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Exponentially Expanded Grid Network Approach EEGNA  An
Efficient Way for the Simulation of Stiff Electrochemical Problems
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The exponentially expanded space grid was incorporated into
the network approach to overcome the problem of low simula-
tion efficiency during the simulations of electrochemical prob-
lems with stiff kinetics or wide dispersion of diffusion coeffi-
cients resulting in an effective electrochemical simulation
method exponentially expanded grid network approach EEG-
NA . The stability and accuracy of the EEGNA for the simula-
tion of various electrode processes coupled with different types
of homogeneous reactions were investigated .
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Introduction

The method using electric network model to describe
electrochemical reaction-diffusion process on the basis of
the theory of network thermodynamics'™* is termed a net-
work approach .’ Network thermodynamics is a marriage of
classical and non-equilibrium thermodynamics along with
network theory and kinetics to provide a practical frame-
work for handling the systems that are highly structured
and interactive and thus can not be reduced to simple
components without losing a great deal of their system i-
dentity.* The heart of the network approach is to spatially
discretize non-stationary or stationary reaction-diffusion e-
quations through finite difference approximation whereas
keeping the time variable continuous. Therefore the
parabolic partial differential equations PDEs represent-
ing the electrochemical problems under specific boundary
and initial conditions could be transformed into coupled
linear or nonlinear ordinary differential equations ODEs
which can be expressed into trapezoidal electrical net-
works.* > Since the network response could be solved by
electronic simulators such as SPICE or PSPICE personal
computer simulation program with integrated circuit em-
phasis  no sophisticated mathematics are involved during
the simulation process. The network approach substantially
simplifies the simulations of various physical and chemical
problems and thus wide applications have been found not
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only in electrochemistry but also in other areas such as col-
loidal science.%!?

Early work on network simulation mainly was concen-
trated on uniform grid network approach UGNA .5
During the simulation of systems with wide range of diffu-
sion coefficients or coupled with fast homogeneous chemi-
cal reactions UGNA is impractically time-consuming and
thus becomes hopeless. In more recent publications '
non-uniform grid technique was attempted. The basic idea
of this non-uniform grid technique quasi-uniform grid net-
work approach-QUGNA s to use different grid thickness-
es for the species with different diffusion coefficients or dif-
ferent homogeneous kinetic constants. However for sys-
tems with non-overlapping diffusion or reaction layers this
non-uniform network model will need hundreds of space
grids in order to obtain an accurate simulation. Therefore
the computation speed can not be improved too much by
QUGNA even for small systems. In addition the major
part of this kind of non-uniform network model has to be
frequently reconstructed when different systems are consid-
ered.

Our previous investigations have shown that truly non-
uniform grid such as exponentially expanded grid tech-
nique could be used in the network simulation of a simple
electron transfer process coupled with iR drop distortion or
surface adsorption of electroactive species.!® '” We herein
try to demonstrate that the major difficulties of the network
approach in dealing with stiff problems or widely dispersed
diffusion coefficients of interesting species could be suc-
cessfully overcome by introducing exponentially expanded
space grids into the network approach.

Theory

Mass transport model

As for semi-infinite linear diffusion mass transport of
substances is governed by Fick’ s second law
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where ¢ x and ¢ are physical quantities representing
time distance and concentration respectively. Under se-
mi-infinite condition diffusion could be considered to hap-

172 of solution

pen only within a finite thickness 6 Dr
layer where 7 is the total experimental time. Eq. 1
can be approximated as the following ODEs by using finite

difference discretization on the spatial variable x .

Ny /DV? = A
ot

Ac
Ax/D"V?

Eq. 2 could be expressed in the form of an electric
network model as seen in Fig. 1 which is a trapezoidal
network constituted by linear electric components such as
resistors and capacitors. The electric tensions and currents
in this network correspond to the concentrations and fluxes
of species in the diffusion layer.

Fig. 1

Electric network model representing a linear diffusion
process .

For exponentially expanded network model the resis-
tances and capacitances are defined by the following equa-

tions
1/2
R = ATQA eB i-0.5 _ opi-1 3
e’ -1
172
R = A’fg/iD efi _ B i-0.5 4
e’ -1
C; = Ax/DV?ef i-1 5
where 1i=1 2 N
6 e -1
Ax = W DT 172 6

Considering a system containing species with different
diffusion coefficients and the maximum and minimum dif-
fusion coefficients are denoted as D, and D,;,. Assum-
ing at least 10 exponentially expanding grids are needed for
accurate description of a diffusion layer the validity of this
assumption will be shown later Eq. 7 is obtained

based on Eq. 6 .

6 ef -1
Q0B _ |

6 ef -1
Ax = Doz V2= T 1/2 7

DmaxT

Rearrangement of Eq. 7 gives

Dmax eNﬁ - 1 2
Doin (ewﬂ - 1)

From Eq. 8 it can be seen that the range of D ../ D nin
could be as wide as 2.2326 x 10* 1 for N =20 =
0.5 and 4.852x10% 1 for N =20 f =1. Therefore
the EEGNA has an outstanding advantage on the UGNA
and QUGN in dealing with systems with extremely large
variation of diffusion coefficients.> 14 13

For systems coupled with first-order irreversible fol-
lowing homogeneous reaction the solution layer reaction
layer containing the electrode reaction product is extreme-
ly thin and needs very fine space division. This could
correspond to thousands or even tens of thousands of simu-
lation grids in the case of the uniform grid network ap-
proach leading to impractical simulation speed and memo-
ry usage. Although the QUGNA partially circumvents this
difficulty it still need several hundreds of grids in order to
achieve an accurate simulation.'* 1>
Considering the following first order homogeneous

chemical reaction

ky
A—B 9

The corresponding reaction layer thickness is usually ex-

72 and at least five grids must be

pressed as p= D/k,
comprised in this reaction layer for a simulation with satis-

fying accuracy i.e. the following relationship must hold

6 e”-1 D/ky 2
bv="woy D Vsus=me— 10
Rearrangement of Eq. 10 gives
NB 1
ki =k T 11
PERITS 306 o1

where ki is the dimensionless form of the first order kinet-
ic rate constant k. The maximum value of %k that an ex-
ponentially expanded network model EEGNM can deal
with could be estimated from Eq. 11 . Table 1 shows
that about 10 to 20 network nodes grids are enough for
treating almost all experimentally achievable systems in the

real world '® ' which is much more efficient than either

UGNA or QUGNA. Test results as shown in Fig. 2 show
that 10—30 network grids will take a typical CPU time of
less than 3.5 s for a Cleron 667 processor. This time in-
creases almost exponentially with the grid number and will
be more than 20 s for 200 grids and more than 140 s for
600 grids. This means that the EEGNA is at least 10—30
times faster than QUGNA or UGNA.
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Fig. 2 Relationship between the required computation time and
the grid number used in a typical network simulation.

Table 1 Upper limit of %k for an exponentially expanded grid net-
work model EEGNM

N B ky

10 0.5 5.737 x 10!
1 1.826 x 10°

15 0.5 8.621 x 10°
1 4.022x 10°

20 0.5 1.281 x 109
1 8.858 x 10"*

Cyclic voltammetric problems
For the following electrode process
B—A &k 12-1
A+eB K E° 12-2
YBoC  ky koo Ky= kyk_» 12-3
Ceo yA k3 ks K;= ki/k_; 12-4

the mass transport of Ox and Red are governed by the fol-
lowing PDEs

oc o%¢
aitAzDAng+kch+}/k3cc—}/k_3cﬂ 13-1
s _p Pen_y kack + vk 13-2
o S UB g2 T 1€ — Ykacg + YR _2ccC -
%—Da%ckgkyk k
o - Yo + KaoCcB+ K _3CA — K3Cc— K _aCc
13-3
The boundary conditions are
1=0 x> ¢ x ¢ :cj* j=A B C 14

fAOt:—fBOtzkchOt—kchOt 15

where ¢ and x have their usual meanings ¢; is the con-

centration of species’ j° j=A BorC and ¢; is the
bulky or initial concentrations.

The electron-transfer kinetics is assumed to obey the

Butler-Volmer equations® as in Eqs. 16 and 17
ki = K%exp - aF E - E° / RT 16
ky = k%exp 1-a F E - E° / RT 17

with kand kj, representing the forward and backward elec-
tron-transfer rate constants k° being the standard hetero-
geneous rate constant o the electron transfer coefficient
F the Faradic constant E the applied
potential between the working and reference electrodes

symmetry factor

E° the formal electrode potential R the gas constant and
T the temperature in Kelvin. The corresponding network
model is shown in Fig. 3.

il 2 N V| R} R,
g 2 | I % /
(A) B)

Fig. 3 Network model for species j. j represents species A B
and C. A Global network model B the subcircuit
in A .

The definitions of the resistances and capacitances are

12
R, = A’;AJI_ QB i-0.5 _ B -1 18
e p—
12
Ri, = A’;AIL ofi _ B 0.5 19
e —
Cl = Ax/D}%ef i 20
B _
Ax = % DHIHXT ]/2 21
e —

where D, is the maximum diffusion coefficient among
DA DB and DC .
G’ is a linear or nonlinear voltage-dependent current

source VCCS defined by
G} = = kicy - Yhsce + Yh_zch €Y 22-1
G? = kicp + Ykaoch — Yk _acc CPB 22-2

Gg: —kzc{;—k_3c£+k30c+k_zcc Cci 22-3

where V; and J; have the following definitions

Vi = ¢/ 23
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JA = kfc?\ - k},C% 24—1
Jp == ke = kel =-Ja 24-2

The capacitors in the diffusion network have initial voltages

of

IC; = ¢/ 25

J J

Eq. 12 and the EEGNM in Fig. 3 can represent E E;
EC; EC; CE CE;and the catalytic EC., mechanisms

when different model parameters as in Table 2 are taken.

Table 2 Model parameters of selected electrochemical mechanisms

involving first and second-order chemical reactions

Mechanism Y ky ky k_, ks k_3 ky,
E — 0 0 0 0 0 =<0
E; — 0 0 0 0 0 0
EC 1 0 =0 =0 0 0 =0
EG; 1 0 %<0 0 0 0 =0
ECj, 2 0 =<0 0 0 0 =<0
CE 1 0 0 0 =0 =0 50
CE; 1 0 0 0 <0 %0 0
EC a — %<0 0 0 0 0 =0
Experimental

Calculations were conducted on an IMB compatible
PC with a Pentium 120 MHz processor. A PC with a faster
Cleron 667 Porcessor was also used for the investigation of
the dependence of the computation time on the number of
grids used. A PSPICE 5.0 DOS Version or PSPICE 5.1
Windows based was used for calculation of the transient
responses of the network models designed for specific elec-
trochemical mechanisms. Microcal Origin 5.0 was used for
plotting of data. Network models representing different net-
work models were input into PSPICE either using a stan-
dard text-based input file or as a graphical schematic file
in PSPICE 5.1 . Simulations could then be done imme-
diately after completing input of the models.

Results and discussion

E and E;

The simulation results for a reversible electron-trans-
fer process along with Nicholson and Shain’ s numerical so-
lutions are presented in Table 3 from which it can be seen
that the EEGNA with N =10 and 8=0.5or 1.0 is accu-
rate enough for the E case and the simulation with 8 =
0.5 is slightly better than 8 =1. Further researches were
conducted to investigate the influence of N on the simula-
tion accuracy. The simulated cyclic voltammograms show

that for 8 = 0.5 the simulated voltammetric curves be-
come visibly overlapped when N >8 while for 8 =1 the
simulation results converged only at N > 4. Therefore
B =1 is especially efficient for a fast simulation with satis-
factory accuracy. It is also noteworthy that more than 100
grids are needed for the UGNA to obtain a similar result.

Table 3 Simulated current functions for a reversible cyclic voltam-
meltric process”

v
E-En NS EEGNA
B=0.5 B=1.0
0.120 0.009 0.0092 0.0092
0.080 0.042 0.0417 0.0418
0.040 0.160 0.1606 0.1610
0 0.380 0.3797 0.3804
-0.0285 0.4463 0.4463 0.4468
-0.040 0.438 0.4381 0.4385
-0.080 0.353 0.3531 0.3516
-0.120 0.280 0.2803 0.2776

® Simulation parameters E .. = E1,,+0.400 V potential step 1
mV a=Fv/ RT =38.92s"!' N=10. ¥, is the current func-
tion for a reversible process defined by Nicholson and Shain.?'

¢ N.S. is the numerical results obtained through solving the corre-
»

sponding integral equations numerical resolution .

As discussed above EEGNA can also handle systems
with extremely wide dispersion of diffusion coefficients.
Based on Eq. 8  the allowed ratio between D, and
D ax could be as low as 2.061 x 1072 for N = 20 and

B =1. This is evidenced by the simulation results in Table
4. The simulated peak potentials and peak currents are
virtually identical with the results for Dy = Dy. Although
the predicted limit for D/D is 2.061 x 10~ it can be
seen that serious deviation only happens when Dg/Dj <
2.061x 10~ ', The underlying reason for this is that for
B=1 N =4 is enough to give a simulation with accept-
able accuracy while during the derivation of Eq. 8 we
assumed the minimum value of N to be 10. If the mutation
happens at N <4 Eq. 8 becomes Eq. 26 and the
lower limit for Dp/D s will be D yin/Dpax = 1.22 x 10714
for N =20 and B =1 consistent with the results in Table
4.

D a8 1\2
min - _ (B 1) 26

Dmax er,B -1

The above system is electrochemically reversible and
the interfacial electron flowing is determined by the rela-
tively slow diffusion. For a system where the rate of the
electron-transfer is only moderate the electron flux will be
dependent on both the diffusion and the heterogeneous
electron-transfer. Our simulated results for such systems
are listed in Table 5 along with the results from solving
corresponding integral equation numerically. The simulat-
ed results with 8 =0.5 or 1 are in good consistency with
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the integral equation results. The simulated cathodic peak
currents for 8 =0.5 and 1 show only 0.04% and 0.1%
deviations from the numerical solutions of corresponding
integral equation N.S. results . For anodic peak cur-
rents f3=0.5 still give results with less than 0.04% de-
viations from the N.S. results but for 8 =1 these devia-
tions are about 1% —2% . However our numerical exper-
iments show that 0.1%—0.2% deviations could be ob-
tained with slightly decreased 8 value such as 0.9.

Table 4 Simulated peak current functions and peak potentials for

window this process is usually defined as an irreversible
electrode process. For N = 10 the simulated results by
EEGNA Table 6 are accurate for both 8=0.5 and 1.0.
Our research also shows that for UGNA =0 the simu-
lated dimensionless peak current function only reached
0.4951 for N =100 and 0.4955 for N =150 indicating

a low simulation efficiency.
EC; EC and EC;, cases

Just as predicted above EEGNA is especially advan-

reversible voltammetric processes with different ratios be- tageous in processing stiff problems. For N =20 pB =

tween the diffusion coefficients of species B and A* 1.0 assuming Nemnstian electron-transfer Eq. 11

Dy/ D = Epe mV Ve Ep mV = Y gives the upper limit of processable homogeneous rate con-

1 28.5 0.4468 29.0 0.3494 stant of 8.858 x 10'3/7  corresponding simulation results
2.061x 1077 28.5 0.4468 29.0 0.3494 were shown in Table 7. For such a rate constant the re-
2.061 x 10°1° 28.5 0.4469 29.5 0.3472 sults could be identical with the E; process under appropri-
2.016 x 10~ 28.5 0.4469 29.0 0.3444 ate transformations of the potential axis. As seen from
2.061 x 10~ 12 29.0 0.4468 29.0 0.3431 Table 7 the simulation result with z = 1.0 is excellent.
2.061 x 10-13 29.0 0.4469 28 5 0.3439 Slightly decreasing 8 to 0.9 and increasing N to 22 could
2,061 x 101 290 0.4490 290 0.3436 improve the simulation accuracy further. It should be not-
2.061x10°5  34.0  0.4765  48.0  0.3140 ed that when N =20 and £ =1.0 k" = 8.858 x 10"

« Simulation parameters B = B0+ 0.400 V_E — 50 exactly corresponds to the requirement that five concentra-
2 start = . switch = -

0.400V E°=0.00 V- RT/F In Dg/D, V? using such val-

ues of E° should theoretically always result in simulated cyclic

tion grids are comprised in the reaction layer. However

this restriction is rather conservative and the simulations
are still very accurate even for higher value of k,™ e.g.
8.858 x 10'* see Table 7 column C . Further increasing
ky* to 8.858 x 10" resulted in severely deteriorated re-
sults. These results show that for N =20 and 3=1.0 EC;
scheme with %k,* = 8.858 x 10'>—8.858 x 10" could be
accurately simulated which actually reaches the upper
limit of existing fastest first order chemical reactions.

voltammograms with identical shape  potential step 1 mV a =
Fv/ RT =38.92s"! N=20 p=1. E,
and anodic peak potentials respectively while ¥, and ¥, are the

. and E,, are cathodic
corresponding cathodic and anodic peak current functions.

If the electron-transfer rate assuming Butler-Volmer
kinetics is so slow that the reverse electron-transfer could
be ignored within the experimentally accessible potential

Table 5 Simulated peak current functions and peak potentials for quasi-reversible electrode reactions with different values of the dimensionless
heterogeneous rate constant A ¢

5 R - E, mV v, E,, mV -V,
N.S. N.S. N.S. N.S.
0.5 1x 102 258.7 258.9 0.3506  0.3507 250.5 250.1 0.1601  0.1601
4% 1072 187.6 187.6 0.3518  0.3519 177.5 177.7 0.1969  0.1970
0.16 117.6 117.7 0.3610  0.3611 107.5 107.6 0.2398  0.2399
1.28 46.6 46.7 0.4133  0.4134 4.5 4.6 0.3147  0.3147
12.8 30.6 30.6 0.4421  0.4421 30.5 30.8 0.3430  0.3430
1.0 1x 102 259.1 258.9 0.3505  0.3507 250.5 250.1 0.1630  0.1601
4% 1072 187.4 187.6 0.3516  0.3519 178.5 177.7 0.1997  0.1970
0.16 117.1 117.7 0.3609  0.3611 107.5 107.6 0.2419  0.2399
1.28 46.6 46.7 0.4137  0.4134 4.5 4.6 0.3169  0.3147
12.8 31.0 30.6 0.4427  0.4421 30.5 30.8 0.3455  0.3430

“ Simulation parameters E .= E°+0.400V E ;,=E°-0.400V E°=0.0V D,=Dy=1x10"3cm? s~! potential step 1 mV a
=Fv/ RT =38.92s"! N=10. E, and E,, are cathodic and anodic peak potentials respectively while ¥, and ¥, are the correspond-
ing cathodic and anodic peak current functions.
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Table 6  Simulated current functions for an irreversible cyclic
voltammogram*
b
B ¥ N.S. B
0.5 1
0.140 0.008 0.008 0.008
0.100 0.035 0.035 0.035
0.060 0.145 0.145 0.145
0.020 0.406 0.406 0.406
-0.0053 0.4958 0.4957 0.4956
-0.020 0.472 0.472 0.472
 Simulation parameters D, = Dp = 107> cm®/s Eg. = E° +

0.200V a=0.5 ¢=38.92s"! A=k Dya "V?2=10"*
N=10. " ¥, =¥ /a"? seeref. 21 . “Ey,=a E-Ey + RT/
2F In ma/A* see Ref. 21 .

Table 7 Simulated cyclic voltammetric current functions for a re-
versible electron transfer followed by an irreversible first-
order chemical reaction®

v, Ve
N.S. A B C D
0.140 0.008 0.008 0.008 0.007 0.006
0.100 0.035 0.035 0.035 0.034 0.029
0.060 0.145 0.146 0.145 0.143 0.124
0.020 0.406 0.407 0.406 0.403 0.373
—0.0053 0.4958 0.4959 0.4959 0.4959  0.4960°
-0.020 0.472 0.473 0.473 0.473 0.485
-0.070 0.323 0.321 0.323 0.322 0.331
@ Simulation parameters A = ®© Dy = Dy = 1073 em? s !
Eqm=E"+0.600V E qn=E°+0.100V k,* =8.858x 10"
N=20 B=1.0 A N=22 3=0.9 B k,* =8.858x 10"
N=20 B=1.0 C k,*=8.858x10" N=20 B=1.0 D .
bEo=E - E°- RT/2F -1.56+1In k,* —0.0053 V.2

¢ Here the simulated peak potential is not — 5.3 mV but - 10.2
mV.

E.b v

In the EC process the following chemical reaction is
reversible. For this case systems with different homoge-
neous rate constants were simulated by EEGNA and the
results shown in Table 8 indicate that they are in good a-
greement with Nicholson and Shain’ s results.

Table 8 Simulated voltammetric peak current functions and peak
potentials for a reversible electron transfer followed by a
reversible first-order chemical reaction®

Kor- 12 N.S. B=1.0 B=0.5
E, 2 E, 2 E, 4
0.1 -23.6 0.449 -23.4 0.4485 -22.8 0.4490
0.55 -11.5 0.459 -10.9 0.4579 -11.4 0.4585
2.0 -0.9 0.474 -0.7 0.4719 -0.1 0.4725
10.0 5.5 0.487 6.3 0.4852 5.9 0.4857
“ Simulation parameters A = ® Dy = Dp = 1075 em? s~!

Eqm=E’+0.400V A= ky+k_» /a=9 N=10for B=1.0
or N=15for $=0.5.

As for the ECj; scheme the coupled chemical process

is an irreversible dimerization reaction which is a fre-
quently encountered case in electropolymerizations. Table
9 lists the simulated peak potentials and peak current func-
tions along with the calculated results by Olmstead® for
different values of k,. The results with 3 =0.5 seem more
accurate than 8 =1 but for 8 =1 only 10 grids are need-

ed and the errors are less than 0.2% .

Table 9 Simulated current functions for a reversible charge transfer
followed by an irreversible dimerization reaction®

v
2kycpa™/a Ref. 2 B
0.5 1
0.0050 0.447 0.4465 0.4458
0.0150 0.447 0.4469 0.4462
0.0400 0.448 0.4478 0.4471
0.1000 0.450 0.4499 0.4492
0.2250 0.454 0.4438 0.4532
0.4750 0.461 0.4602 0.4597
1.0000 0.470 0.4698 0.4693
2.7000 0.486 0.4859 0.4855
24.000 0.514 0.5137 0.5135

“Simulation parameters Dy = Dy = 1075 em®/s E = E°+0.400
V Egn=E’-0.300V a=38.92s"! potential step 1 mV
N=15 B=0.50r N=10 B = 1. * Current function for a re-

versible electron transfer see ref. 21.

Further investigations were also conducted for ex-
tremely large value of k,. Results in Table 10 exhibit that
even for the dimensionless second order rate constant

kycp”/a as large as 5 x 101" B =1 and N = 20 are

enough to give satisfactory results.

Table 10 Simulated voltammetric peak current functions and peak
potentials for a reversible electron transfer followed by an
irreversible dimerization”

Yhrer/a Ref.? This work
] E, v, E, v,
1 x 10* 52 0.526 52.9 0.5264
1 x108 131 0.526 130.9 0.5267
1x 102 210 0.526 209.9 0.5267
¢ Simulation parameters A = ®© D, = Dy = 1073 cem? g1

Egum=E"+0.400V «=38.92 N=20 B=1.0.

CE and CE; cases

Tables 11 and 12 give the simulation results for CE
process by EEGNA. From Table 11 it can be seen that
the accuracy of EEGNA for the simulation of CE scheme is
also very high and the simulation accuracy is hardly influ-
enced by the value of 8. In addition due to the efficiency
of EEGNA in the processing of stiff system the simulation
of CE scheme is also very accurate for systems with very
fast preceding chemical reaction see Table 11 that is ac-
tually in equilibrium due to the very high rates of both the
forward and backward reactions.
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Table 11 Simulated voltammetric peak current functions and half-peak potentials for a reversible chemical reaction preceding a reversible
charge transfer”

Koav2 - N.S. B=0.5 B=1.0
Ep/z b mV \I’CE” Ep/z mV WCE Ep/z mV WCE
0.2 29.3 0.406 29.6 0.4062 29.6 0.4056
1 34.4 0.300 35.0 0.2998 35.0 0.2996
10 62.2 0.079 62.3 0.0789 62.3 0.0789

“ Simulation parameters A =% Dy=Dg=10"em* s™! E =E°+0.400V A= ky+k_ 3 /a=9 N=10for =1.00r N =15 for
p=0.5. [’Ep/zyz E,»- E° — RT/F In K3/ 1+ K3z . “Wep=i/FAc* Dya '? where ¢* is the sum of the equilibrium concentra-

tions of species A and C.

Table 12 Simulated voltammetric peak current functions and half-peak potentials for a reversible chemical reaction preceding a reversible
charge transfer”

N.S. This work
4 -E,» mV Uk -E,» mV Yk
2.5x 10! 38.8 0.079 38.2 0.07892
2.5x%10° 97.5 0.079 97.1 0.07894
2.5x10° 156.6 0.079 156.1 0.07896
2.5x107 215.8 0.079 215.2 0.07893
2.5x10° 274.9 0.079 274 .4 0.07892

 Simulation parameters A = Dy=Dg=10"cm? s7! Eg=E°+0.500V K312 "1=10 N=20 B=1.0.

For species with different diffusion coefficients and Dy/Dy = -0.0383 V . For the case with Dy = D¢ =

with a reversible preceding reaction Eq. 11 becomes 107°cm* s ' and Dy = 10" em* s~ ! the simulated
voltammetric curves began to overlap when N =19 which

k3" + k3’ = ki+ kst < seems to contradict the prediction based on Eqs. 28 and

eM_1 , D /D 27 29 . The reason is that B did not join the chemical reac-

30 f -1 e A tion so the thickness of the reaction layer should be cal-

culated based on the diffusion coefficients of A and C.

After appropriate rearrangement of Eq. 27  one obtains Since Dy = D¢ = Dy, the reaction layer requires 17
grids while the diffusion layer needs 19 simulation grids.

N =1n 30 e -1 ks + k_3 TD e/ Doin + 1 /B The peak current function and half peak potential are
28 0.0789 literature value is 0.079 and - 0.5111 mV lit-

erature value is — 0.2749 + RT/2F In Dy/D, =

At the same time Eq. 8 requires that the following re- —0.5115 mV  in agreement with the literature values.

lationship must hold In addition the CE; process that has an irreversible elec-

tron-transfer is also simulated and the results in Table 13

N=In % _1 /Do /Du + 1 /8 29 also agree well with the literature results .?!

. . . EC.., case
Eq. 28 is the requirement of reaction layer and corre- et

ingly Eq. 29 is th { diffusion 1 f
spondingly Fq 9 is the request of diffusion layer for Based on Eqs. 28 and 29 it was known that the

minimum value of N, used should be 8 and 15 for k7 =
10and 10> B =1.0 and r =1 s. From Table 14 the

good consistency between the simulated results and those

the grids number. For an accurate simulation both Egs.
28 and 29 must be satisfied. Assuming D ,in/ D pnax =
10-3and A =2.5x10° Eq. 28 requires N =26 while
Eq. 29 requires N =19. Therefore at least 26 simula-
tion grids must be used to fulfill both Eqs. 28 and
29 . Choosing parameters corresponding to the last row

obtained by numerical resolutions can be noticed. In addi-
tion increasing N could improve the simulation accuracy

. . . . further. In addition the simulation accuracy seems to be
in Table 12 simulations were conducted for two cases with y

Da=Dc=10"%cm?* s™! Dy=10"cm* s 'and D, =
Dc=10"cem?* s™!' Dp=10"" cm* s~'. The results in
Fig. 4 show that the simulated curves are almost converged
for N <26 while for N <26 the simulated voltammetric
currents have obviously smaller values. For N =26 the
simulated cathodic peak current function is 0.0789 litera-
ture value is 0.079  and the half peak potential £, is
- 0.0379 mV literature value is —0.2749+ RT/2F In

independent with the potential increment and the calcula-
tion time is only dependent on the number of the simula-
tion spatial grids and the potential increment not on the
value of the catalytic rate constant. The independence of
simulation accuracy on the potential increment shows a sig-
nificant advancement in comparison with other algorithms
with stiff stability such as quasi-explicit and single alter-
nating group explicit finite difference methods.? 2° These
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Table 13 Simulated voltammetric peak current functions and half-peak potentials for a reversible chemical reaction preceding an irreversible
heterogeneous electron transfer®

Kol | N.S. IR _ B=10

) E,n* mV Wt E,, mV Yer E,, mV Ver
0.2 44 .2 0.444 44 .5 0.4451 44 .6 0.4451
1 51.4 0.318 51.4 0.3188 51.4 0.3189
10 82.2 0.080 82.4 0.0800 82.5 0.0801

 Simulation parameters a =0.5 Dy=Dg=10"cm? s™! E u=E°+0.3V ;= ky+k_3 /b=18 N=10for 8=1.0 or N =15 for
B=0.5. [’Ep/2'= E],/Z—EO a—RT/FIn K3/ 1+Ks + RT/F In nDyb Y?/k, where b=a Fv/ RT . “Wep=i/FAc* Dxb V2
where ¢ is the sum of the equilibrium concentrations of species A and C.

Table 14 Simulated voltammetric peak current functions ¥, and
0.08+ relative CPU time f, for a reversible electron transfer
followed by an irreversible first-order catalytic chemical
0.06 reaction”
AE =5 mV AE=1mV
> 0.044 kt =k\/a N
v, fi v, f
0.02 10.000" 10.000"
107 6 8.955 1 8.955 4.4
0.007 9.982 1.3 9.982 5.3
04 02 00 00 04  -06 10 10.000 1.4 10.000 5.8
EW 10000" 10000"
0107 1926 7 10° 10 9042 1.4 904.2 5.8
' 15 9987 2.0 9987 8.2
0057 20 10001 2.5 10001 9.8
® Simulation parameters FEg., = Eo+ 0.200 V. E . — Egiien =
3 0.00 / 0.500V Dy=Dg=10"3cm> s7! ¢=38.92s"' B=1.0.
N=10 b Obtained by numerical integration as reported in Ref. 24.
-0.054
The efficiency of EEGNA in simulation of a stiff
0.104 catalytic mechanism can be further demonstrated through
02 03 04 05 06 o checking the convergences of the simulated currents with

E(V) the gradually increased network grid numbers in the cases
of both EEGNA and UGNA. As seen from Fig. 5 the

Fig. 4 Simulated voltammetric curves for a CE process with dif- . .. .
simulated current function increases to the final accurate

ferent number of simulation boxes as indicated on the
corresponding curves. Simulation parameters are the

same as the last row of Table 11 with the following ex- 104
ceptions A Dy=D¢= 10-B em? s™! Dy=10"°
em®> s 'and B Dy=D¢=10"em* s™' Dy = = 81
=]
107 B em? 71, B
.
features also parallel the fast implicit finite difference § 4.
FIFD approach and have evidenced the very high simu- S
lation efficiency of EEGNA . 2-
Based on logarithm analysis In ¥, - V¥ /¥ vs. 11 s ¢ 89T0 08 Toe0 08 1350

E plot of the last row data in Table 14 Nernst factor
RT/F and half-wave potential FE;, could be estimat-

ed to be 25.69 mV  theoretical value 25.69 mV  and Fig. 5 Convergence (.7f simulated voltammetric cur.rent with the
increase of grid numbers used for exponentially expand-

Grid number

0.005 mV theoretical value 0 mV  respectively for . oo Lo .

. ed grid and uniform grid network approaches. Simula-
AE =1 mV while for AE =5 mV these values are 25.70 tion parameters Euwm = Eo + 0.200 V. Equ —
mV and 0.003 mV correspondingly. The good consistency Foien=0.500V D, = Dy =10"5 em® s-! a =

with theoretical values further proves the simulation accu- 38.92 57! B =1.0 and k¥ = ki/a = 10°. Open

racy of EEGNA for such a stiff system. squares EEGNA  solid squares UGNA.
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10.000 for EEGNA after the grid number is
greater than 10. However for UGNA the simulated di-
mensionless current function only reaches 4.712 when the
grid number is 100 and 9.956 even if the grid number
has been increased to 2000. Therefore the EEGNA has
an incomparable simulation efficiency with respect to
UGNA even for relatively small catalytic rate constant

k¥ =10 . For k¥ = 10> EEGNA only needs 15—20
grids to get a very accurate simulation but UGNA has be-

value

come impractical due to incredibly long computation time
as well as large memory usage.

Conclusions

An exponentially expanded network model has been
introduced for the network simulation of various electro-
chemical problems with one-dimensional diffusion geome-
try. E CE EC and EC., schemes have been considered
as four typical cases in the context of the kinetic aspect of
molecular electrochemistry. The exponentially expanded
network method has been demonstrated to be competitive
as a fast and accurate way for the simulation of stiff elec-
trochemical problems with respect to uniform or quasi-uni-
form grid network approach as well as various explicit or
quasi-explicit finite difference algorithms. In addition the
exponentially expanded network approach also has the abil-
ity to cope with systems with extremely widely dispersed
diffusion coefficients and bears an advantage of mathe-
matical simplicity compared with other simulation tech-
niques. All these features make it especially promising as
a candidate for the construction of a general-purpose elec-
trochemical simulator dealing with extremely complex elec-
trochemical systems in the easiest and most convenient
way .
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