of a

ROE in Lnterfacxal kinetics. According to equation (42), the technique

relies upon a 1ong m(txapolatwn to infinite zota'cmn specd for deter-
nination of the tfue exchange carrent density or hetercqeneous rate

constant.  pata taken over a range of tenrperat\u:es would yxeld a fanily

S
of plots (see Fig. 8) whose y-i increase wxch

tenperature. ‘It was generally observed from oy results that, for a

pazr_ic\lIa:r ‘fanily of curves, He absolute’error associated with the

deviation of the data; points fron perfect Linedrity, and calculated

‘in the ical of r_ha \was roughly 'the same

for an teperatures. studied.” But in cnntzast, the relative arror

o,

with iné due o the dmmshmga mt.except

| (i-e. the rate was x_ncreaslnq). STt vas found:that at emy

meequ about 298X, the ‘errors assuciatea wit;h such ipfrcepts
i

b were ok’cen reater than the: exchanqe cutrem: densn,y indicated.” The

aifficulty,

% @
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apparatus inc;:eased the generated errof. In some high mpezatnxa
expen.l\ents, ca. 328 -'338 K, either a neqative Vltercept or an exror
limit extendi.nq bel6w zero was observed. These results were extraneous
and could not be, interpreted in physical térms.  In'his Book, "Electro-

chenical’ X.uleu o

, Albery® ‘considers the relative rates of mass |

& rxamporc and of ‘electron transfer and estimates e mnximum fiégeran

geneous: rate ‘constant measuxable by'a ROE &€ be cal .01 em.s™ S

most af these initial experhvfe_nts ;e nppaxem: :au constants obsexv_!
2t tnperatates above 298 X exceed this valie. I rate.
exceeded the linit inposed by ‘the expérinental method chosen for its
study. A -typical Arrhenius plot dbtained from these early data is

séen in Fig. 9./ The exror bars Lunstrate the problems pzevimusly
mentioned, especially with respect to the negativé intercepts and

exror Linits iich extend $EF ‘thio graph. "By considérin a1l the

polints of this plot a AnT of appmximtely 487~ 60 k. mol” 15 deduced.

This wide VabiatTon illustrates the lax'ge and’ excessive errors involved

in' such a long ext: ion at: Higher ratw hsidering. Fi

s, W8 fiay ,. rvati ayplynlbuysxm:(;e to the

three Tower tan;’erames) 4 indicated by ‘the dottui nne to. obeam a
¢ revisﬁ An‘+ of a.bout 36 kJ mol. i. Lower cmpezazu:e Arrhenius plots
took on,greater signuxcance Later i.n the vorks )lany of the usuu_s
in the p:amm;y work were shmiiat b Figs 9 and ware mt. very )ig
- reliable.’ From éheﬁe reésults, -the course for the Femaiides of. the.
L S clear; namely to obtaln data at imy'er t&pe:a@'uraé, using

a servo-controlled

i
i
!

|
i
i
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B Because of the drawbacks inherent in these carly results, it ‘was

difficul€ to discern whether changing the activation potential limits

had any effect upon the true rate parameters. ‘Raad and Woods'® have -
37 - s ' 3
clearly dem the occury of metal di at: highex-

lﬁodin sweepuxj 1inits (above +1. I)S V. for plal:h!-). Dur.i.nq ‘the

"initial series of xuns, the maxiain a.nod.\l: Linit vas am:.ism and ) ¢

the ‘rate cunsm?\t (298 x) ncox:ded in" each gxpnmenimza zw i TrBEe

St 2 shone a gradml rum-u.neaz dec:l.ine i naqnitude, i11ustrating the

" effects of possibly "evgrueivutinq ‘the WE ih edrlier trials. O

"'so14d electrode kineticlst mist. recognike:the: role Of ‘the electrode's
& 'ncr.lvity‘_aqd;ifs_ ﬁxgcury_u.. studying electrooatilysis. ' This a_ct;h‘rivty
“vas i;ienr.}.ﬂed in' this work as the u;;s!; Jimpor-tant single factor :
contribieing to drreproducibility of results. fhis is true: for all
the ‘meta_;s:suﬂied in this work, but is espacially ‘importint for

phr_un- 'mggtanuz bstacle in ng rate paramet on

um . of the electrode in a state of

constant maxinuh activity. 5o

1In one (See Table 1) on & new plaé.im- ¥

disc. (never ted) 2 y linear pl.ntwas nbtausl: R

o “Fig. "10).. This “lieartty was possmy lndlclﬂ.ve of constant -

activity hout the range. The 2 relevant

s e o b
t.o Table: l(b) ze 'stovn in Fig. 11, te that ﬂm ‘observed: Au+; is o

qui!;e canpaxabls'tq the vam obtninad ron the 1ow mmpeutuzevpamu‘ 4

af F:l.q. 9. B{weve! (ha obsarved ntes differ; by !wsral orders of

mqgn}t\lde. ‘l‘hesa early results, even thauqh very q\lau.ud-va, mnz

J4 “that An* is pnssihly hﬂepeulen(: of the mwi.t:y of the alEcttodE. o




Table 1(a) Exchange current density:- rotation speed depcndence.

Experis unactivated'Bt, 1070 mol.cm ™ re?*,
., et 1n 20 1. cm > L HC10,. - Data pzeaented in ordex 3

4

- w/zpm 1u51°/ix.‘cm‘z U Lem” !

7500 . .aew: 1360 2. -
1500 . - 143 < 2200 1.85 Y

. 3500 1.88 - E

4300, 192~ 4. /
3 - 5600 -
: 4900 ¢ ¢ 145 U7 dqaot *

6100 - "1L.46,. - 3850 1.87
“% . Relative precisim for i ‘measurement dssessed £o bet 0.3 . Lt o

Table 1(b) Exchahqe cutrent aénsities efxtrapohted to mfxnu’.e

3, oo : , wotation- speed, Lrom Fig: ;- b(penmen(: . ey T

7K
hign, E s e s B
; .308.4 A0 2.08 £ 0,03, .
3 7 w0 U hsss k.08,
: p A

c= L 36,9 007) Kmol




B TR R

00/T. < - i
a)_ (see Fig. 11, mm:xvaud B
X e i m“I wol. e HC1g

‘1

expennnc no. 1, dan £5on Tabe 1(0) , it
k. mol
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provided’ that its activity is constant during the short term of the

 experinental neagurenent. 'me rate constant ig vaiousxy not ¥

indepeident of electmde activity. No fim conclusi.cna concerninq

uus natter” éould be hade on the: bisis” of these pzeli.ml.naxy results.
| some of thesa p!elminary xesults are 1istad inmble’2, rhe AH+

nf which were originally wi ely- variant but were reevamted  for'low

tempezmres only.. 'n.Ase muu:s muca:e the effects of activating -

Lhe eherxode as a f\llu:uon ot' th the amﬂic linit. and also dme.

’.\'he g:adual mn—linur decrense Of the rarz consunt ‘was. nbserved

after the activation l.).ll\'

vere” chahged. | In sumary ; these: data

vere 5n1y usnl na iliustrating the ):roblells £o'be. overédte “in tha

latex vork ¥ #
m zamasning na)ux pottmn of t.he resear:ch vas pe:fnmed vith
aview to clarifying t.he xesulcs for p].ar_inum, and. nf studying  two.

. othex noble metals, palhldlwl\ and gold, tn detatmb\e J.f my x:elaticm— 3

i lhip bed behveen rl':e pazimetezs md “the nature of Lhe metal.

Rates vere 2 ovei the lovex’ e rhigs, 273 - 298 Kin'

. v

mrmumaezo t.hewowk. AR T

Difinsimn coefizc:.enu

Jand (49} andt (50} : svely, r_hadxfi ion’ Costfici fo’x\."

e

inq cuzxenr_s wexe detmu.ned

z+ and b, :H- were ohtamed hy maa.s\lrmq mass-; uanspuxt—limited

| currents 3t High we_zpocenmxs (n =455 ) A y.mch plc: of me




Table 2 Some early experimental results using the old apparatus,
107 ror.en we®, ¥e®* in 107 mol.en™? He1d,; a1l on bt
: 3 s <. oo s B P
[ 9 Expt. 10 kO/cm.s E: AT/ Activation Program* Limits
5 L No: at 2982 K ° k¥mol” " Volts y’s, ¢

None 8

x jus? atijthe start

% 1147 1% just Qt the' start’
. 4 3.1 ¢ ‘continionsly whlle i
Y 4 g ‘chanql.nq ]
5 9.9 Lovatie | 2,73 %1020 N contlnuonsly while
R g " ‘changing T°* ]
oF . 53 . T i 2
& s 45.27" 2,03 %.16% T 'Ai- continiously while
d 5% changing - . - -
611 2.53 4 10° A - coniniously while
X changing T A
6 42,6 35.6 . 7.35 x 10" "1 B - continuously while
] ; B+ ’ ; chariging T
i gy = 3 Paee xa0t EL continubusly wmu.e 5
/ s changing T
: g
40,4 0 +1.42; -

. Following; kinetic detetmlnatmns, these. test solutions ware |

i 0.4 to +1.05

analyzed for dissslved platinum, by the stannsus chloride method’
of sande11’V. Levels of dlbsolved platinun were found to be
bélor the Lintt of detoction; 1.0..< 4 pob. iy

et in wable'd lane prelinlnbey: Therefore, no esm.a:e of <
‘eror has boen assigned.




versus w'/? yields a straight’ Line wiéh a’slope depentent on'the -

aitfusion oefficiént. A family of Cathodic (Pig.- 12 and anodic,

¢ (Fiq. 13 Plots &t varimls temperatures yas obtained for each specxeSA

o Dxffnsion coeﬁfi.l:xents were: calculated uiing \'.he expresslon of

' Bzuckensf.ein (equatiens (32) and (53)) fram the Levh:). plot slopex

evaluated by a 1in=pz Least Bquazes"::omp\ltatioh. mmu_c vx_scosiths

foragueous acid viere, From the; conipilations of . '
3 ! , were. T ]

-Landauanﬂ E '5". 'rh_e" \£uré depentencics bf D, z+ and’

,DF 3+ vere found by a 1 B, n4~ yersus: T /plot. These yere :eported

"“in’ the foxm b = D,lexp (~sn/)u-) mze Eﬁ/n is the ‘slopd ‘of the. Arthenlus

plot and D the- intercept at T’

1 =k o HClD sim:e a1l of the later kinedc data weré ‘obtained

.inhhsmedi.um. '- . B 2

All. xea\llfs were

a0

’rypical value! Df \'he diffnsian ¢oe£ﬂc1ents are:. ustai in’ Tabla 3'

whieh, includé :esu).ts ohtalned-on both plati.nm and qold. o Aif fusion

ceefﬁc:.antsmere determlne: on pauadium a\m 0" the. high riskof

dissolition at:high:anodic verpotentials.. IO S

of edch dif ccefﬂcl.ent wish =

8 dece‘niﬂ'néa 'on p],a'unmi. e’ M'rhenlus parmecers, summarizéa’ m

Tibles 4 ahd

,r;avmq‘ Al ‘f x fmpla Fied by

- Fiq. u.

e Arrhenius wxametexs for. ny 24:do no: show any t::and wir.h <

“the. :u;fusion As'

$light

=.nd 15 ‘evident fox

e D3+ measizements, which seen to;
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Fig. 12 uvxch plots -for n 34 detmmathm re¥t: 107>

Lnlo -ox.ajm:m.

obtained at n-= 455 my,
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T/cm

106, [ DIFFUSION - COEFFICIEN

12.601

2o

ngop-

Jaoop o L] R
% i 1 1 e |
T 35 335 345 35 365 ?
.70 1000/ T A
coefficient 2 icies
. ™ oL e clo s rett (9)

(1847 7 0.2) ka1l

wo1 ™t

respectively.




S Table 3- and encé of diffusion

L K &
coetficients of Fe’! and Fe®" in 107 mol.cn™> Hol0,

. g ‘
. o . using rotating disc des of the metals
v
L - e
Redox Lm 1S i &
L 7 ¢ . - & ‘Metal
P U S . 4 2.x 10 3
b 3-8 il R
27322 . . re, /
298.2 | 0.90, Pt
L 23,2 150, . Bt
298.2 - L - ‘Bu .
o 5 i ALy 1
Wy , ; 10°p,, 3+/cm. %5
i ‘273.2 LR 0.36, . %
¥ . - ¥ *
) 298.2 10.65, 0.73,: g
= R I B L 1.3,
I 283 - 0.66, -

'+ .. | mbled4 Arrhenius parameters for D, 24 in 107 ol .cn™> HC10,
. © . using a Pt ROE.

et

16,1 % 0.8, ¢

+17.8'% 0.8




so
Table 5 Arrhenius parameters for D, 3+ in 1072 mol.cm? L
HCI0, Using a Pt RDE. o g
o » o J Rt . O
76**1 /mol.cn”> 0% jen’s™ 5/ka.m01 7
78.3 * 2.6 17.6 % ‘.'
92,7 4 5.4 . 17.9 £ 6.7 )

18:7.% 0:2

N O

20.9 '+ 0.8

. Rate Messurdlients with Platinim

The results obtained usan platxmm were by far _the most difficult

to z‘epmduce even wit_h the use of the’ new improved ‘RDE. Again, th).e

vpmblem was undoubtedly associated with’ the activity of ‘the electrode

au:fme. Data verd. obtaLned by repeutiva measurements at & vanaty

of tanpntatutes ranging back and forth ber_ueen ‘ea. 273 and 298 k.
Even during a Singla expez'uunt, the rate was_ohséxved to'vary by'a:

factor of. two. Be)lnvicu.r of ‘thig sort was even seen in. expermencs .

(eig. szpe:mnn: :No. ‘241 'in vhich the test soluu.on was’ prstxeabeﬂ

with ‘activated uha:qou nil xesnlts are zepcned as the hetem-
e

: geneous ta\:e cmt.mt Ky ine .S }iesnlcs exprzasuedw 1 were

converted ta X, asing eqaation . (15) Pe

-k '=1°/m

Table a dists the. ﬂata oE a typical experiment: méha‘m’;e ‘curként’

" densities, ‘il.n, were c.ucuu:ed from :he i =0 slope using equation ‘(18)
nt vanous r\ot.auon s?eads ami mpexstures. -an ;anez'se Levi.ch p t




Table 6 Exchange current densities .&s functions of rotation speed

and temperature in Experiment No. 24: Pt, 107> mol.cm >
ze®*, re® 1n 107 mol.en™ nc10,.

7 - 4
‘7S iaas 1080 - 1430 - 2150 r‘uz 35500 - .

1.86 ‘706 2,72 253

1.85° 2.03 2,20 " 2.48

o © 29300 121 2320 1.45 183 179 194 217 2:56  2.81° 3.3

© 288.5 1.63 1.75 1.98  2.35 2.60 2.82- v g

2801 101 309 1.18°1.33 145 L5470 173 2,020 2.2 241
278:2  0.87 0.93 1.02- 1.13 1.23:71.32 - 1.47 _1.69'°.1.88 - 2.01

277.3 0.85 0.91 0.99 %10 1.20 178 ‘L4l 1620 1780 191

“299.1

. 1.49 1.64 1.86 2.04 222 2.51" 2.98 3.32 358

e ©7289.2 113 1.22 1.34 1.49°1:63 “1.74 °1.95 - 2:28. 2.53 2.75°

283.8 «3.‘98 1.05 1.15 1,28 1.40° _'i.sx' 1.67 . 1.95 2.16 2.38

178" 12

2.04
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% 5 ¥
< of some of this data uo" vs w2 is shown in Fig. 15. (Some

data vere omitted from the plot, for clarity). The data were analyzed

by both the intercept and Jahn-Vielstich methods. In addition, the

i
& i - n relationship was examined at each rotation speed and temperature
"~ by means of Randles' approach. The results of all three methods of
“analysis are summarized in Table 7. :
s Sty " Table 7. - Rate'Constants with standard deviations from a typical. ;
ik st ™ ‘expedmant,‘ 107 mol om 2 ipe?t,
Ty . _Helo, usan a Pt RDE.. mpgn..-enc No. 24.
ol o 3 103k°/:m.s_1" e e
T b o — - - =
¥ Intercept ¢ Jahn, Vielstich  Randles . Randles’
. . : - (extrap:) . (mean)
i . v , - »
298.2+ 181 £ 0.5 18.1 +0.5 17,7+ 0.6 17.0 :0.4 . -
<% . 298.2 ©  ‘14.3 £ 0.6. 13.9 £ 0.7 16.0'+0.4 153 20.2 " R
i 2931 1l 0.4 1. x0.5 12,84 0.4° -17.0 +0.3
288.5 10.9 £ 0.3 Md:6d - 1D £0.3
» ¢

e e i




/A cme

-l

0.

107,

17_

ml. ::m HC].O 1

lxysriment no.. 24, wh:h ofte’




An Arrhenius plot of results obtained by the intercept method is . |
. contained in Fig. 16.. The scatter 3t points in Pig. 16 is indicative

of the problens involved in measuring rates on platimum. Begause it

appears ‘m be difficult to-obtain-a long term nmx.':m%é each

expe:wc must be np-aud at s«vexu be-p-:al:um so r}m: a. reason-

‘Table 8 ° smzxua uneue data Erom Table 7 mlynd by thxe= ;

mm‘od-, et/ 1075 noltem”™ e,

' HC10,. Expuz.!mant No._ 24.

Kinetic Parameters . Intercépt. . Jaml, “. Randles '. . Randles -
: * "7 vielstich  (extrap.) . (mean)

3 -1 2
107 x fea.s . ‘

best value at 298.2 X - 15.7 16.3 42,7 15.9%0.6. 15.4 20.4 "

Aa*/u. -ol'_‘ 40.0 47 43172297 37.5°2:2:0_ - 230.6 * 2.4

“n(at/ca s VY iz

133417 1m.0+o.8 8.16 £ 1.0

‘ g~ . - . <

wamms. anevpx, Some d&fficulr_ius i zupect of useuf e

"nandlss meu-nﬂ muu be mentioned, ‘especially eoncernlng-ﬂ;e results

: jab:as.ned wir_h pla;.tnm In. nm' expazhlantl the mﬂwﬂ could mt be




HC104. 9xpex' ent no.’ 24, ‘data frcrm




exponential growth Of the second or third term relative to the first.
Obviossly in these cases a seni-logarithaic plot could not be made

(i-e. log, ¥ yerdis™). he Randles Approach was onl, successful: for

a.small nmyerygf i on p1 ti similax iour was nofy

in later axpermum:s on pauacuun and qcl,d. e 5 ‘.

Eiq. A7 howevet, shuws a typlcal swccessful Pandles a.nalysis

um.-M tinun. - These ’r' s cesult tvere obtained.at 277.3 x,

sat various mtﬁtmn speeds. % Sirice Ramu - nppxoach preaictea a’

'constanl: value Eat ‘the exchanige; cur:em: densn.y, x°, zeqardless of

rotation sbeedﬂ all 11nes shnum in theaty coinclae in a gingle puim-.

.17 suggests ﬁiends both (nf the intercept

atn-o Astudyoff‘

atn=0 (the sxchanqe cnrrent) ana of " r_he slope : finicn 1a proportional

to m). as'an empumal approach, the reciprocal sxchanqe Ccurrent .

ensity from'the Randles anarysis. e 'ubR);‘, vas ploteod against

w2 for every Q"  of s in inent :24, ' These A

18, from which it.is Jevident. that at: 268 K

<blots \are-shoim in Fig.

and dbove, rio dependende of (1, on & e)u.sts, whexeas nuc:uannns

orw
og)u with, W i at lower te;lperatures passihly suggest that y

of (i
éxtrapvlatxon ot = ylelds a more useful resulf.  Since it appeared

__that’ the Balias sposch had failed to completely e)iminate rotation ..

speed dep under these conditions,’such.an elnpxn.cal plo(: was'

: oA PN
: pszcomea in each case. It is interes
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with the other.metals, sometimes yielding positive and somietimes -
negative deviations from anticipated behaviour.

A definite dependence ‘of '« upon rotation- spse’d'cnuld also mt»he' 2

t are ‘obtainable; from the - slopes oE

' In Fig. a9 enpirical blots off o fmn 3

2 are shown, “They are reasonably’ Liiear and! o

& , 1
0 5025w ®: " The a's used gor ‘plots such as,

‘plues‘qt particular romt:ian Speeds. A1l metals sbudied axhibit.ed the

same behavimn: It is natgwprthy f.hat in tha case oE @ the gry test:

deysndency is at the highest wuperntu.ras stuaiea but, Jthe - dependence

Gven at 277 X s quits strong.. Tdeality is appmachea butniot reached " -. o i

AL the loweat mmpexatures A our’ study. This com-xasts un;h the !

behaviour of i . as d funcd.on oE . Thx,s matter wj.l.l be disquseud in. PRt

the ﬂnal :haptet ,' .

D e i Y obl:a:.nmg f_he daca, all sysm:tc s;:mzs a.rxsing ‘From elactziual, elr

2

and thamal s em ;. were ‘mini a Hnuevat,

plut and choosi.ng the besl: fxt. The candazd dwiatmn ef v.he slopa
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w 1!' / (rad s")'l

| i Fig. 9. Deqendence of agon muuon

SPeed fmf exwru\em: "
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Asia m:r.he: euppurt [t0 this appzouch Anson. 1

sy.owemn the exchanqe

Table 9 ‘Sumaxyof ret t

o Bxpt. [redox]: . iodkysemsTt
Mol mol.an D i Phat'208.2F .
il sl e ettty BT

ak )l g 2

g

e




4 , » - i

(i‘.wixiziw and catbilasing ke 5tandard we:.ghted errox ofthe mean; .

-‘(}zwi(xi‘ %) /(n gy )1/‘), e, wexght T bexng £né squaze of | T

data points- fox tﬂe

mu):ti—point Arrfienius p‘1<>r. using the }rur as cuculaced from the weighted
i x‘egresslon analyms. This nwalved over .80 rate deteyminations on 5
'plaltinun between 273 4nd 298 K. The approaches are compared: in.Table 10;

—which swunarizes ‘the experi on platinum, ed for'real surface

-~
: G . : 5
fable 10 Summary of experiments with patinum.

.m’ko/m.s_’l ‘At 298.2.K |

teihted meag)

i

Range of values for rate con%am: at’ " g B s

208.2 K, io i /cmxs

Weigh!




Rate Measurements with Gold:

Initial a(pexx_mem:s on gold vere heset with difficulties.

Galvannstacic oxidablon oF the fen:ous solution. led to pertial.

212 dissé1ution of the 5014 .cotnter -an refgren%e elecr_toﬂeL The |

out as qold awst, o this xeasgn. o ions. wers 7

s:nucnny with magnetic stirfing: ' In hddition, pretreatnent: of

bly led' to r.he presence

test: ons with* charcoal  invari

-of some fine chazcoal d\.\st in the experimenf.al cell Bither the gold

. dust or the;charcoal (ox‘ both) aypeared to adhere to uhL ROE suxface,

¢ a5 well a8 pro: ‘seve:ely g

thns giving it's

2 Blots:

cepts of i

.‘anomalous :Bsults, i.e. negauve int

“The dtst-was Femoved. By po.ushmq su.th a non-abzaswe aptmal lens

tissus. Because of th)e :e].atwe sofmef of qold, dle gwld dise,

" pecane suqhtly xongher thsn the- platinih and palladtis discs. wi

- was omi;t;a- Foljowing this. emission, .more uonfox:mahlgl Fesults wére
s R 24 AT 3 5

‘ ’\k Lo Rer the' 'ority qf expérinents the charcoal punfmahan atepA




Exchange cuxrent.
ep'7ea,ang'
el

167 mo

. B |

as

"3 pe?t; Fe¥t 91070

£ rotati

temperature: . Exppriment No. 32: " mu,

'mlj‘&;m"3 K10, -

73

1.07.1.26 129

1:25

1.16 -

0.900.97 1.09
T1470 1i27) 143

L1348 1.65. 1.







Table,12

Rate constants with .standard deviations from a typical
experiment.” 10 mol.en P Fe®t, 'Fe® in'107" mol.em >
Hb,}‘% using a Ay ROE

“Experinent- No. 32.

g
/K R ) . e G
Intercept' “. '-,.Jahn,.Vielstich. Randles 4 Randles
A s 5 o extrap.) . (mean),
298,2% 13.2° £ 0.73 ° 713.4 %0.88 12.6 t"’o 76 12.2 40:79

+0.58  13.3 11.0 '+ 0.61

121 +0.57

20,014 0.3 120.0 - ‘9.‘5‘5;’0.:4 i v909T ionaz,
882 0. 739‘:" : a 89 1.0.49 - 828 +0.43 ! §.64 4 0,40
Ciad £ 038 T e S0.47 ) 6inia 0.3
587 2 07 o 5738 +0:33 ‘. “s,04 & 0325

8,27 £0:30. 5,21(“* 0.397
.

Pl T
24 % 0.44 -, »9559 !U.v 4
M e

uigs vd[Lch q%d aeppeared 3 be mere relisble 3

glmuu t:hxough 1 _' i

ﬁliqmum.

on” gold:
e

“‘any d‘ef‘mgte depentenc







Table 13 sunmarimd'kine:ic data Exom 'n;b].e 12 analyzed by three

’ mithala, o moten”? #e”t, re’t in ¥ uan®

L
| e P ¥
: G < g o el
{ Tritaxcept | gahm;. . Randles
B e P SAL T vielstieh i extrap,)
b S v 2
. 10% /om 3 S L

5 -, S P . 3
best'value at 298.2 K £0,9- 129 £.0.7 . 127 40,8

An%m.@rl 5.6

¥
1067 m,

‘to “the charcou fusc pzoblem px:evm\sly g

plots vere lirueaz e«len thouq_ the 7al
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rate e

R HE R T e oot
e 76’ elactron transfer ata

mol. cm < HCLO,

+1.1°.7.06

2,046 11307 i

£2.60 12.6




lﬂk/cms

‘at 298.2 K

(welqhted ma&m)

Range of vaiues for'rate constant at

1298.2 %, 1ozk°/cm.s‘

An*m mol”

{weighted i an) s } e,

. AH*/kJ mel

{one Arrhenius’ plot foi al1 expez:.ments) e

41

B Weldhted meaii, rin(n+/i-m.s»

of the same matal as tha RDE.

Unfortunately ' ‘t.h




L electrodes vere of palladiun

Gongtruction. - Duwing dita collestion

vere

Fine pomnuau of ‘all palladlim

idered to b! a.more dilﬂmlt lstnls-

3 pum- was

w stndy neceuitaung cluzqu froa-the mml pm-dun, t:\fa mnlr_s

vu_n,uuu netal verq mre emsi.sunt than, those drhl.wed r_h phdnun

_ few percent,’ wilike

and gola: napmiucnmey yithin a pI!ticuht exp.xh-m vas within a

taceun of fwo seen with the pxmm].y




Tably 17- Rate ¢or
o

i éxpezixnent. ‘107 mol

e \isuu; a “Ba m)g;

Intercept. .

6,090, 07
294,1 4.71 %

+
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Table 18 Summarized kinetic data from Table 17 analyzed by thrée
B B A o g T e e

* & ° methods., Pd, 10 mol.en Fe', Fe' in 10 .mol.om

K10, Experiment No. 33._ e ait

Randles - Randles .

Kinetic Parametet Intercept Jahn, .\ ' | K
$ e Vielsti;h .. lextrap.) ® - (mean)

8

10% o5 =
best’ vaLue at 298,2 K|

8 6.44 *0:3 -

-1

-1

rotation speed. for charge transfer excba.qe"cnﬁent‘densi ies c?‘cuiuwd :

by Randles'- memod. A tyﬂ;al emp).ni.cal pm: of Randles (:. )'1 versts

Gy

W is presented in Fig: 26. The aepemi.wce on x'oratxon speed in
3 .
this case ismore pronounced, and it will e noted that the sm

appaxenl: slope for -each. plot is max\catea at eanh campaxamre, md.u:;t ng

similar non-i L‘My i Again ‘exchangé current dénsities extra-

pa].nted versus W 72 1o 5 = = always agreed wit:h those obtained by

the. two other methods: The résults of 'l‘abl.e 17 bave been obtained

in this wa§ ahd the Randids results then agree very well.

A simitar dependency of the- tzpnsfet ouefficxem: | from’ % ndles

decreased £

apﬁai:em:
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Fe’
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3 pa?* padt g
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opisen

. the relationship

# . this is Shown in

311 curves'to @ = 0.5 at infinite TDtatmn speed.; X

being hpear “between a : and W2y

Fig.27. Totice the near perfoct cun\lergence of

£ 1dence Limits.

2d e

o nnly a ey

. parameters;

cin 19 )mlm\ wcmA

’rh'ese are’

Foll, Fs' ulectxvn transfer at'a -

No._ “ioliem S

Expr. (reti=ire™)
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JTable; 20 Su!mmry> experinents with palladium;

h. (l\+/:m B

of Rates "for Real'Areas e

The real su:face areas of the platiriun, pauadium ana gold workmg

lickrodes were neas\rred according o the yroced\lxes af Hbods
(-

- pxefv).uusly descrmed. ‘me: ‘siirface area qf the pladnum vas n\euuxea




T i Gecmetric hrea . = 003 em? based . L | i:
.. lon0, m.mm,mwacm-abyan. awl'll.'

4 for_platinum). u{aj £ B

 tacitory wexé R SRR

true . rate constants and'c

calculated.” -m_se results are &rkad in Table 22.

-.., i mu"@-& L)

ﬂd.ghtdllann AL Bes. Weighted Mean

gt




'Lofchlouda I.vlpux‘l.ty n i N s P . )u.

p Becaus& chloxide ion vas x‘ecogmzednas a passlble inpurity -

‘ausmq from, Lhe dxssolution of the.irom nnd alsn from the acid’ used,

< as will be discussed in the foxe s&ctxon, ittempts, weié mde to

~ sstmte the chloride concentxatan of . the actual test sol%xtmn -

v o contalninq the' ferzous ‘ana Febric ions. Frcm the nanufacmrer s.

n tor t.he > 16 acid we. espin: | the alivted dold

‘to contain,2'x 107 9oL cm“-3 chia s ’l'h;ls estinate’,

using electrolyticall 8 s : P T

ion, attechrique. sinilar €0 that of Linganejo

by preclyn:amng gut & the hydrated fezrous and ferric oxides by v

L aﬂdim? aqueous sodian xide. ¢ 'Following s iony the solution - '

s’ reacxdxfled md analyzed: unmmns wete Serformita in 808
'y s, 1 Jﬂe‘}.hanol A, sm:.].ax yroced\xe was perfomedon ‘d sample of _the
3 s backgx‘u\mﬂ elecerolyu acting as- & blank. ‘mhe difference (L\c in "

sel:cnds at eanstanc current) betwaen pof_endnmetriu utxauon curves, \-,

e t'he mfleet\on pomt for the sample a.rn'l blank’ yulded ',he chloride’

i, ., réontent’sf. the solution: Four separately Srepared test solitions

uemfm\ndtohes 48 x TO; {qulo ,émsaaxm_" y

poliem > in, c:hlaride respectively, misl higher ‘than had bean anticipated:

18 wé nsmez te possible 1nterference of ferrous ion, resulting from

Lea xlD .291 K).dm




don. !

lfu\v_leyer, €hig is only & ‘conservadive ‘Since the exact;
»cﬂtlcul, ‘ve can

rea oqlT.hly usstnne the' chlotida nncehtrn

hemical. Cb.

Xlon to he T tha xanqa 10~

1t may be! nnbeli “that

b
ul\puu\:y Limit far their mmr:ially pup\a:ed‘i:cm pe:chloru:es




* expected that the pntu:ipau.nq species wete, ‘r_he “hexa- agio ‘complaxes‘

| Unfortunately, the perr:hlo ate ‘ion

OE Eez!uus nnd fez!‘xc i
unstable with k Spect. e&,\\}{t& dgagmpcslti.on o chloxi.de don ang water

\.7».,1
°

. 'f@lo‘f(a_é)}‘eﬂ*_(ag)ﬂf/;ee‘# 17 (e a0 %5 497 v
& o be 8 .

This half-reaction, ‘conbiried with’ half-reaction.

o (ad) He 2 fe?taq)”

Fe?* (aq). + 267 == Fe (o)

aFe(e) + tlog (aq) ot (nq) —*4& (aa) + CLilaq) + 21, 0(1)

o oA, 5 "'s,=+131v

 icride tons re ‘aldc ctual or pntcnt_\al smpunﬂes in meta.l. per-




"3 w67 molc:n 3: tn'107 mlcm Hclu o [ex ) = 3510

&

" pure metaflic iron

of Jabnson did Rednick2®. intlcated that sich a ‘process uas not only

+ the ‘oxi

! ing trace adounts of ferrous iondicould interfere siightly, In any

3 R i _— . < . S .
case, thé purity of our: iron.perchlorate solutions should be at least.

chlorat:es and in perchlum acid, itseélf, ch’m’ﬁde concentrations |

. were nu.ninkzeﬂ by use OFf ARISTAR pexchlrxlc acid ana, it was at first:
i

thought, by, pzepaxinq solitions of the dissolved iron epecles Emm\

zsumung from “the manufacturer' s specxh:atmhs,/

the chlotidé cl{ncenua

nn expgc:sd aftar dl.lution would, be 171 =,

<10

- HCWO, he possnuln.y of. dleotiolytis reduct).on at

ﬂ;enma jof the d;ssolnng irori. was not’ contanplated b\lt the vork

possible but MiEEitt, fo pmvem‘.u This lias also been zecoqnhi in.

_ the most: xecent/ work'by Horanyl. md Inzene'z who stw:hcd the ;;\mptlon 5

of, chlo:idé ion om’ platinun as a t\mccion of potential by a fadio-

tracer, technique. " ien durinq a.dsorpunn measﬁxements t.hese vorkers

obsen/ed slmi réduction of perch)ntate to: chloxxde o Doubtless

nascenit" atomi ogen.at “thé sur'face of the 3

d).ssulving metal may be zesponsxhlevvor fac).l:.tatxng this x:educticm )
as He]l. ‘A'search’ for chlnude ions, -by a.method m\tuned pré snusly, &

aftex anodic oxidation Of half ‘of the. ‘ferrous  ions Eo| Ee:uc tevealerl

* eoncungrtion of ths ‘oxder of 5 x10 =7 hol.om™2in olir prepared

solutions: However, the amlytxcal mer.hod was not eLiect, as rémain-

; e with that of m of ‘iron >rd (eig. -
R Sm]_ﬂ\ ‘Chemicai co.,. ferrous perchlorate héx hydrate, contains
. 2

o 01\ cx yielding 2 x 107 mol.cn™ £or the solutions required for’




“have Ey

tis work) .’ ‘e’ can, x ;sonamy 'escxmate the: Chloride: ion content on

s basis :o x,= in the'fange. of 1077 €0 167° mol.cm™’.' The acciizatign B

process for all three metals may, be a Source of chlnnde ions;. the O g

. counter electrcde in each,case beconing negative enough to cause

electr ion of me Hlorat mdeeg, Horanyl and mzeit®t 5

bsexved genexation ‘of chlnrxde frcun pe:cmorats at: zero volts

{HHE) 7 - il R 1
Johison and- Resnick*s work3® ray be gr_uuee tqgpstinate chlnzlds "
ion’ mmentra:ions in their ;oluticns and also the kifetic! effects of

such aaserbed ehlodde. In u-.eu york: the half-wave’ pobentxal 31/2 2 B i5

of .a platinum ROE was observed ‘to be time. duPendent n the "ferrous:

ferric systen in perchl.orace medium, both with dnd w.mmm; ‘added halides’ ;

(chloride, btomida or 1ed£da). 'rhey analyzed the zl 7 veEsus time o -

related to the apparent hatos:
i fcr elactron ':x‘ansfer 28 "An equation ..

*éurves in texms of a transition’ t;m T,

geneous raté cunstant, ’,k

and the ra'tte constant G,—for the rem:cion

relating T ‘to K
£ o app

,ehlbxide”(e == 1) vas devempea« g

To \"Fku,apprmax s - e LA
q . O GZRT kzmz/z 1/6 1/2“’ 2 R

:1— is the bulk eoncenuauan'

square cen;unsue, ‘viz 13k ;o

<ot 'chiloride dons'and other temis have. their usual meanings. For'a

surface devo's.a of .adsorbed cuoridéms. a rate constant Ky ds. o0




< ‘0,app L = ¢ % % . .
L4 Resnicy.28/62 i . : :
-Johnson and’ Resnick’ ~ found bhat ﬂ log v versus 109 (C ‘!addmi o
was_1inéar witn slope = ~1 as eé:pec%ﬂm sirton (56) but departea  * R
£rom lmearxty at lowor #ero added cnlonde cen:entzatibn. for our 5 :
]

x Sa-0 ) Ko
ol e

o purposes, we use Johnson and Resnick's data 16 estinate the chloride K

concentration: in the, "pure” perchlérate. solution and, checking that ¥
]

a P],ot of log T versus, (cc1 Vepue 18 linear down to the" lowest

concentrations, after these had been corfected, we'estimate a residual

- chtorid concentration of about 107 mol.ch

When we substitute reasonable values of the veriables: and

%= 0.5 into equation (56) for' the various chloxids canaentrauy v

+ .of theix vork, with k; o 0 k T — we dbtain the

- 3 L o -
zatio app/k In this waj, for (€-)p , values estinated, to be . ’

g 111 %.20% mot.en™. (zizo adted chloride®®) and 9.1'x 10 mol.en? P B

+ .8’ 107 mo1ld added chioride?®), the rate. comstant ratios are sk " g i

. .7 0,00383 and 0.01686, respectively: not.a very large' @ifference for e e *

“a near:ly tenfold change of Concentration. On this basis, the rate g oo L

H constant k,, applicable to a surface fully covered, with adsorbed

g i chloride, is expected to'be 60 or 70 fold greater than K, e under g, 0 s

these experi

\ental conditions.
o Balashova and Kazarinov’' have also studied the gdsorption of - 3

halide ions c;n platinin by radioactive trace metiwas, Doth as a.

’ . fupetion 6f halme concentx‘atmn and of eléctzode pﬂtentvz}.. According’ 5

" *. toBalashova’s vork,  the coverage of x-.aimes on smooth platinun’ ) -




. These radidactiye tracer studies show that the extent of halide
7 sl

98

ion

L 2 ~ ' adsorption decreases from ipdide to bromide to chloride. Although

Balashova's daga pRaces most emphasis upon the adsorption of io

= ¥ “ioms, suffictent infoemation is available to allow an estimate

W chloride %overage on. platinum. Using a Solution containing 1 x 10

mol.cm 3

By .,sim, Latinized plaunhm

mpliam 2.

¢y~ = 0-11. Si.m.larly  Horanyi and Inzelt

potential for a m'a_‘

‘ mol. m'3 chlcxlde ion. By usinq a tadiozlctive‘decay u:mstant

2 7% 107 min™ (gor

55

Balashova’s curve® s approac)ung a plateau, - whEreas Horanyi

5 surface: cam:entrauons o nét appeat /txi be near saturation.

jalashova 6} val\m of éhlorille surfage conceritratibn has zeach

* constant value as 2 funccmn of por.enual e conclude tiat 0

et case may be mich larger than the. 0. 11 deduced anove.

in

bas;hthe resulrs of bot.h uozks xm:ome cmplanenr.axy

3‘(-12:1 and.l x m'6 mol.em ~ Nacl, naiashova and Kazarinov

of amse deagied by thess agthord, -we Saloniate & coverage of 0
)

dide

of the

-6

55

‘have i.nvestxgatéd the adsox.pci.on of chléride as B funct;cn Df potencial.
for real surface area,
tliey. have %hown thag at 0. 7y (W), the redox potential of ihe ferrous-
Fexric, reaction, ‘the “hioride sutface concentzation 1s 2.5 x 107H
2. ' T temms of fractional coverage, we dedude this to'be
have observed 50,000 cpm of
3% aisintegration per apparent cn® as the coverage at the same

Wol.cn™® HCl0, solution containing 2.x 107
£ k

of

3c1, bare lifew 4.4 x 10° years), and assuming

mughness faqtoi' of 300 for platinized, platmum6 + an average valie

c”
“This is x.nconslstent with ‘the Balashova work at the higher concentratlon
(2 % 107° nol.cm” C]. R If ‘ve examine the coverage - potential curves

o€ thh werks, we observa that, at the highest pokeni:xal of +0.800 v,

's

Because

ed a

cr
Lon this

0.35.




If we reconsider Johnson and Resnick's work, we can estimate

© _ at the residual chloride concentration of 1.1 x 10> mol.cm :
c1

by extrapolating from the data of Ftumaysenonn eva vamase

& _Zilatf[aal=2x 1076 aol.en) ana Horanyi (we calculate . o0
cr _ 5 -~

® _ tobe0.35at [CL'} =2 x 10 mol.cm ~). By this means we . . o
[

estimate a coverage of e ! _ £0.01 for Johrson and Resnick's solution : Y

with no added’ chloride P:ovmed that the sem—logazn.hluc relationship
_of Balashova is valid in this region. . o ]
" We ‘now m}nslder the electrocatalytic effect of thxs coverage by

o = okt (57) toaobtai b

i _oapp . _ o O (sef
3 ¥, (-6, =0, )

- z i
where by the definitions of k, and k,, théir ratio must be a constant,

a whereas k_ app/kp depends upon s _ as already illustrated. We then
e L,use the value of kn app/k {i.e. 0 01383)  obtained at the residual 2 . h

chloridd Féncencxatian of 1.1 x 10 ml.l:m (as we interpret
e e T tiush A, SRR A value of 6 _ = 0.01, as
we estisated, to calculats ky/k, to be 3.87 x m'a(,: This value 2 °
: describes the total catalytic effect-that adsorbed chloride has on
. the rate of this reaction going: from zéro to saturation coverage.
“Thus' the rate constant at completg covetage, k;, is 258 .c;mes the rate
copstant at zefo coverage, k). We may ‘nnu use this ‘xelariu'nshlp

258Kk)) with equation. (57) and the Ko maqnltuﬂes uhsezveé E

Lo in thite wozk to estimate ‘the true uncatalyzed xate constants . )




Qfor the ferrous-ferric reaction. If we use the general relagionship

s C=alogCh-g¢ b st B constants, then the data of
bvth Balashova et al. and'Horanyi et al. may be interpolated for the
chloride concentration of our test alutions, which could have been

$as high-as 5 x 10‘7 Hol.en”? after leom;ad activation. This

interpolation yields a ptobahle coverage of e _=o0.8 for our
experiments. .If we u\e'n substitute this, coverage an! the corrected

Koapp (808 Table 22) for platinun into equAtion (57), we find x; to
: 21

be 2.67 % 107 en.s7h" mhe coveragé e have used in this caleulation

can only ‘be ccnsxdeé:ad 2 estimate smue se depends on & jud'gen_\e;nr.
on’our paxt that the coverage at 2 x 107° mo1.cm ™3 ‘chioride approaches
unity. The fully catalyzpd rate constant, k,, at monolayer myetng(e
would then be 6.76 x 10™>.em.s™), a value not much greater than the K's
observed in the present ‘work. .Unfortunatély, not knowing the relative
extents ' of adsGrption of hléride on palladium and gold, ve cannot *
really comparé the rates on all three metals for zero chloride

adsorption. .. s

© The above arguments are confirmed if wgconsider the results of
kinetic studieS’of this systen by Sul® usiffy concentrated: (up to'y

& x 107 mollen %) chloride medium (see Table 26). _These are. within

. an order of mlqn).tuﬂe of the rate constants repurted hera for the

percﬁlorabe medium. If wg corréct the tate constants of Sw'd vork
for real surface aréas (using real surface areas messured here),

then no appre

1¢ difference between the rate constants of £érrots~

ferric electron Eranste 4 1s perchlorate and porcentrated chloride. . '




i : 1 101 3
. « . 5 i
medium is g This is more easily understood if we consider
that the ¥ de coverage in ‘the perchlorate meamm could be as .
. ~ ‘
P high as 0.8. Then the difference bitween the two media is only 20% w2

_with respect to’chloride surface coveragg. o ‘ s :

To properly verify any of the aforementioned discussicn,’ * e

estperiments really should be undertaken in the absence of chloride, :

. This poses an- u\supara.hla experimental’ problen since, as’ 15 apparent

'fmm the pre\(iu\w obsem:icms’j one. is faced with the praspect of

%, having finally p}x:xi:ez_i the, soTution of ‘hloride. impurity only &6 : . T

i nave st during the of the electrode. “In this

~__ | regard-it is perhaps significant to reqall that For platinim, activating
the electrode increased the rate constant one.hundred fold, for-an’

‘experimental rargée was. observed, from 107 omss” Yo mockivated : =

» . {
L  platinu Figs. 10 6r 11)'C6 6 x 1073 an.s™ for activafed platinum ~. ° - T
. (Table 22). consiéezim; the combined effect of both activation and N Wl

L chlnnde “impurity one can snderstand.‘the possibi’ causés of the

1 bility of results chsdived with platinum, *in paxtu:ulaz.

N thh zespec(: to the possunln:y of adsorption of chlorlde impurity -

fy ¥y en \;he metal, 9& mist now encompass the role of thé pre-a:ponenthl

+

2 factpr, a" into ‘thé discussion.— In this ‘work we xepom; “the rates.

) s
2 psy as - : ol . 5 . e
: & K= +exp(—AH+/RT) o (59) -
where at, the experimental pre-exponential factor is related'to the. i

true pr ial ‘Factor by an exponential entropy tem. - However; -




102

o on the basis of the chloride stsarption discussicn above, two parallel
paths .forlzlacunn transfer are operative which may be expanded in
Arrhenius form from equation (57), i.e. ;

& . -

g
X - ad BT

©,app {60)

4 st g yl}uzlmt. At a.nd..dllg, Ata'xd}:hg r for! the

and 4 : Such an, exp ‘doss: not,, in

_genieral; yleld & ‘lineak hrrhénius plot.  However, xpezmanm Arzhenxus

ted here which are linear. dhen unemty e

or as is anqestld, ‘the ¢lectrode is almost covered.with chioride

‘causing the first term in equation (60) to be negligible: If this
“were the case. the rate parameters measired, would be those for'the

e predominating chloride catalyzed process, since at the coverage of 0.8

as ? the rate would be con barely 0.1%

to the total current. Since the experimental system of this work is-

not capable of mining 8-, any epen of this

quantity is not calculable and must be overlodked in:the present

aiscussion. Hmm}gz, it may be tentatively assumed that temperature

will mye little effect on an electrode nearly satirated by cnloride.

” . wuh rupacr. o chlorm- arlmpkion. the pxn—axponential. factor

siay' be- Butther included-in an

3 3 approacly

variations um. Au+ i a ‘study by i Mehl, and Parsons® cn v"’




"-whieh were adsorbed onto the Electxode surface. Such an adsnrpt_ion'
" _model implies the poss).ble effect, that. chloride (in our case). could
s have on_the rates. sincel Hoth 1n‘h and AH+ ‘are mawmuany pxopoxtional

o the cancsntration of ‘the adsoxbed speci.e.! then 4 plot'of 1n A vs b

from. a serfes Df expe:hnenu at-possible aifeerent - concenrxau.ons B

+ ", chioeid impurity. woild 13 uneaz, if such 4 model” were vaud o this, -

> prmm toicr apprcaches are posszbl

Firstly, ‘ Plog of. r.h}s Sort can.

- .. b wAdS, ForiaLL the iineh : : i metal; tne

linearity of “such plots. attesting’ to’ the variability of the chmnde {

G '.\mpurlty mngent_rduon. since it may arise ‘from sevem. sources. Secondly,

we may plot ‘the best values 5. 1n A+ versus s, ek, values, of Au+ o

for Each ‘metal against each othe:. e gt plm‘. wére u.near, it

would «—.han indicate by its slop:, Tow much. the adsorbed chloride

x4 nove!age changed from mehal to meta;. Plots of the\fxrst kind are

seen in Fxgs. ze, 29, and 30, for, pladnum. gold, and palladi\m\,

xespeccwely, A plm: of the second kind is xll\.\sh:al.ed in F»; 3L

v These’ plots- geen o be lmear which Validates the Existence of a
g 'fcumpensanon effect where the same rate constant, is opmpzvid dne to’

ik t of the

;The fhisdretisal Hesinto uus observed campensar.,wx\ eifect st

S Uhe ™o t 'aze ible. - One of an)

xn'cxeasi‘ng AH* Wit aF dag nd 91ven in thrms of the chloxide Sons bemg

nwre strongly adsozbed than the reactants, thus, fnrcan e ms enerqy

o g baxxiet but shmltaneuusly offering an albetnat),ve mde of lbotrad




'. Pig. 28", compensation effect fof platinum; - data from Table:9,
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ig, 31! Compensation-affect for all metals studied;
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facmz as observed. This pzeax.ncmn could be tested as :onld ‘the ‘efFect
nf adsorbed chloride on the rate by copbined: rata u\easux‘emmts and

radioactive chlozlde st\ldies- ’l'hﬁ! othar éxplanqtten of compensatian

effects anolves a mnsxdugdun m tems of’ xandm5 e;mxs only. “The’,

slope (mm o uchi & cnm?ensatmn plot yields'the "isokinetic : .*

temperatuze which, has _been: evaluateﬂ72 73 -t se if compensaci.o‘

effects are rea]. or,an exi:.\:anm\u axuiact of the. data du! to ran(um

exper.i.mental errors. b thess slopes y).eld s temperatuxe appmxhnate

(The errors the other” {slopes wer uwex, bemg

. error (*‘lOI) +

‘ami +5% for P, AU, Pd :sspactivély.) The‘*p:ommcy/ﬁzg

to the e

'ntbeusea aastmngbasis for'




.» The

réaction l:.sted

Ln Table. 22 hdve 'a-‘mediad Ynlue close to 39 XJ;mol On the basis of -

aightgd meari" data, r_here is’ a small syseematic trend, in the

o ‘siigh r_reml exig«s i€ ‘the "all pumts" data aze used’

’.l‘l'u.s wuld ity ba. o fe

f_he Wari\nental errors were somewhal: larger am oux estimites, of

 them., An atl:empt 5 eoz‘:elate he rabe paxame(:ars of this work

3 (1nc1ud1ng activation em‘_halpy) to metal properties-uill be. considered

m:e quanutatlvely in_the next secuﬂm. A . vi e

‘Bockeds, Mantan, and Dam)anpvxca earlier ;uggeswi that Ax+ for M-

.tnisraaeuon Vas independent of tie metal,

ch¥ir \»ozk pmvmmg t?é‘

stimulus for the present’ investigatfén.. ' Both

Y. and ’l‘rasacti

Terdlld “’gwho studied other fetals. and ‘metal ms aa elect:o— g

caunysts, ma an érrotr m usmq simple J.meaz et

lelotsw Ly g

determine gt

assumed to; :azer exclusively to rge rxansiai—,

- " without eliminatl.nq by one means or am\:her slqnxﬁ.ca.nt mass . Eanspo:t

e’ of the, ‘g | mhe

by thiege

! orkers were ma_ss’ trahsport-limite und stioula mt have ‘Been \lsedLl.n

an ius plot to dé j 1 > enthalpie of;he chnx‘qu
. Lrangft_er progess. .

The tenyerature rlependancms 50 measured refat,

s to

ey ﬂamonstrata The work of Voynn\uc and Sepaél “on - the- fezxocyalude—




fzom r:ne same drawback. m estmate the pnssible effect of 1gnuxmq

all comxonea

as. will be demonstrated.. - £ VIR

‘The ‘agnitudes of AH+ :apoft‘ed‘by Sockris ot

RN, 26

LIE, 23 )\u, 22; -Pd,:10 kJ.mol™ 5 and by z:anumu a.nd : x o

- Trasatei’ (pc,723~ “Ru, 213 Ta, 23 kdimol]

k:,r,mnl ), 1nd1ca!:an a mifusion coni ralled yxocess.v 6 demonsr_lmte 4

\:he poxnt, ‘the data o £ the present work, can- he analyzed unger- similar -

_mass transpozt—com;rollad conditions, at me wvakious ‘experine rAl rotauon

peeds. i3 p1cn: g l.n * abtuned at’ each m;auaﬁ speed il

Yo e i3y

aqa).nst reciprocal temperature, e can. bum -

£rom ‘the i




v - R

Pigi 32 ‘Arrhenius plots performed at various rotation speéds for
b el platinua. Data obtained from Table 6, sumparized ip Table” .
‘ 23 Y . ‘ ;

)




Table 23 Apparent activati ies as f i of rotation

“ ¥ speed of Pt, Au, and Pd RDE's including extrapolated values.

. Platinun Gola Fgladiun .
~i/rpm 'Aluff/m,mx 1w AHz/l;J.mfn:l w/rpm Aﬂj/kajms“l
¢ & 385 .. 15.7.% 2.4 3600 21,3 % 4.7 ’\.\52 1624 6:0.
; L ae " 161220 432 223 te7 T4 172 456
. . 330, 6.5 % 2‘5; 536 - 22.4 & 7.2 537 17.8 » 6.8
. 75 . 17.2 ¢ 1.6 720 75179 7.4 o
. 895  17.6 + 1.5 900 900  18.4 x 3.8
e 18.0 + 0.9 080 1080 18.4 6.8
1430 © 18.7 % 0.6' 1440 1440 19.2 % 5.7
e 250 19.6 £ 0.8 2160  26.0 £ 0.4 a6 100 s 4.9
N 22 20.242.6 2860 26.7 4.5 2860 L20.1 % 4.2
g Lio 3550 . 20.6 & 2.1 . 3560 2ToEE 3t 3565 20.7 & 2.1 )
) o 40.0 * 2.4 o 35.1¢ 2.7 e 37:2 £ 0.7 '

i . *as extrapolated to infinite rotation speed.
¢ [ #

g, . The true AT, obtained from-a plot of In(i ), versus 1/T is

n

included in this table, for comparison. The magnitudes of Asi in

Table 23 are quite similar to the enthalpies of activation reported

by Bockris et-al. and Trasatti et al., respectively. A simple

comparison with the ‘AH% obtained with mass transport hindrance

climinated illustratés that the true enthalpy of activation is almost - .o




any kinetic m made on the

ferrous—ferric system under corditions similarto. those used by these
¥ e ARy AN D ERHel. e & couapeise i
above data gnalysis in terms of Ant at each rotation speed serves little €
purpose except to show that mass transport effects can only be removed
- at infinite rotation speed. Upon examining Table 23 it is clear that

Aut asw ; plots’of bt versus u/?

appoar almst linear fn the practical speed range; but ektrapolations
4 of 4 to physically unattainable higher rotation speeds (e.g. 10° rpm % Al
. = v @ :
enable’ calculation of m-xjl near ® = ®. Such calculations show that.

1/2. Llot deviates grestly’frow linearity B

an empirical Aut veuu._m‘
as infinite rotation speed is approached. (e.g. it at 108 rpm calculated
N to be 36.8 m.mx;1 for the platinum data of Table 23.) Data relevant to
high rotation speeds is obtainable from the extrapolated portidis of
inverse Levich plots u’n" v w1/?) between i 's obtained at finits
rotation .speeds and (i), To conclude, the determination of temp- °
+ erature dependencies of exchange current densities under partially
mass transport-controlled conditions is of little value other than
'

fgr the purpose for which it was used here.

Thus, we disagree with both Bockris et al. and Trasatti et.al. ' < %
over ‘the ‘magnitudes 6f ml’ reported by then for platinum, palladium, ) )
* e and,gold. We feel that their methods are demonstrably inadequaté, | ; § v
and aldy seriously doubt the AH+’! quoted in Table 24 for SHodtum, N $
o 2 umsm. ruthenium, and tantalum. Further éxperimedtal work along the

lines illustrated here should no doubt correct these data. :
The magnitudes of thé agtivation enthalpies observed in this work

are.compared to the literature in Table 24;




% -

Table 24 Activation enthalpies reported for the ferrous-fefric

electrode reaction. . . .
. Medium (Metal) it pis mor™ * Reference
1.0 mol.1"" HClO, (Pt) T3 s Randles (17) °
(2t) 38.6 + 3.2 . This vork 4%
. . 429 5 1.7 This »f.;n{ £y
& ) - 37.0%3.0 © This verk
1.0 mol.l’lgzso‘I ‘(ét?' 21t ok ‘Bockrls et al.(s)
Ly L : _' 3 ‘ “Gallizioli, " et
. B Trasatti (4) )
¥ (pt) 21 : i,gamgl (14)
3 w10 :o. Hpekeis et al,(6) .
K (au) 22 ¢1.4¢ Bockris et al. (6) @
(®Rh) N 26,1 + 0.5% Bockris et al.(6).
B (1x) 23 t0.1* Bockris et al.(6)
3.0 m&.l.l‘luzso4 (pt) 5t eE su (1)
: ' (pd) © 38 +0.4 su (16)
3 & (ad) 41 £33 sa e
1.0 muLf‘sto‘1 (Ru ‘on Pt) 2 Galliziols, .- )

Trasatti (4) . " i '

(Ta on Pt} 23 . Gallizioli,
. Trasatti (4)

(pt) © 13, £3.3 Su-(16)

(auw) 1 os3s . Su (e)
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¥ * . - : &
. Frof-Table 24, the results of the present work appear to be
consistent with those of Randles and Somerton'’, the only other data

involving the perchlorate medium. - Also, J.M. nale®? has theoretically

4
calculated the free energy of ion for the system

in terms of the solveént ization- emergy for iori of the .

transition state. He has compared this with activation frée energies
calculated from observed rate ahda 1 pre-
17,20,

factor (10° cm.s™h) . In sinilar fashion, the rate constants of this

vork yield alnost jdentical nceivar.san fres eretgies (PE, 36; Au;pd, 36 .

K;mol ™) with hat of Hale (38 %3 mol” yi e then calculate’ small D

dufuzences between activation free erergy, a.nd acuvacion enithalpy  (£rom

Table 24) for this system (ie. st 22,05, 4.93, -1.76,k3.mo1 7 for Pt,
u, ang'pa respectively). ' ‘

In'adaition; the Fesults of some hombgenions experinents may be-
considered, asubulaudhynaymmsandm s'nrmnm-aqm
E-rmus—fartxc excharige reaction a AH+ of 38.9 kJ. ml bﬂ! l‘!ﬂ fm by

llyaman and Dad.-urn’“ and "43.9 3.6 u.-’l by mhhﬂ ﬂl'ld M’mlds -
These are comparsble to'the data for the heterogeneous system reported here.

“the. mégxt_ing aspect of this compirison is that’the Marous’" theory

assumes that the’ free’enexgy of -activation for a homogeneous reagpion is

-mmﬂn:fozm' pondi : H»i_-n:umr.he

basis’ for ex the. ﬂlenry sw

aif vbetvegn c free gi




Rate and Metal i -

Although Table 22 is suggestive of a trend in the hetcrogeneous
; . rate constants, after correction for real areas,. increasing from Bd
to Au to’Pt, such a trend may be insignificant especially in view
of ‘the results reported for it s 1n 4t me error limits of the - a

-activation enmalpms and pre-exponential factors are tob great to

permit one.to onolude tha the sitvs an the ats are. dlstan\u.shable

..+ betweenthe different metals: At(:'alxpts have’ boén made® 116,56,87 4, ;

- correlube the obseived rates of redox’ xeacr.xans o the electrcm.c work. ¢

" function w OF the: metal on which the rates vere sesiced, s Both

o Bockris et a\l.a and frasatti’ et al? géntiTied a linear relation-

.. ship between log i -and 8 for a series of metals. Howéver; both used a
5 “rate medsuring technique which fails td eliminate the effait of mass .’

transport. Bockris completely .ignores this while Trasatti uses thd i,

aomalous1y: high exchange curfent density of Agarwal™ to assert the 83"
i experinental soundness of the Bockris paper. In the previous section

it was #

wiless the i i S are Free from

mass’ transport hindrance, the resulting data’yield no useful kindtic . "

* iformation. To further aggravats matr,ezs, both authors have used . °

Since’ the best values:

. . ' guestionable valies for the work function
are obtainable using clean systens without mert:llry diffusion’ pumps.

- an a«:tﬂupt wag made fo esrrehine dataobtained in the pxesam». # A

work with the work" functions. The validgity of such acorrelation

is strnngly dependenc upon havinq reliable valves for the work _ -

fuictiohs: a quantity which we oursélves were ndt edufpped to;measite; ‘-




n7

Eastan™® st rivifre™® 1iat SVeerias of vilues £6¢" e woik
functions of metals obtained by these authors;,and nthers\. Table 25
lists preferred values for ‘the wox‘k'f\mcltiuns, which ’are to be preferred . p—
to the values in a more recent but less relisble review by Masatti®?. ' %

" Table 25, ‘Metalwork functions and Arrhénius pakametbrs

At pdimor L Tl fem. s

Lot U Meral # 7 woxk Puncti
& b = @, /ev

Bistman 153) 38.64 3.3 10,16+ 1.33

Pt
e . : wuson (sa) o S S
: Pa e e clatiaihitban 37.0%:3.0°
) . T 58 ¥, Spicer 1
ad. - -5 ‘Eastman (58) © -42.9% 1.7
i B g 3 252277 7 mber (69)

From mable 25, it is 1l 5y apparent ﬂmt no cuzx'elatlolis between i

metal and rite pazametats have been chserved in this vork.Howavery S: e

1t 3o necessary to recall t.hat the

of 'Fate consta nt,

enthialpy, " and. pre—mnendu factox on netal pmperries is not expscc«\

‘fora simplé eldction transfer, §ich ‘a correlition may “seill be obsrved s

A extents of chioride adsorption o the thres metals vere known,_and”

thexz esfect on. the kinetics could be cor:ected for. ln thxs respec:. "

'cmly the Jatent of chxondg adsuxpnon o platinum® has beer invest:

igated.




Table 26 summarizes the rate constants obtained in the present

work and those obtained . other workers on the same and other
)

. : metals and in different media, ,

3+

R Table :26 Rate constants for the Fé', Fe

‘reaction P

-Medium- (Hetal)®

1

U7 1.0. mo1, 1TV HCIO0, (PE) . 10

o i i oy B (reY,

Jahn, Vielstich (15)

Angell,Dickinson :(13)

This work* -

" dnson (11)

“su (18)

© . Randles, Somerion  (17)

mis workt < T

" ~ticdo, (o). b mhis work"
4 uc'lo‘. (au) 'mi: work
3 Wy This. work
: iclo,’ '(é.!_) D ms work,
: iy i This work .

s Anson (D)

o, e

.Gerischer’ (2)'.

107

< “Wijnen, Suit (10 L .

Galas, Adans (9)
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2 g ek Co
‘Téble 26 (continued) i el
; : ey
2 o B a
edium (Netal) ‘Fe 10 _zem.s™" Rot@ence .
; - pol.cw . 298B.2'K
; s S -
) 0.5 n\o1.131n2§oq (Pt) 2.3 107 5 © o dgarwal (14)
#1075 27 nb 7 nbeld,DickinBoni(13) - L E

tlak (gL T D E

“sutie)

50 (16)-

" Batnartt (1)

= (Au)

Barnar\‘:t @

T (Bt) 9.6 x 10 - 3.86_ “parnarit (i2)
& V38 T mamarke () “I
X .68 L s f16) 1

* suley

k “dine only direct coimparison bétueen Ehis “woik and the nce ture 15 0
R i ;. tfor the 1.0 molil 1Hclo (Rt) cas:

- valies t:pa):ted range ' fron

Differences occux Sossibly because in sone.

eases different activation uchnx.ques wexe uied qnd su.rface areas
not- always corgaatsd Tor. 4

vere

~ fates ‘on electzode5 whose true surfam: greas were knmm leghness

vfauhors e surgd ko sx) in thid wérk ware soméunat; Jalrger f_‘han
1360

8 ‘nomal, bit have been seeri Before Snmther electrodes ‘could n,sve ey

,been obtamed ty using pnﬁ.shmg mders but tms would' have 1'ntxud||r: ad -




9 the reciprocal 6" 1  OPtain

A ise between and cleanliness was made

by machining the electrodes to a mirror finish providing a surface which
was microscopically rough.

of Transfer Coefficient'on Rotation Speed

In some expériments the exchange cumn’: densities caleulated

ac:nrrlulq o the method of .Randles. appeared o have ‘some depenience

k: npon tie xocgtmn speeﬂ since ‘all the, quntities used in the

apmearion i Eechnxque were exper.unehrauy Db!:amed <

" lave: mnna,;m in théix, xeliability. . g shown in ngs ;

usmg the Fandles apprcach at each

Yotation speed Varied l.ix\eaxly wuh W72, In sone-cases the depanae.ma
/

s pexfecczy linedr whereas 1 u:hus, a vide xar@e of fluctuation |

is Ofserved. In ‘thess cased, a problem ‘of how to ‘treat the Randles

data vas encountered.’ A’ plot against rotation speua'- ag;perforned here
seemed r:ascna.bl.e because in the majobity of cases, a definite trend .

“with ,muqon speed vas.observable. | It. could be argued othezvmse “Ehat .

- Where a simple nean and standard deviation ould have Heen mozé

N ‘égprapxiate. Whexe. Randles dam are summanzed both nmncal
npptuacmes arxe listed. Som of the ore dowtful cases where it vas’

Felk ian exr.zapola«;i.an vas uwahd have beef indicated. by a broken Lizie "
(e.g qu

15, 22, and 2 25) These 1inés vere. lest squires predicted, \:

in_the slape and Low con:eheim coafﬂcxem‘..

‘sinusiast relauonsh!p was observed, sqummq certatn possﬂzle

limtu\g conditions’ at emhex e e b o fpeca.iTe appg‘zs

sicha trend was just a statistical A;levi‘atim\,d:auised by Fandon errors’ *

Tnisome cases, ‘an almost




that a correction must be appu:a to Randles' expressions to render each

ip independent Of rotation speed.” In any case, those data which did %

5
not show ideal ‘Behaviour e a plot of i ! versus /2 has a non-zero
Slope) would ofly requive a Small correction, to confornto Raﬁdi\ss'

theary. We can only speculate | ag to why ﬂus daviatlon ogcurs isi: some-

cases and not in. others, The deviation did nat; show uny system&m

trend vith tmpez:ature, and - We_can perhiaps concludev that me:g Ls to

kinetxc basx.s for it. Purtunately d\e axchange cuxrqn: m\simes

cxtrapolaced fzom the empln.cal plots were in gDQd agréénent uim thosé

,obtaxned by thz ochez two methnﬂSA It 15 raasom\hle m e@ect \'_hat

the. double layer. structure is deyengenc ugon rctadon speed, which™ . ';
iay not be cclnpensated For.by the Randles approach. ’I'h\ls, T
this agy(cac‘n"at various ‘fotation speeds, such d;scregancxes could,

be observed. It is because of these ddubts éxpressed 1n f_‘he Randles .
method. that these results vere. only veed ‘as suppo!tl.va evxdence of

the fnverse Lovich plots. ..

‘The, obsexved variation b -the transfer coeff:.:uenc was m\mh

nore spectAculat and o our knowledge- Tas not, been regorted befnre.
172

10 £his work; the. sane. Sort of increase of o wuh ) was ubsexveﬂ

A m all experiments. " Unlike u;e exchange’ current dens:.ty vatxal:mn

with'w the rate of aer_rease of t_ransrer ‘coefficient w).:h rota;;mn

spaad was' | by nqs.‘ 19, 23, ana 27

for platisum; gold, and:palladiun, réspectively: s wedn’ rci thisk

“fiqures the.slope was

0.(i.e. w > @) vas no




L
|

I

rotation speed always OCC\llrred at. the mghest temperature. At the -

Limit of ‘extrapolation, i.e. infinité rotation speed, @ 'had 4 range

of 0.5 + 0.05,.but within a given experiment the range of @ was much. ¥
more closely defined. - The fact that our {es;x'lr‘s reveal a® m,n;sg:'

‘coefficient of 0.5 uhen mass transport fagtors have been elininated ..

is not in itself surprising. ﬂ.egz;senc s !_ead‘—'

equations ) <5o), (53) and (54; aable 27 !\m\marizes e?{beri’mem:al : 2

work and by others: .

Table 27 Tra.nyfer coeffxcien(:s xeported for the £e:m\u “ferric

electrude xeactxom

Mediun (Metal) - o e ¢ . Referépce ..
T N Coefficient <

1.0°m01, 17 HE10),

1041 ‘wol. A7 S0,

(peg
; ety

g Rafidles  Somerton T17) ",

(Lo Lo e meu Dxckinson (13)

(et 2a, B0} “0.5760.05. 1 This ‘waik. |

1.0 mol i H2S04 (pt) 0.46) . . alus . "(9)
’ | . ; b &
g7 ¢ Ln) SR W ‘nen,smn: (10) %
sy i Ga:l.scher @

1,50, F), Gavlus»,lva’dax?s (9)

" o.87 mot1 Nasjeee) - 575 ols e i parnaree (1)




Y. It is interesting to'see froa thideable that a wide zaige of

=3

.Pp\nnt transfer coefficients both above’ and below 0.5 have b.e.n .

B o a
&2 ubfalned e variety of mass transport conditions vhereas the &

“values we report’ ‘pertain to an‘mtg “Fotation, speed ; and ate valia e 3 Tl RS

fozmtmmznj.nt_\-rnnq:z73—z§ﬂx. a8 “Such; ny-of thé ~ L3

uw.tuze valyes. zeported may be classxfus as applnnt" transfer.

X coefﬁcients, pe:hay! bqa\ng purious- due &0 &

invalid assumption. |

earchone; uncovers

As is sqmtunan the Sase in me eunrse of

noie ploblals r)xun originally intewﬂed to'solve. This'ls true of this . . ;

research. ‘mms work ' a precision device for

‘rate pnxanelzxs was dqslgmd and mnstrucma. mzortuuu).y. n:ts.-i:y

i p;obu-s ansmq £ron the Lnahabih.ty of the. elu:r:n:de surface, .- - .0 o L g

up-dany ik pladmm, were not d.nhnted and relatively high 7

.xp-.dmm errors vere the case.."Daspite m;, the ferrous-ferric -

nmun systen in the: presence’ of chl.od.de hp\x:uy in p‘l::hlnd.c add

was. uharacmxnd nt.unm of :hg cahlytlc e!tect of chhm.ae i s,

hputity Yo the. rate eomnnt nexe able to be -de. » eazuer .

l{mposed, “an e:permmaul \nthod invol.vi.nq ho:h ud!.oenpj,cu ( CU




4l ‘€sgeciauy h'. €he’| ‘ares oé ac‘r_w‘anon’ antna'xpies Thus, adamonan. e

erric systen

= i this. mem.um i e M_ e-g ‘s v=1,1 as ey f sore. of
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