Ch. 6

POTENTIAL SWEEP
METHODS



6.1 INTRODUCTION

= Potential Sweep Methods

> The potential is varied linearly with time
(i.e., the applied signal is a voltage ramp)
> with sweep rates v ranging from 10 mV/s to about 1000 V/s with conventional

electrodes
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6.1 INTRODUCTION

= [n this experiment,
- it is customary to record the current as a function of potential,

- obviously equivalent to recording current versus time.

= The formal name for the method is linear potential sweep chronoamperometry,

- but most workers refer to it as linear sweep voltammetry (LSV)
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6.1 INTRODUCTION

= A typical LSV response curve for the anthracene (A) system considered in Ch. 5
1) If the scan is begun at a potential well positive of E® for the reduction,
- only nonfaradaic currents flow for a while.
2) When the electrode potential reaches the vicinity of E?,
- the reduction begins and current starts to flow.
3) As the potential continues to grow more negative,
- the surface concentration of anthracene must drop;

= hence the flux to the surface (and the current) increases.
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6.1 INTRODUCTION

4) As the potential moves past E?,
- the surface concentration drops nearly to zero

- mass transfer of anthracene to the surface reaches a maximum rate

5) Then it declines as the depletion effect sets in.

- the observation is therefore a peaked current-potential curve
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6.1 INTRODUCTION

= Let us consider what happens if we reverse the potential scan
= Suddenly the potential is sweeping in a positive direction,
- in the electrode’s vicinity there is a large concentration of the oxidizable anion radical
of anthracene.
= As the potential approaches, then passes, E?,
- the electrochemical balance at the surface grows more and more favorable toward the
neutral anthracene species.

- Thus the anion radical becomes reoxidized and an anodic current flows.
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Figure 6.1.3 (a) Cyclic potential sweep. (b) Resulting cyclic voltammogram.

(c)



6.1 INTRODUCTION

= This reversal current has a shape much like that of the forward peak for essentially the

Same reasons.

= This a reversal technique is called cyclic voltammetry (CV)
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Figure 6.1.3 (a) Cyclic potential sweep. (b) Resulting cyclic voltammogram.



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= Consider the reaction O + ne 2 R

= Assume semi-infinite linear diffusion and a solution initially containing only species O,

with the electrode held initially at a potential E;, where no electrode reaction occurs.

= The potential is swept linearly at v (V/s) so that the potential at any time is

E(t)=E,—vt

= If we can assume that the rate of electron transfer is rapid at the electrode surface,

- species O and R immediately adjust to the ratio dictated by the Nernst equation

o0 _ 3%C o(x, 1) ICR&D _ 3°Cg(x, 1)

ot O x2 ot R a2
Cox, 0)=C4 Cr(x,0) =0 3Co(x, D
lim Co(x, 1) = o lim Cglx,1) =0 Do(




6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= However, the surface concentration relation must be recognized as having a time-

dependent form:

_Co0,0 nF , Co0,1) nF . D,}
0 = Co0. D —exp[ﬁ(E—Eo)] » Cx(0. 1) = f(t) = exp RT (E; —vt—E")

= Because of the time dependence, the Laplace transformation cannot be performed

- the mathematics for sweep experiments are greatly complicated as a consequence.
Co(0, 1) = 8CR(O0, 1) » Co(0,5) = 0 Cr(0,5) only when 6 is not a function of time

= The boundary condition can be written

Co(0,1)
Cr(0, 1)

=0e 7'=0S()  SU) =e ", 0 = expl(nF/RT)(E; — E*)] o = (nF/RT)v



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= Laplace transformation of the diffusion equations and application of the initial and

semi-infinite conditions leads to

_ |
Colx, s) = - T A(s) exp —(D—O) x| —

= The transform of the current is given by

aC,(x,5s) B S
[—ax L:o = —1‘1(5)(0—0)1/2

i(s) = nFADo[LC%(f S)] o

= Thus,

i(s) s __
AS) ==, By

o s\
Colx, ) = — + A(s) exp —(D—O) X

Co(x,s) =

i(s) = —n1~"AD(,A(s)(Di)l/2
0

Co” i(s) s ) s 1
_ —-1/2 —(—)?2
s nFAD, (Do) exp( (Do) X)




6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

C * -
; nllfglsl))o(s) Y2exp(— (—)Zx)

Colx,s) =

_ Co i(s) s . Co” 1 _
= /2 — _ : -1/2
» Co(0,5) . nFADO( )~ . TLFADol/Zl(S)S

L™Y f(s)g(s)] = F(O*G(t)

= f i — DG
0

= By inverting with the convolution theorem, we obtain

!
Co0,1) = C5 — [nFA(mDg)*) ™! f iy — 7" Pdr
0

. T in the integral is a dummy variable that is lost when the definite integral is evaluated.



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= By letting _
f(m) = ﬁ(ﬁ%

4
Co(0, ) = C§ — [nFA(mwDg) 1™ f iyt — 712 dr
0

» Co(0,1) = CE — (mDg) 12 jotf('r)(t — 12y,

= Similarly, an expression for C;(0,t) can be obtained (assuming R is initially absent):

CR(O, t) = (’JTDR)_IQ fotf(T)(t _ ,T)—I,Q dr




6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

Co(0,t) = C§ — (mDg) ™ ftf(r)(r — 2y,
0

Cr(0, 1) = (‘JTDR)—UZ f!f(T)(t — 12y
0

Cn(0,t B
of }—Ge It = 9S(1)

Co

CR(O, 1) - ftf(T)(f — ,T)—lf2 dr =
0

[0S()(wDg) ™12 + (mDg) 1]
nFAm'?DY*C
[6S(H)E + 1)

f i — P dr =
0

¢ = (Do/DR)'”?

= An analytical solution cannot be obtained, and a numerical method must be employed.



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= Before solving the equation numerically, it is convenient

> (a) to change from i(t) to i(E), since that is the way in which the data are usually
considered

- (b) to put the equation in a dimensionless form so that a single numerical solution will

give results that will be useful under any experimental conditions.

= The dimensionless form is accomplished by using the following substitution:

S(t) = e, _nF o _(nF\ L
ot RT vi (RT (E; — E) — T =12z/O
o = (nF/RT)v dt = dz/o
J(r) = gloT) Z=0T —
z=0att=0

Zz=0otatt =1t

t at —1/2
> [ o= 2an= | g(z)(r—é) ¢



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

t ot —-1/2 .
| e —nar= fo g(z)(t—é) 7 =10

\ )

|
12y1/2~% * 1/2
f e =7y dr = 0T D0 0 » f " st — 27 g1 g = SOUTDO)
0

= So,

0 [8S(H)E + 1] 1 + £0S(of)
‘ dividing by Cg(mDg)'?
f ot x(2)dz 1
0 (ot— 22 1+ £65(01)
> S(ot) is a function of E . ) ) o
> At any value of S(o) X Cg('eroo-)m nFACﬁ(frDoo-)m
x(2). can be obtained by the solution At 1= t

the dimensionless variables:

Xz &€ 6 S ot



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= Rearrangement:

80 _ oy B -
ComDo)' " nFACE(mD o) i = nFACo(mDo0) ™ x(a)

X(z) =

= At any given point,

> x(ot) is a pure number

= The functional relationship between the current at any point on the LSV curve and the

variables.

. : _nF
- i is proportional to Co* and v1/2, O1= pr Ut



6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= Solution:

> x(on

as a function of
ot

or

n(E — Eqp)

TABLE 6.2.1 Current Functions for Reversible Charge Transfer (3)*?

nE—Ep) - Ep) ME—Eip)  wE - Eyp)

RT/F mV at25°C  72x(ot) (1) RT/F mV at 25°C 72y (o1 P(o0)
4.67 120 0.009 0.008 | —0.19 -5 0.400 0.548
3.89 100 0.020 0.019 | —0.39 —10 0.418 0.596
3.11 80 0.042 0.041 | —0.58 ~15 0.432 0.641
2.34 60 0.084 0.087 | —0.78 —20 0.441 0.685
1.95 50 0.117 0.124 | —0.97 -25 0.445 0.725
1.75 45 0.138 0.146 | —1.109 —28.50 0.4463  0.7516
1.56 40 0.160 0.173 | —1.17 —30 0.446 0.763
1.36 35 0.185 0.208 | —1.36 -35 0.443 0.796
1.17 30 0.211 0.236]| —1.56 —40 0.438 0.826
0.97 25 0.240 0.273|| —1.95 ~50 0.421 0.875
0.78 20 0.269 0.314 | —2.34 —60 0.399 0.912
0.58 15 0.298 0357 | =3.11 —80 0.353 0.957
0.39 10 0.328 0.403 | —3.89 —-100 0.312 0.980
0.19 5 0.355 0.451 | —4.67 —-120 0.280 0.991
0.00 0 0.380 0.499 | —5.84 —-150 0.245 0.997

“To calculate the current:

1. i = i(plane) + i(spherical correction).
2. i =nFADE*)CEa' 2w 2 x(0rt) + nFADoCE(1/ro)d (o),

3. i=602n"ADYCEV {7 Px(ort) + 0.160[DL%/(ron'*v' )] @ 1)} at 25°C with quantities in the
following units: i, amperes; A, cm?; Do, cm?/s; v, V/s; Cg, M; ry, cm.

PE\p = E¥ + (RT/nF) In (Dp/Do)'.

#Note that In £6S(of) = nf(E — Eyp), where Ey, = E + (RT/nF) In (Dr/Do)'.




6.2 NERNSTIAN (REVERSIBLE) SYSTEMS

= Linear potential sweep voltammogram in terms of dimensionless current function
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6.2.2 Peak Current and Potential

= The function ﬂm)(((rt) and hence the current

> reaches a maximum where 7'2y(ct) = 04463 (Table 6.2.1)

" So, the peak current, i, is

o = (nF/RT)v
- * 1/2 ; FI\ an o o1pes 10
i = nFACq(mDqo) ' (o) i, = 0.4463 7| ™ ADoCov
= At 25°C,
I, = (2.69 X 10°)n”? ADG*CGv' - a plot of ip vs. V1’2 > n or D

. ip in amperes, A in cm?, Dy in cm?/s, Co* in mol/cm3, and v in V/s

* The peak potential, E,, is (Table 6.2.1)

E,=E;,—1.109 % = Eypp — 28.5/nmV at 25°C Eip =E" + (RT/nF) In (Dg/Dp)'"



6.2.2 Peak Current and Potential

= Because the peak is somewhat broad, so that the peak potential may be difficult to

determine

- it is sometimes convenient to report the potential at i,/2, called the half-peak potential,

Ep/», which is

RT o
Eyp=Ejp+ 1'09ﬁ = E,p +280/nmV at25°C | —

—
E,=Eyp— 11005 = £, — 285/ mV ar25°C
— RT _ o
B | |E, — Epl =220 =565/nmV at 25°C

= Thus for a reversible wave, E; is independent of scan rate, and i (as well as the current

at any other point on the wave) is proportional to v/,



Summary

56.5/n mV

v=102 Reversible

-200 -300




Example - Fe(CN)g3-/4

K,Fe(CN)¢ Fe(CN)> + e = Fe(CN)*

0.04 -
<
£ 0.00 T
— 2mV/s
-0.04 - — 5mV/s
— 10 mV/s
— 20 mV/s
— 50 mV/s
I

T T T T T T 1 I
-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage (V vs. SCE)

7e-5

6e-5

5e-5 H

2 4e-5
(&)

'\D' 36-5 I

2e-5

1e-5

= Slope = 0.0002

0.00

, = (269x10°)n°°AD;*Cov” I

0.05

0.10

015 020 025 030 035

V1/2 (V1/2/S1/2)

= n, Cy', A are known

> Dy (FE(CN)g>) = 3.1 x 106 cm?/s



Summary

Reversible Irreversible
56.5/n; mV
I 47.7/a mV
i VP

v=10a
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6.3 TOTALLY IRREVERSIBLE SYSTEMS

k
= For a totally irreversible one-step, one-electron reaction (O + e - R)

- The nernstian boundary condition is replaced by

Co®,t) _ .~ |nF , i _ o [Comn]|
Cr(0, 1) =fln) = exp[ﬁ (E; — vt — E° )] » FA- D0|: x| ke()Co(0, 1) —

ke(r) = k° exp{ —af[E(t) — EV]) —

E(t) = E — vt

b= afv

ke ()Co(0, 1) = ksCo(0, e’ { '
B k(OCo0,1) = kiCo(0, e ke = K9 expl—af(E; — E)]



6.3 TOTALLY IRREVERSIBLE SYSTEMS

= When we solve using the same numerical method as the reversible case,

TABLE 6.3.1 Current Functions for Irreversible Charge Transfer (3)?

Dimensionless  Potential® Dimensionless  Potential®
Potential® mV at25°C  7'2x(bt)  ¢(br) | Potential® mV at25°C  7'2x(bt)  d(bt)
F 1 /2 6.23 160 0.003 0.58 15 0.437 0.323
. ¥ 172,12 | @ 1/2 5.45 140 0.008 0.39 10 0.462 0.396
1 = FACoDg™v RT ' x(bt) 4.67 120 0.016 0.19 5 0480 0482
4,28 110 0.024 0.00 0 0.492 0.600
3.89 100 0.035 —0.19 -5 0.496 0.685
3.50 90 0.050 —0.21 —5.34 (0.4958 0.694
3.11 80 0.073 0.004 | —0.39 —-10 0.493 0.755
2.72 70 0.104 0.010 | —0.58 -15 0.485 0.823
2.34 60 0.145 0.021 | —0.78 —=20 0472 0.895
. . . 1.95 50 0.199 0.042 | —0.97 -25 0.457 0.952
Dimensionless potential 156 40 0.264 0083 | —1.17 -30 0.441 0.992
0 12110 1.36 35 0.300 0.115 | —1.36 —35 0.423 1.000
(aFfRT)(E — E ) + In [(-‘ﬂ'Dob) 1k ] 1.17 30 0.337 0.154 | —1.56 —40 0.406
0.97 25 0.372 0.199 | —1.95 —50 0.374
0.78 20 0.406 0.253 | —2.72 —70 0.323
“To calculate the current:
1. i = i(plane) + i(spherical correction).
2. i=FADY*CEL2m' 2y(br) + FADQCE(1fro)d(bi)

3. i=602ADYCE Py 2 7 Py (bit) + 0.160[DY(roa ")) (br)}. Units for step 3 are the same as in Table 6.2.1.

’Dimensionless potential is («F/RT)E — E®) + In [(wDgob)2/k°].
“Potential scale in mV for 25°C is a(E — E®') + (59.1) In [(wDqab)2/k°].



6.3 TOTALLY IRREVERSIBLE SYSTEMS

= The function X(bt) and hence the current
> reaches a maximum where 72y(bt) = 0.4958 (Table 6.3.1)

" So, the peak current, i, is

1/2
i = FACXDY?y12 (;—?) 2y (bt) »

is (Table 6.3.1)

* The peak potential, E,

0
aE, — E)+F[

(’JTD b)1/2
kU

= (2.99 X 10°)a'?ACEDE

—021 8L = _534mV at 25°C

F

— 0 _
» E,=E

Dl/z afFv
[0780+111( 20 )+1 (RT

)1/2} . For a totally irreversible wave,

- Ep is a function of scan rate

|Ep - Ep/2|

1.857RT _ 47 7

aF

mV at 25°C




Summary

47.7/a mV
H £ V’]‘

Irreversible




6.2.4 Effect of Double-Layer Capacitance

= Consider the potential sweep experiment

- in which nonfaradaic (capacitive) currents are comparable to faradaic currents

= For a potential step experiment at a stationary, constant-area electrode,

- the charging current (nonfaradaic current) decays with time

= For a potential sweep experiment, a charging current (nonfaradaic current),

> 1, Is a steady state current (Ch. 1)

|.!.C| = AC4v



1.2.4 Double-Layer Capacitance and Charging Current in Electrochemical Measurements

(c) Voltage Ramp (or Potential Sweep)

m

()
N

Applied E(i) Current-time behavior resulting

from a linear potential sweep

¢ applied to an RC circuit.

Resultant §

= A voltage ramp or linear
potential sweep
. a potential increases linearly

with time




1.2.4 Double-Layer Capacitance and Charging Current in Electrochemical Measurements

= Let us derive the governing equation of the current transient, i, with time, t, when a
potential increases linearly with time starting at some initial value (here assumed to be

zero) at a sweep rate v (in V s1)

E=uvt

1) If such a ramp is applied to the R.C, circuit, the following equation still applies;

hence

E=ER+EC=I-RS+-'€"
o

» vt = Ry(dgldt) + g/C,

Resultant i

2)Ifg=0att=0, "

i =vCq [l — exp(—t/R,Cy)) | o

(b)



1.2.4 Double-Layer Capacitance and Charging Current in Electrochemical Measurements

= The current rises from zero as the scan starts and attains a steady-state value, uC,

= This steady-state current can then be used to estimate C, because v is known

Resultant §

i =vCq[l — exp(—t/R,Cy]

(b)



6.2.4 Effect of Double-Layer Capacitance

= For the potential sweep experiments,

- the measured current = the sum of faradaic and nonfaradaic currents

- the faradaic current must be measured from a baseline of charging current,

= While faradaic peak current, i,, varies with v/2 for linear diffusion,
- i. varies with v

- i. becomes relatively more important at faster scan rates.

i) = (2.69 X 1092 ADY2CE' } li.| G107

iy 2.69n32DN2CH
p
|ic| = ACdU 0 0

= Thus at high v and low Cy* values,
- severe distortion of the LSV wave occurs.

- This effect often sets the limits of maximum useful scan rate and minimum useful

concentration.



6.2.4 Effect of Double-Layer Capacitance

i.] G107

iy 2.69nY2DY2CH

(d)

(b)

(a)

v=100a

Figure 6.2.3 Effect of double-layer
charging at different sweep rates on a linear
potential sweep voltammogram. Curves are
plotted with the assumption that Cy is
independent of E. The magnitudes of the
charging current, i, and the faradaic peak
current, i,, are shown. Note that the current
scale in (c) is 10X and in (d) is 100X that
in (a) and (b).



6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

= Consider the consecutive reduction of two substances O and O'
in a potential scan experiment (multicomponent systems)
O+ne->Rand O + nNe = R’ occur.

= If the diffusion of O and O’ takes place independently,
- the fluxes are additive

- the i-E curve for the mixture: the sum of the individual i-E curves of O and O’

i

Figure 6.6.1
Voltammograms for
solutions of (/) O alone; (2)
Q' alone and, (3) mixture of
100 0 -100 -200 =300 —400 mV O and O', with n = n’,

E Cg =CO*!, aﬂdDozDOf.




6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

= The measurement of i'p
- must be made using the decaying current of the first wave as the baseline.
- Usually this baseline is obtained by assuming that the current past the peak potential

follows that for the large-amplitude potential step and decays as t1/2.

Figure 6.6.1
Voltammograms for
solutions of (/) O alone; (2)
O’ alone and, (3) mixture of
100 0 -100 -200 -300 —-400 mV Oand O', withn = n’,

E CS =C&r,and Dy = Do




6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

= An experimental approach to obtaining the baseline

=> Since the concentration of O at the electrode falls essentially to zero at potentials just
beyond E,
~ the current beyond E;: independent of potential.

=» Thus if the voltammogram of a single-component system is recorded on a time base
and the potential scan is held at about 60/n mV beyond E, while the time base
continues,
- the current-time curve: the same as that obtained with the potential sweep

continuing

Potential sweep
2

1

Potential sweep and holding

t t

Single Component Systems



6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

Multicomponent Systems

Potential sweep

Ey 1= Potential sweep and holding

Figure 6.6.2 Method for
E, obtaining baseline for
measurement of iy of second
I'p wave. Upper curves: potential
programs. Lower curves:
resulting voltammograms with
e (curve 1) potential stopped at
E, and (curve 2) potential scan
continued. System as in Figure
t 6.6.1.




6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

Multicomponent Systems

~ 20 to 50 ¢,

I

100

-100

E

=200

=300

-400

Figure 6.6.3 Method of
allowing current of first wave to
decay before scanning second
wave. Upper curve: potential
program. Lower curve. resulting
voltammogram. System as in
Figure 6.6.1.



6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

= For the stepwise reduction of a single substance O (multistep charge transfer)
> O + n;e > R; (%) and R; + n,e 2 R, (E,9)

- similar to the two-component case, but more complicated.

= If E,% and E,° are well separated, with E;° > E,? (i.e., O reduces before R,),
- observe two separate waves
1) first wave: reduction of O to R; with R; diffusing into the solution

2) second wave: reduction of R; to R,
10 @

- At the second wave,

: O continues to be reduced, either 0.5~

I) directly at the electrode or 00
i) by reaction with R, diffusing away from the electrode |
(O + R, 2 2R;), and R; diffuses back toward the 05

electrode to be reduced




6.6 MULTICOMPONENT SYSTEMS AND MULTISTEP CHARGE TRANSFERS

10+ (a) (c)
The i-E curve depends on AE® (= E,0 — E;0)
0.5
(b) When AE° is between 0 and -100 mV
0.0 - the individual waves are merged into a
P broad wave whose E; is independent
5
5 of scan rate.
3 L | !
: o)
3 10}l (c) When AE? = 0O,
- a single peak
05
0.0
~0.5 -
I N T
0 ~200 200 0

(E = EDn, mv





