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Abstract: Normal pulse voltammetry and chronoamperometry of reversible electro-oxidation complicated by the reactant adsorption on the
surface of stationary, planar electrode is investigated theoretically. A simple model of chronoamperometry is compared with a rigorous model
of voltammetry. The solution of former is analytical, but it applies to the linear isotherm. However, it explains the origin of maximum of the
current-potential curves and its relationship with the pulse duration. The second model is based on digital simulation and describes
voltammograms that correspond to the Langmuir isotherm. The accumulation of the reactant during the potential scan is calculated. The limits
of electroanalytical application of the normal pulse voltammetry are determined.
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INTRODUCTION

difference between normal pulse polarography

(NPP) and normal pulse voltammetry (NPV) is in the
life time of mercury drop electrode. In NPP a single pulse
is applied to each drop, while in NPV a series of pulses is
applied to a single drop.[*-81In fact, NPV can be performed
with solid electrodes. Under this condition the response
of reversible electrode reaction depends on the duration
of the period between pulses. During this period the
reactant is regenerated and the response resembles
polarographic wave. 35!

In NPP the contamination of electrode surface by
products is minimized because the electrolysis time is re-
stricted to short pulse duration. However, the method is
highly sensitive to the reactant adsorption.l”-11 Under its
influence the response exhibits maximum and diminished
limiting current.[12-18] The effect was used for the
investigation of anion induced adsorption of metal
ions.[19-24] The same type of response was observed in the
normal pulse voltammetry.[2526] In this paper it is
demonstrated that the maximum can be qualitatively
explained by the theory of single pulse chronoampero-
metry.

MODEL

Areversible electrode reaction complicated by the reactant
adsorption is considered:

A, =A=B"+ne” (1)

ads

On the stationary, planar electrode in non-stirred
solution the mass transport is described by the following
differential equations and the initial and boundary
conditions:

oc, / ot = Dd’c, / ox (2)
ac, / ot = Dd'c, | ox* (3)
t>O,XZO:CA:c:,CB:O,/'A=O (4)
t>0, x >w: ¢, >, ¢ 0 (5)
X=0: Gy o=Cpr0eXP®) (6)
@ = (nF / RT)(E - E°) (7)

[cOM| This work is licensed under a Creative Commons Attribution 4.0 International License.
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BCpro =0 /(Mg =T,) (8) t=0,x20:¢,=c, [, =0 (12)
D(oc, / 0x),_, =1/ nFS+dr, /dt (9) £50, x—>0: ¢y =c (13)
A

D(oc, / &x),_, = ~1 / nFS (10) x=0:D0c, /&)_, =dr, /dt (14)
Cy 0 =Cpn,_o|1+ex 15
The meanings of all symbols are reported in Table 1. 1m0 = nreo] ()] (15)

The standard conditions are 298.15 K and 101325 Pa. Equa- -1
q Cox=0 = Cu,x=0 EXp(Cp)[ 1+ eXp(‘P)] (16)

tions (2) and (3) are transformed by the substitution = A + B:

oc, / ot = Dd’c,, | Ox* (11)

Table 1. Meanings of symbols.

Symbol Meaning
Ca, C8 concentrations of the reactant and product
cy sum of concentrations of the reactant and product
ca* concentration of the reactant in the bulk of solution
D diffusion coefficient
dE potential increment
E electrode potential
Eo standard potential of electrode reaction
Ep peak potential
Est starting potential
F Faraday constant
/ current
n number of electrons
R gas constant
S electrode surface area
t time
tacc accumulation time
to pulse duration
t duration of the period between pulses
T temperature
X distance perpendicular to the electrode surface
B adsorption constant
a surface concentration of adsorbed reactant
Is maximum surface concentration of adsorbed
reactant
At time increment
Ax space increment
@ dimensionless current
Oa surface coverage by the adsorbed reactant
® dimensionless potential

Equations (11) and (3) are solved by the finite
difference method.l2] The time increment and the
dimensionless diffusion coefficient are defined as follows:
At =t,/ 50 and D At Ax? = dd. The surface coverage Oa=a/ I
is solved by the combination of equations (14), (15) and (8):

(QA, t+Ar)Z - BQA,H—N +C=0 (17)

B=1+(c, /)(Dt)"(dd / 50)"*c, ,, +

18
+6, .+ [1+exp(p)](Dt,)"?/ Bry)(dd / 50)"2 (18)

C=(c, /T)(Dt,)"*(dd / 50) ¢, , +6,, (19)

The current was solved by equation (10). A dimen-
sionless current @ =/ (rtt,/ D)Y2(n F S ca*)™1 is reported as
a function of the pulse potential.

Analytical Approximation

Electrode reaction (1) is considered under the single pulse
chronoamperometric conditions on stationary, planar elec-
trode. It is assumed that initially the electrode surface is
covered by the adsorbed reactant and that the adsorbate is
in the equilibrium with the bulk concentration of the reac-
tant and that the adsorption satisfies linear isotherm. So,
differential equations (2) and (3) have to be solved under
the following initial conditions:

t=0,x20:¢,=c,¢=0,1,, =IBc  (20)

The boundary conditions (5)—(7) and (9) and (10)
apply, but the condition (8) is replaced by the following
one:

ly :[_SBCA,X=O (21)

During the pulse the potential is constant and the
solution can be obtained by Laplace transforms.
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@ = exple)] 1-exple)Z(at’) / (1 +exp(p)) | (22)
Z(at)”?) = a(nt,)* exp(a’t, )erfc(at,’?) (23)

a=D""(1+explg)) /I (24)

RESULTS AND DISCUSSION

Normal pulse voltammogram that is influenced by the
reactant adsorption exhibits a maximum and diminished
limiting current, as can be seen in Figures 1 and 2. The form
of response depends on the ratio of the reactant bulk
concentration and the maximum surface concentration of
adsorbate (ca* / I5) and on the product of the latter and the
adsorption constant (8 ). Figure 1 shows that the
maximum dimensionless peak current decreases from 2.70
to 1.06 if the ratio ca* / I increases from 100 to 1000 cm™2.
This means that the relationship between real peak current
and the reactant concentration is not linear. The limiting
current increases with the increasing ratio ca* / I'; because
of the development of main wave in front of the adsorptive
post wave. These two parts of the response are well
separated in curve 5 in Figure 1. The main wave originates

-0.1 0 0.1 0.2 0.3 0.4
(E-E)/V

Figure 1. Dimensionless normal pulse voltammograms
influenced by the reactant adsorption. D = 10> cm?s7?, tp =
0.050s,t1=0.950s,dE=2mV,Bs=0.1cmand (ca*/ s) /
cm~1=100 (1), 200 (2), 300 (3), 500 (4) and 1000 (5).

from the oxidation of dissolved reactant on the electrode
surface that is covered by the adsorbate.

The difference between half-wave potential of the
main wave and the peak potential of post wave depends on
the product B Is. This is shown in Figure 2. If 8 [, =1 cm the
peak potential is 0.174 V vs. E°, but decreases to 0.114 V for
Bls=0.1cmandto0.064V for 8;=0.01 cm. The maximum
vanishes if B [ = 0.001 cm. Also, the limiting current
increases as the adsorption becomes weaker.

For analytical purpose it is necessary that the
amperometric constant @, does not depend on reactant
concentration. Figure 3A shows that this is satisfied if the
ratio ca* / I, is smaller than 1 cm~. The dimensionless peak
current is equal to 9.43 if log(ca* / Is) = =3 and does not
decrease more than 1 % if log(ca* / I) < 0. If one assumes
that ;= 10° mol cm=2 and 8 = 108 cm3 mol-?, the NPV with
t1=0.95 s and t, = 0.05 s can be used for the electroanalysis
of surface active compounds in concentrations lower than
10-6 mol L. Figure 3B shows that peak potentials are equal
t0 0.118 V vs. E0if log(ca* / ) < 0 and decreases to 0.110 V
vs. EQif ca* / I = 40 cm~L. At higher values of this ratio the
peak potential increases to 0.136 V vs. E°. This can be also
seen in Figure 1. The dimensionless limiting current is equal
to 0.11 if ca* / <10 cm™.

The presented current-potential relationships are
consequences of surface concentrations of adsorbate. They
are shown in Figure 4. The points represent the values of G
at the end of each period between pulses. During the
experiment the electrode is charged to —0.2 V vs. E9 in

2 -1 0 1 2 3

Log((ca*/Ty) / cr')

(Ep-E%) IV

0.1

0.4

(E-E)/V

Figure 2. Reactant adsorption influenced NPV; ca* / I =
100cmtandBrs/cm=1(1),0.1(2),0.01(3)and 0.001 (4).
All other data are as in Figure 1.

2 -1 0 1 2 3

Log((ca* / T) / cnrt)

Figure 3. Dependence of dimensionless peak current (A) and
peak potentials (B) of NPV on the logarithm of the ratio

ca* / Is. All other data are as in Figure 1.
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between pulses and to higher potentials on the pulses. Each
pulse is 2 mV higher than the previous one. So, it takes
50 seconds to scan 100 mV. In Figure 4 the time 100 s
corresponds to Epyise = E2and 150 s to Epyise —E°=0.1V. The
reactant is adsorbing during the period between pulses and
during the pulse if Epyise — E® < 0.1 V. If cp* / [ = 50 cm™ the
peak potential is 0.110 V vs. E° and B, increases to 0.772
after 100 s, but decreases to 0.473 before the last pulse.
This is because a certain amount of adsorbate is oxidized on
the pulse, but partly restored after the pulse. If cp* / I =
1 cm~1the highest surface coverage is 0.029 and this shows
that the highest dimensionless peak current and the lowest
limiting current appear under the conditions of linear
isotherm. The main wave dominates the response if the
coverage is 0.99 regardless of peak potentials.

Figure 5 shows concentration profiles of reactant
and product at the end of period after the pulse to 0.398 V
vs. E9 and before the pulse to 0.400 V. In this period the
product created at 0.398 V is reduced back to the adsorbed
and dissolved reactant. In this figure 64 = 0.817 and cax-0 =
0.4465 ca*. This surface coverage is smaller than the
maximum one because the product diffuses towards both
the electrode surface and the bulk of solution. Also, the
reactant is diffusing towards the minimum concentration.
However, the accumulation of reactant at the electrode
surface occurs in each period between pulses until the end
of scan and this process is the reason for the development
of deep diffusion layer of reactant that is shown in Figure 5.
In this simulation the space increment is 1.58 x 10~* cm and
500 increments correspond to 0.79 mm. A theoretical
diffusion layer thickness after the accumulation of 300
seconds and D = 105 cm? s~1is 0.97 mm, which is close to
our result.?8] This layer causes the diminished limiting
current.l17]

Figure 6 shows current-potential curves calculated
by [Eq. (22)]. They are characterized by the maximum and
the limiting value that is equal to 1. The maximum is

0a

Figure 4. Dependence of surface coverage in NPV on the
time. The values of 6a at the end of each period between
pulses are presented; (ca* / 5) / cm™ =1 (1), 5 (2), 10 (3),
50 (4), 100 (5), 200 (6), 300 (7), 500 (8) and 1000 (9). All
other data are as in Figure 1.

defined by the equation: (Dtp)V2(B I5)™1[1 + exp(F(E, — E°) /
RT]=0.85. For the peak potentials higher than 0.1V vs. E°,
the exponential term in this equation is much bigger than
1. So, the peak potential is defined by the following
equation:

E, — E° = 0.059 log(Br;) — 0.0295 logt, —

(25)
~0.0295logD + 0.059 log(0.85) V

These linear relationships are shown in Figures 7A
and 8A. The straight lines marked as 1 in these figures
satisfy the following equations: £, — E9 = —0.030 log t, +
0.084 V and E, — E° = 0.060 log(B Is) + 0.181 V.

Figures 7B and 8B show linear relationships between
the logarithm of dimensionless peak current and the loga-
rithms of pulse duration and the product S I;. They satisfy
the equations log @, =—-0.5 log t, + 0.9 and log @, = log(B Is)
+ 2.14. This means that dimensionless peak current is line-
arly proportional to the parameter B I (D t,)~2/2 if this pa-
rameter is bigger than 10. Considering the initial condition
(20), the real peak current depends on the surface concen-
tration of adsorbed reactant: I, = k T¥2n F S [ nitpt. Also,

1+ clea*

/ cp/ea*
021/

50 100 150 200 250 300 350 400 450
x/ Ax

Figure 5. Concentration profiles of reactant and product at
—0.200 V vs. E9 just before the pulse to 0.400 V; ca* / [s =
100 cm~L. All other data are as in Figure 1.

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 035
(E-E%)/V

Figure 6. Chronoamperometry influenced by the reactant
adsorption [Eq. 22]. D=10"cm?s, Bs=0.1cmand tp/ s
=0.020 (1), 0.050 (2) and 0.100 (3).
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the current is inversely proportional to the pulse duration.
These are characteristics of surface electrode reactions.[28]

At very high potential the function Z (a t,/2), defined
by [Eq. (23)], tends to 1 and the [Eq. (22)] is reduced to the
form @ = exp(¢) / (1 + exp(¢)). Obviously, limys.® = 1 and
the real limiting current corresponds to the diffusion con-
trolled oxidation of dissolved reactant: fim = nFSca*(D/mtt,)V2

Figure 9 shows normal pulse voltammograms calcu-
lated for the linear isotherm. Comparing to Figure 6, one
can observe the qualitative resemblance, but quantitative
difference. Both peak currents and limiting currents are
smaller in Figure 9 than in Figure 6. However, the relation-
ships between peak potentials and the logarithms of pulse
duration and the product 3 I are similar to the correspond-
ing relationships in chronoamperometry. The straight lines
marked as 2 in Figures 7A and 8A are defined by the
equations: £, — E0 = —0.036 log t, + 0.071 V and E, — E0 =
0.058 log(B Is) + 0.176 V, respectively. The logarithm of di-
mensionless peak current depends linearly on the loga-
rithm of pulse duration (log @, = —0.64 log t, + 0.127, see
curve 2 in Figure 7B), but not on the logarithm of the prod-
uct B I. The later is shown in Figure 8B. In this figure the
curve 2 tends to the asymptote log @, = 0.66 log(B I) +
1.82, if log(B I) < —1.5, and to the maximum log @, = 1.114
if B s = 1. This relationship can be also observed in Figure
2, which means that it is not exclusive for the linear

(Ep-E%)/V
0.16-

0.14-

0.12:

Log(iy/s)

;;;;;;;;;;

Log(ty /s)

Figure 7. Dependence of peak potentials (A) and the
logarithm of dimensionless peak current (B) on the
logarithm of pulse duration. Chronoamperometry (1) and
normal pulse voltammetry (2). All data are as in Figure 6 and
Figure 9.

isotherm. It can be explained by the adsorption that is
controlled by the diffusion.

The influence of the accumulation of reactant at the
electrode surface on the normal pulse voltammograms is
shown in Figure 10. The variation of the duration of adsorp-
tive accumulation is achieved by changing the period be-
tween the pulses. Considering Figure 4, an approximate
equation for the accumulation time is tacc = (Ep — Est)(t1 + t,)
/ dE. The adsorption of electro-inactive substance on the
stationary, planar electrode from unstirred electrolyte
is defined by the following equation.82% [ = ¢* B [, [1 —
exp(D tace B21572) erfc((D tacc)/2 / B I5)]. The relationship

021 (Ep-E%/V

0.05

2.5 2 15 -1 0.5 0

Log(Bl', / cm)

Log(Brs / cm)

Figure 8. Dependence of peak potentials (A) and the
logarithm of dimensionless peak current (B) on the
logarithm of the product 8 ;. Chronoamperometry (1) and
normal pulse voltammetry (2); t, = 0.050 s and all other data
are as in Figure 6 and Figure 9.

(E-E)/V

Figure 9. Dependence of normal pulse voltammograms on
the pulse duration. D =10 cm?s7, ca* / [=0.01cm™, B [
=0.1cm, t,+t1=1s,t,/5=0.020 (1), 0.050 (2) and 0.100 (3).
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between dimensionless peak currents, shown in Figure 10,
and the function 1 — exp(D tacc B2 1572) erfc((D tacc)¥2/ B T5)
is shown in Figure 11. The straight line in this figure shows
that the peak current is linearly proportional to the amount
of adsorbed reactant. This is the reason for the difference
between straight lines 1 and 2 in Figure 7B. The accumula-
tion time depends on the peak potential, which itself de-
pends on the pulse duration time. Although the sum t; + t,
may be constant, the variation of t, between 0.010 and
0.100 s changes the accumulation time from 171 to 153 s.
So, the peak current is proportional to t,0-6* because it is
inversely proportional to the square root of t, and addition-
ally decreases with the decreasing accumulation time.

The data shown in Figure 10 were analysed by the
log-log plot and an approximate relation @, = k t5c%>> was
observed. So, under the conditions of linear isotherm, the
real peak current is proportional to the bulk concentration
of reactant and to the square root of accumulation time
and inversely proportional to the pulse duration (/, ~
CA¥ tac055 t,114),

Diminished limiting currents of normal pulse voltam-
mograms can be explained by the theory of chronoam-
perometry if the initial conditions in [Eq. (20)] are changed.
Considering Figure 5, the reactant concentration at the
electrode surface during the period before the last pulse is
much smaller than the bulk concentration. In the derivation
of [Eq. (22)] one can neglect the dependence of reactant
concentration on the space variable and state that fort =0
and x 2 0 the initial concentration of reactant is a certain
Ca,ini that is smaller than ca* and that the initial surface
concentration of adsorbed reactant is equal to the product
B Is caini. Under this assumption the dimensionless current
is defined by the modified [Eq. (22)] in which the right-hand
side is multiplied by the ratio ca,ni/ ca*. The resulting cur-
rent-potential curves are shown in Figure 12 together with
the corresponding normal pulse voltammogram. The later
is characterized by @, = 9.43 and @jm = 0.11. If cajni/ ca* =
0.3 the maximum and the limiting currents in chronoam-
perometry are equal to 10.52 and 0.30, respectively, and if
caini/ ca* = 0.1 these currents are 3.51 and 0.10. These
results show that in the normal pulse voltammetry both the
maximum and the limiting currents depend on the deep dif-
fusion layer that develops during the potential scan.

CONCLUSIONS

A chronoamperometric model proposed in this paper can
explain the origin of maximum in normal pulse voltamme-
try that is influenced by the adsorption of reactant. It de-
scribes well the dependence of peak currents and
potentials on the pulse duration. Also, it shows the influ-
ence of constant of adsorption on the peak potential under
the condition of linear isotherm. However, it cannot predict

quantitatively the peak current because it does not con-
sider the process of diffusion controlled adsorption during
the period between pulses. For this reason, a rigorous
model is presented that describes the transformation of re-
sponses under the influence of reactant bulk concentration if
the adsorption follows Langmuir isotherm. Limiting currents

0 0.1 0.2 03 0.4
(E-E)/V

Figure 10. Dependence of normal pulse voltammograms on
the duration of the period between pulses; t, = 0.050 s and
t1/s=0.150 (1), 0.350 (2), 0.550 (3) and 0.950 (4). All other
data are as in Figure 9.

0.2 0.25 0.3 0.35

1 - exp(DtaceB2T52) erfe(D" 2ty 2B

Figure 11. Relationship between the dimensionless peak
current in normal pulse voltammetry and the function of the
parameter (D tacc)V2/ B 5. All data are as in Figure 10.

0 0.1 0.2 0.3 0.4
(E-E)/V

Figure 12. Influence of the initial reactant concentration on
chronoamperograms. D = 10> cm? s, B [ = 0.1 cm, t, =
0.050 s and caini/ ca* = 0.3 (1) and 0.1 (2). The curve (3) is
normal pulse voltammogram; ca* / [ = 0.01 cm™, B 5 =
0.1cm, t1=0.955s,t,=0.05sand D =10 cm?s™%
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in both normal

pulse voltammetry and chronoam-

perometry are not influenced by the electro-oxidation of
adsorbate, but depend on the electrode reaction of dis-
solved reactant and its diffusion from the bulk of solution.
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