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Abstract 

A n ana ly t i ca l equat ion corresponding to a reversible E E m e c h a n i s m in 

dif ferential pulse vo l tammetry is deduced. T h i s technique is more suitable than d . c. 

vo l tammetry i n order to d is t ingu ish an E E process f r om a s ing le E mechan i sm when the 

formal potential va lues o f both steps are c lose. 
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1. Introduction 

In spite o f the interest o f the study o f e lectrode processes that o c c u r w i t h more 

than one step, un t i l n o w on ly numer i ca l so lut ions have been proposed for the ana lys is o f 

an E E process in mui t i s tep potential techniques [ 1 ,2 ] . 

In this w o r k we deduce the ana ly t i ca l equat ion corresponding to the A! IE 

response for an E E mechan i sm in the doub le pu lse technique di f ferent ia l pulse 

vo l tammetry ( D P V ) . T o this end we have used the so lut ions prev ious ly deduced by us 

corresponding to a muit is tep process in d. c. vo l tammetry [3, 4 ] . 

The equat ion deduced here is v a l i d for D P V technique when the two 

e lec t rochemica l steps are revers ib le and shows that the D P V technique is more sui table 

than d.c. vo l t ammet ry in order to d is t ingu ish an E E process f rom a s imp le E m e c h a n i s m 

when the f o rma l potent ia l va lues o f both steps are c lose. Fur thermore , the D P V curve 

tends to separate out into two peaks as ampl i tude pu lse , |A£|, decreases. Thus , for 

example , when |A£| = 50 m V , [wo D P V curves appear when the di f ference between the 

formal potent ia l o f both steps is A £ 0 ' < - 9 0 m V , whereas when |A£| = 30 m V this 

separating appears for A £ ° < - 8 0 m V . 

W h e n both steps g i ve rise to two w e l l separated D P V curves the express ions 

corresponding to their peak currents and peaks potentials can be eas i ly deduced f r om 

the general equat ion g i v en here. 
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2. T h e o r y 

The scheme o f an E E m e c h a n i s m is g i ven by 

0, + n,e~ 02 £,0' 

(I) 

where £ ° and nj (/ = 1 or 2 ) are, respect ive ly , the formal potent ia l and the number o f 

electrons transferred i n step j. 

In our study o f the preced ing process we w i l l suppose that both charge transfer 

reactions are revers ib le and that on ly species 0, is in i t i a l l y present i n the so lut ion w i th 

in i t i a l concentrat ion c,*. I f p lanar semi- in f in i te d i f fus ion to and f r o m the surface o f the 

electrode takes place, then we have 

V , (JC. f ) = S2c2 0 , 0 = S3c3 (x,t) = 0 (1) 

wi th 

The sub index refers to the species O, (i = 1, 2 or 3 ) cons idered i n scheme (I), 

and D: is the d i f fus ion coe f f ic ient o f species O,. 

The solut ions o f equat ions (1), i . e., the concentrat ion prof i les , obtained when a 

constant potential E' i s app l i ed to the electrode dur ing a t ime i , , i . e. 0 < / < r , , (d. c. 

vo l tammetry w i th constant potential ) are the f o l l ow ing [3 ,4 ] 
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c[{x,t) = c'+\cl(Si)-c']erfc 

{ 

c'2(x,t) = c'2(0) erfc 

c 3 W ) = c3'(0) erfc 

2 J DA 

2JD2t 

if DA 

(3) 

W e have introduced the super index / and // in the notat ion i n order to d i s t ingu i sh 

between the so lut ions cor respond ing to the app l i ca t i on o f potent ia l E' and those 

corresponding to that o f potential E" to the electrode (see be l ow ) . In the above 

equat ion, c, (0 ) , c2 (0) and (0) are the surface concentrat ions o f species O , , 02 and 

£>3 respect ive ly , w h i c h are independent o f t ime , and are g i ven by the express ions [3 ,4 ] 

c.'(0) = J 2 y\ic\ 

J ^ _ c , ' ( 0 ) 
cU0)=-

c,'(0) = 
4(0) 

A 

(4) 

where 

J j = ^ ^ i E ' - E j ) \ , = 1,2 (5) 

r = P - (6) 

and the express ion for the current at t ime /, is the f o l l ow ing [3, 4] 

/' (£' ) = FA j^{(n, + r,2)[c; - c> {0)}-r,2y2lc'2 (0)} (7) 
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If a l t ime /, the potent ia l is stepped up to another constant va lue E" , w h i c h w i l l 

be appl ied dur ing a t ime /, ( 0 < T, < i 2 ) , the boundary va lue p r ob l em cor respond ing to 

di f ferent ia l equat ion sys tem (1) i s , i n these cond i t i ons 

T, = 0, x > 0 : i = l , 2 . 3 (8) 

r , > 0 , c? ( x = c", c " ( * - > » , r j ) = c f ( x - » « , r 2 ) = 0 (9) 

T, > 0, x = 0: 

fdc'' > 

a* 
= o (10) 

c * < * = o w ^ i > = o ) 

C f ( x = 0 ) = ^ ' c f U = 0) 
(11) 

w i th 

y ; ' = e x p ^ ( £ " - £ T ) 7 = 1 ,2 (12) 

A s ind icated above, the super index // refers to the app l i ca t ion o f the second 

constant potent ia l E". 

B y f o l l o w i n g the d imens ion less parameters method [5], i n order to so lve 

di f ferent ial equat ions (1) w i t h the boundary condi t ions (8)-(12), and suppos ing that 

(, » f j , w e deduce, for the current cor respond ing to this second potential step E", the 

f o l l ow ing express ion 
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- 7= {(", + "2 ) [ < - c[(0)] - (0)} 

+ ' { ( „ , + „ ; ) [ c ; (0) - c? ( 0 ) ] + mjb [c[ (0) - 4 (0)] } 

n (13) 

In eq. (13), c,'(0) and c 2 ( 0 ) are g iven by eqs. (4), and c " ( 0 ) and c, ' (0) are the 

concentrations o f species 0] and 02 at the electrode surface ( x = 0 ) d u r i n g the 

appl icat ion o f the second potential step E", and w h i c h have the f o rm 

:,"(0) = 
/" l" Y r 

II ,11 

2 

c i ' ( 0 ) = c, / ;(0) 
(14) 

In the D P V technique, the dif ference AE = E11 - E1 is kept constant and the 

response AI = I" - / ' is recorded versus £ ' w i t h the potential be ing scanned , for 

example , i n the d i rec t ion A £ < 0 , T h i s response can be obta ined eas i ly by subtract ing 

equations (13) and (7). T h u s , we deduce 

A / = [ / " ( £ " , / 1 » ( 2 ) - / ' ( £ ' , i l ) l ^ & = 

JFA^DT (15) 

- ( « , + « , ) [c,' (0) - c f ( 0 ) ] + « ^ 2 1 [ c i (0) - 4 «>)] 

and tak ing into account the express ions for the surface concentrat ions, c[ (0 ) , c j (0 ) , 

c," (0 ) , and c'{ (0) (eqs. (4) and ( 14)) w e deduce 

AI = c\ 

1 + YkA + Y M I + YvJ'i' + r^l'J" J 
(16) 
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3. R e s u l t s a n d d i s c u s s i o n 

In F i g . 1 we have represented the response obtained in D P V w i th |A£| = 50 m V 

for an E E mechan i sm w i t h nt = n2 = 1 and different values o f the di f ference between 

the formal potential o f both e l ec t rochemica l steps, A £ ° = £ ° — ^ i * ( S O l ' d l ines ) . 

T h i s f igure shows that the t w o steps are perfect ly detectable for very negat ive 

values o f A £ ° ( in this example i f A £ ° < - 9 0 m V ) due to the appar i t ion o f two peaks. 

F o r h igher values o f AE°, on ly one peak is observed, w h i c h shifts to more pos i t ive 

potentials and whose peak current increases as A £ ° becomes more pos i t i ve . 

W e have also represented in F i g . 1 the D P V curve for a s imp l e E process w i t h 

two electrons (n = 2) (dotted l ine ) by se lect ing the va lue o f f o rma l potent ia l , £ ° , equal 

to that corresponding to the first step o f the E E mechan i sm, Ey . A l t h o u g h in the case 

o f a s imp le E process we obta in one peak at the same potential as i n an E E mechan i sm 

w i t h A £ 0 ' = 0 ( i . e. E% = £i° ' } , the height o f the peak is i n this last case a lways smal le r 

than that for an E process. F r o m this f igure it can also be deduced that the peak height 

o f an E E mechan i sm is a lways l ower than that corresponding to an E process i f 

A £ ° < 9 0 m V . Therefore, i n these condi t ions both processes are perfect ly 

d is t inguishable i n D P V , even w h e n the E E mechan i sm on ly presents one peak. 

The peak height va lue cor respond ing to an E process w i t h two electrons is g i ven 

by [6] 

A / ^ = 2 c - t a n h 

2 Ri-

and is reached in the case o f an E E process when A £ ° > 90 m V . In these cond i t i ons , 

a l though the peak cor respond ing to an E E mechan i sm i s shi f ted to more pos i t ive 

potentials i n A£ 0 ' /2 (i.e. E^ak = Epiak + AE°'/2 ), i t w i l l not be poss ib le to d i s t ingu i sh 

both processes. 

In F i g . 2 we show the I IE curve obtained in d. c. v ohammet ry for the same 

cases as considered in F i g . 1. A s can be appreciated i n this f igure both curves , that 

200 101) -100 -200 

E'-E?' (mV) 
-300 

F i g . 1. C o m p a r i s o n o f di f ferential pulse vohammet ry for a s ing le step react ion w i t h n=2 

(dotted l ine) and for a two step react ion ( E E mechan ism) w i t h di f ferent A £ 0 ' ( so l id 

lines, eq . (16)). n, = « , = 1, D, = 1 0 " 5 cmV, T = 298 .15 K , c, = 1 m M , |AE| = 5 0 m V . 

The values o f A £ 0 ' ( in m V ) are on the curves 
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F i g . 2. C o m p a r i s o n o f d. c. vo l tammetry for a s ingle step react ion w i t h n=2 (doted l ine ) 

and for a two step react ion ( E E mechan ism) w i th different A £ ° ( so l id l ines , eq . (7)). 

w, = n 3 = l,D, = 1 0 " 5 c m Y ' , T = 298 .15 K , c\ = 1 m M , |AE| = 5 0 m V . T h e values o f 

A £ ° ( in m V ) are on the curves . 
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70 

200 100 0 -100 -200 

E'-E? (mV) 

F i g . 3. Inf luence o f pulse ampl i tude , |A£| ,on the di f ferential pulse v o l tarn mo grams for a 

two step reaction ( E E mechan ism) w i t h AE° = - 8 0 m V . The va lues o f ]A£| ( in m V ) 

are on the curves . Other condi t ions as i n F i g . 1. 
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corresponding to an E E m e c h a n i s m and to an E process w i t h two electrons, a lways 

present the same l i m i t currents, and therefore both processes are d i f f i cu l t o f d i s t ingu ish 

in this technique when the E E m e c h a n i s m presents on ly one wave ( A E a > - 1 0 0 m V ) . 

F r o m the above, we can conc lude that the D P V is more use fu l than d. c. vo l tammetry in 

order to d i s t ingu ish an E E process f r om a s imp le E mechan i sm. 

In F i g . 3 the in f luence o f pu lse ampl i tude , \AE\, in D P V curves cor respond ing to 

an E E process w i t h AE0 = - 8 0 m V is studied. A s can be deduced f r om this figure, 

when the IAS! va lue decreases the current decreases and the v o l t a m m o g r a m tends to 

separate out into two peaks. T hus , by act ing on the exper imenta l cond i t i ons i t i s 

poss ib le to detect at sight the existence o f a two step process w i t h D P V . 

W h e n E$ « E°' (E$ - £ , ' < - 9 0 m V ) and \AE\ < 50 m V the curves obta ined 

in D P V present t w o w e l l d i s t ingu ished peaks (see F i g . 1). In th is case (stable 

intermediate) , the peak cor respond ing to the first charge transfer (whose f o rma l 

potent ia l is E ? ) is that w h i c h appears at more pos i t i ve appl ied potent ia l va lues , for 

w h i c h it is ver i f i ed that E1 and E11 »E® and therefore it is fu l f i l l ed 

J2 and J" -* °° • T h e other peak is due to the second step o f the E E process and is 

located at app l i ed potent ia l va lues such that E' and E" « E ° ' a n d thus 

j[ and J? -> 0 

B y in t roduc ing these assumpt ions i n eq . (16) for AI, two D P V curves are 

deduced whose express ion are g i v en b y 

A/ 1 * * 

A / " ™ i = rue 

I Í 

' 1 I " 

(18) 

(19) 

F r o m these equat ions it is poss ib le to deduce the expressions for the potentials 

and currents o f each o f the peaks, g i v i n g 
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'{mil* 

\AE\ 

A / £ = v * t a n h 
n,F\AE\ 

ART 

(20) 

n,f í 

AI, psal = n,c, tanh 
n2F\AE\ 

ART 

(21) 

A s is to be expected, these expressions are co inc ident w i th that obta ined for two 

independent E processes w i t h « , and n2 e lectrons (see eq. (17)). 

4. Final comments 

A n ana ly t i ca l express ion cor respond ing to the revers ib le E E mechan i sm in the 

double pulse technique D P V is deduced. T h i s express ion is app l i cab le when the 

intermediate species i s stable ( E E consecut ive process) as w e l l as when the intermediate 

is unstable. In this last case, this technique is more sui table than the d. c. vo l t ammet ry 

for detect ing the presence o f a two step react ion. 
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A b s t r a c t 

Theore t i ca l expressions are presented w h i c h correspond to the response o f 

adsorbed mo lecu les w h i c h exhib i t a reversible or total ly i r revers ib le charge transfer i n 

Rec iproca l Der i va t i v e Chronopotent iometry w i t h constant current ( R D C ) and 

Rec iproca l Der i va t i v e Chronopotent iometry w i th exponent ia l current ( R D C E ) . 

In spite o f the fact that R D C enjoys an important role i n the e luc idat ion o f 

electrode processes, when this technique is appl ied to adsorbed mo lecu les exh ib i t ing an 

irreversible charge transfer, peaks are not observed. U n d e r these cond i t i ons R D C E turns 

out to be more suitable than R D C . Furthermore, the use o f p rog rammed currents makes 

the select ion o f an appropriate range o f transit ion t imes easier than does the use o f 

constant currents. 

Equat i ons for the peak currents and peak potentials o f the (dt/dE)/E and 

(de " "/dE )/E curves for reversible and total ly i r revers ib le process are g iven i n order to 

show the advantages o f the use o f the ( d e ^ ' / d E J / E curve when an exponent ia l current 

time funct ion i s used. 

K e y w o r d s : Rec i rp roca l der ivat ive chronopotent iometry, adsorpt ion, p rog rammed 

current, i rrevers ible processes. 

I n t r o d u c t i o n 

In the usua l Rec ip roca l Der i va t i v e Chronopotent iometry w i t h constant current 

( R D C ) [1-12], the rec iproca l der ivat ive (dt/dE) o f the E7t curve obta ined when a 

constant current / 0 is appl ied is represented versus the potent ia l . In spite o f the greater 

advantages o f this technique, a serious disadvantage is observed when this technique is 

appl ied to adsorbed redox mo lecu les exh ib i t ing an irrevers ible behav iour s ince, i n these 

condi t ions the rec iproca l der ivat ive chronopotent iograms do not present peaks. 
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