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A detailed investigation of the electrochemical metal deposition was carried out using both simulation and
experimental cyclic voltammetry (CV). Kinetic curves were developed to relate peak-to-peak potential
separation (AE,) to the cathodic charge transfer coefficient («) and the standard rate constant (k°). From
these curves, interpolation equations were derived to estimate k°, taking into account the effect of the
transfer coefficients sum (a + ), whether equals to or different from 1. The validity of the equations was
confirmed through the reduction of silver, copper and rhenium ions in various electrolytes, yielding k°
values of 14.51 x 107 m s™* for Ag*/Ag, 5.98 x 10~/ m s~ for Cu*/Cu and 10.59 x 1078 m s~ for Re®*/
Re. According to the Matsuda—Ayabe criteria for assessing electron-transfer reversibility, the Ag*/Ag and
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1. Introduction

Voltammetric techniques play a crucial role in assessing both
the thermodynamic and kinetic aspects of redox processes.
Among the different voltammetric methods, cyclic voltammetry
is the most frequently used.'”

Linear sweep voltammery (LSV) and cyclic voltammetry (CV)
simulations have attracted significant attention from
researchers.>>* By developing accurate mathematical models
and gaining deep insights into the underlying mechanisms,
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irreversible. The simulated CVs showed strong agreement with experimental results.

scientists strive to unravel the complexity of CV responses. The
simulation of CV for electrochemical metal deposition was first
studied by Berzins and Delahay' for a reversible system, fol-
lowed by numerous other researchers.** Delahay also con-
ducted studies on irreversible systems. Different works on
quasi-reversible systems have been carried out by Atek," and
other investigators.'®**?* Additionally, studies from Saila,
Affoune, Avaca and Kanzaki'®'”*** have explored the electro-
oxidation of insoluble species.

The standard heterogeneous electron transfer rate constant
(k°) is a crucial electrochemical parameter, as it provides direct
insight into the kinetics of redox reactions.”>*'-** Standard rate
constant determination is a fundamental scientific concept
with significant cross-disciplinary implications, as it provides
quantitative insights into reaction mechanisms and speeds
across various fields like electrocatalysis, materials science,
energy storage and biology.***® In electrocatalysis, it is used to
characterize the activity and efficiency of electrocatalysts for
various reactions.**” in materials science, it aids in under-
standing the behavior and stability of materials and devices like
batteries, electroplatings and sensors.***® In biology, standard
rate constants are crucial for quantifying protein-ligand inter-
actions and enzyme kinetics, helping to understand biological
processes like signaling, drug discovery, and the mechanisms of
genetic and biochemical reaction.*”»**

In contrast to soluble-soluble redox couples, for which the
standard rate constant (k°) has been extensively investigated
through linear sweep voltammetry (LSV)*® and cyclic voltammetry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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studies,”*>* the case of soluble-insoluble couples has received
far less attention, with only a very few studies examining the
determination of k° using voltammetric techniques. Atek*® pre-
sented kinetic diagrams as well as their interpolation equations
to determine the kinetic rate constant through the development
of interpolation equations based on peak current, half-peak width
and peak potential kinetic curves, building on the approach
initially introduced by Krulic,” where the sum of the cathodic («)
and anodic () charge transfer coefficients equals 1.

As far as we are aware, the standard rate constant for
electrochemical metal deposition has not been investigated
based on cyclic voltammetry whatever the sum (« + §) across an
extended ranges of AE, and charge transfer coefficient («). This
work investigates how the charge transfer coefficients «, 8, and
their sum («a + @) affect cyclic voltammetry, particularly the peak-
to-peak potential separation (AE,) and the accurate determi-
nation of the standard rate constant k°. Kinetic curves and
interpolation equations were developed to express AE, as
a function of the dimensionless rate constant (w) and charge
transfer parameters. The influence of « + 8 on k° estimation was
analyzed and corrected. Experimental validation was carried
out, and findings enable reliable k° determination for electro-
deposition reactions using cyclic voltammetry peak separation.

2. Results and discussion

2.1. Metal deposition cyclic voltammograms characteristics

Fig. 1 presents theoretical cyclic voltammograms for electrode-
position reaction, illustrating both the effect of the dimensionless
rate constant (w) and the cathodic charge transfer coefficient (c).
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The relationship between w and k° (w = k°/8*\/nmFvDypw+ /RT) is
provided in the SI (S14). Simulations were performed using the
following parameters: n = 1, T = 298.15 K,» = 0.1V s ', C; =
1mM,A=1cm* D=1x10°m?*s "

Fig. 1a-c shows that the cathodic peaks of electrochemical
metal deposition exhibit an asymmetric convex shape, while the
anodic peaks appear sharp and narrow, accompanied by a steep
current drop immediately after the peak, and does not exhibit
a diffusion-controlled phase. The increase in anodic current is
exclusively governed by charge transfer. The rapid current drop
indicates the complete oxidation of deposit formed during the
forward scan. The separation between the anodic and cathodic
peak potentials (AEp) increases with increasing irreversibility;
i.e. with decreasing rate constant w, and a lower cathodic charge
transfer coefficient («).

2.2. Electrochemical standard heterogeneous rate constant
(k°) determination: case where a + 8 = 1

First, we studied how the switching potential (£,) influences the
peak-to-peak potential separation (AE,), (see SI). After that, we
investigate the combined effect of cathodic charge transfer
coefficient and dimensionless rate constant on AE;,.

Since the sum of the cathodic and anodic transfer coeffi-
cients (a + 8) directly affects peak positions and, by extension,
the peak-to-peak potential separation (AE,), its impact is
examined in depth in this study. Distinct analyses are con-
ducted for systems where « + § = 1 and those where this
condition is not satisfied, highlighting the differences in
electrochemical behavior under each scenario.
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Fig.1 The effect of w =10°(a), w =107 (b), and « (c) on soluble-insoluble CVs: o = 0.7 (black), & = 0.5 (red), & = 0.3 (blue) for w =103 and a =

0.5 (magenta) for w = 10°.
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Fig. 2 Kinetic curves presenting the effect of the charge transfer coefficient («) and the kinetic rate constant (w) on the peak-to-peak potential

separation (A®): (a) 107® = w = 108, (b) w = 1072

The relationship between peak-to-peak potential separations
(AEp) and dimensionless peak-to-peak potential separations
(A®) is expressed as follows:

AD = (Z—I;) x AE, 1)

In this study, we investigate a broader range of the dimen-
sionless kinetic rate constant (w), spanning from 10~ ° to 10°,
along with cathodic charge transfer coefficient («) values
varying between 0.1 and 0.9.

Fig. 2 shows kinetic curves for electrochemical metal depo-
sition redox systems, where the dimensionless peak-to-peak
potential separation (A®) is plotted as a function of the loga-
rithm of the dimensionless rate constant (logw) and the
cathodic charge transfer coefficient («). For a known value of w,
simulated voltammograms are established for nine values of
a = [0.1-0.9]. From the file data of each voltammogram, the
dimensionless peak-to-peak potential separation (A®) is
deduced. After that, the same procedure is repeated for another
value of w = (107%, 107>, ..., 10°).

Throughout this work, A® .1y will refer to the peak sepa-
ration under the condition « + 8 = 1. The dimensionless rate
constant (w) for metal electrodeposition reactions depends on
the initial concentration of the oxidized species as indicated in
eqn (S14). The diagrams presented in Fig. 2a and b were
calculated with the concentration Cp,, = 1 mM. However, these
diagrams remain valid for any concentration, because the
concentration affects only the current and has no influence on
the peak potential.

In the range © = 10 ° to 10", Fig. 2a reveals a convex and
symmetrical profile, centered around « = 0.5. In contrast,
Fig. 2b shows that as w increases beyond 107", the curves
become increasingly asymmetric and flatten in shape. When the
values of a and AE, are known, the kinetic curves provided
above allow for the determination of the dimensionless rate
constant w. Once w is obtained, the standard rate constant £°
can then be calculated using eqn (S14).

As noted earlier, the symmetry of the kinetic curves for v =
10" supports the use of interpolation. Data fitting was per-
formed using the rational Holliday equation:

1

_ 2
a+ bx + cx? @)

y:
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where y represents A® and x represents «. a, b and c¢ are func-
tions of log(w).

The following equation was derived within these parameter
ranges:

—6 = log(w) = —1, 10 = A® = 150

1

- = - R>=10.9999 3
ay + byo+ 1o (3)

AP(oip=1) =

where:
ay = 0.0012 + 0.352 exp((—log(w))/—0.4862); RZ = 0.9930 (4)
by = 0.3045 exp(0.2641 log(w)); R* = 0.9930 (5)
c1 = —0.3136 exp(0.27414 log(w)); R* = 0.9930 (6)

When « + 8 = 1 and  is in the range w < 10~ %, w can be
accurately extracted using either the interpolation eqn (3) or the
corresponding kinetic curves shown in Fig. 2. In contrast, for
values exceeding 10", the irregular and flattened nature of the
curves prevents reliable interpolation. Nonetheless, as depicted
in Fig. 2b, the impact of « on AE, becomes negligible in this
higher » range. As a result, approximate values of w can still be
inferred from the detailed view of the kinetic curves in Fig. 2b.

2.3. Electrochemical standard heterogeneous rate constant
(k°) determination: case where a + 8 # 1

The electrochemical literature acknowledges that the sum of
the charge transfer coefficients (« + @) can differ from one,
either being less than or greater than unity.*>* Chen
>%explained that in Butler-Volmer theory, the assumption that
a + 6 =1 is derived from the concept of microscopic revers-
ibility. However, this condition is only valid at the equilibrium
potential. In systems that are quasi-reversible, this assumption
does not hold. The Marcus-Hush theory, especially in its
asymmetric form, provides an explanation for these discrep-
ancies, relating them to the differing vibrational force constants
of the redox species. Additionally, Henstridge® observed that,
due to the large peak-to-peak separation, the condition « + § =1
can be relaxed without violating the principle of microscopic
reversibility. This is because the oxidation and reduction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Presentation of dimensionless soluble—insoluble CVs for w =
10, «=05and =03,05,0.7.

reactions take place at widely differing potentials, placing them
in distinct environmental conditions. Suwatchara® showed that
enforcing the condition « + 8 = 1 led to a poor description of the
experimental CVs for the one-electron reduction of 2-nitro-
propane, while relaxing this constraint (« + 8 # 1) provided an
excellent fit. Different literature studies also®**° reported
experimental systems where « + 3 # 1. To our knowledge, no
theoretical investigations have examined the influence of o +
6 # 1 on cyclic voltammetry for metal electrodeposition. To
address this gap, Fig. 3 demonstrates how variations in o +
@ affect the anodic peak. In this analysis, « is held constant at
0.5, while @ takes values of 0.3, 0.5, and 0.7. The resulting
deviation in the dimensionless anodic peak potential, observed
when « + 8 # 1 compared to the reference case of a + § =1, is
defined as Anp,.

24
(a) For ®=2.101
20
%16_3:0.2
2
g 12 J-03s
”“\
8-{2;8:5N
BZO'M
4 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
[0
14
(c) For ®=1

12 4p-o.

1s-0.

p=0.9

ACD((HB#I)
> » 3

2
0.0 0.2 0.4 0.6 0.8 1.0
a

View Article Online

Chemical Science

ANy = Ny arp=1) — Mpfatp=1) )
nkF
o = RT (E,, — E) (8)

It is observed that the below eqn (9), used to evaluate the
dimensionless peak-to-peak potential separation, A®(.g-1),
provides a better fit when the sum of the transfer coefficients
deviates from unity. This parameter, A®(,4-1), can be extracted
from experimental cyclic voltammograms using eqn (1).

ADipgr1) = AD(ip_1) + A7, )

An, depends on «, § and w. In order to avoid interpolation
equations excessively long, we define the following two types
of Any,:

Amp,:An, when -3 = log(w) = —1

Anp,,:An, when log(w) = -3

When analyzing a voltammogram characterized by specific
values of «, 8, and A®(,.s-1), an approximate estimation of the
corresponding « range can be made using the theoretical
reference tools: the kinetic diagrams in Fig. 4 or the validation
data provided in Table S1 (see SI). Once a given An, , or Ay, is
identified, its association with eqn (3) allows for the formula-
tion of a new interpolation expression for the dimensionless
peak-to-peak potential difference under conditions where o +
6 # 1. Although interpolation equations cannot be derived
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Fig. 4 Kinetic curves presenting the effect of « and 8 (where a + 8 # 1) and the kinetic rate constant w, on the peak-to-peak potential separation
(A®) for: (a) A(D(a+5¢1) forw =2 x 1071, (b) A‘p(a+ﬂ¢l) forw =05 x 1071, (c) Aé(zx+6#l) forw =1, (d) A(p(a+5¢1) for w = 10.
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when log(w) > —1, it remains possible to construct new kinetic
curves within this range.

Here below we present the development of equations
permitting the calculation of the dimensionless standard
heterogeneous rate constant for two different ranges:

2.3.1. Interpolation equation for the dimensionless stan-
dard rate constant (w): —3 =< log(w) = —1. In the range of —3 =
log(w) = —1, we obtained by interpolation the following eqn (10)
for Anp,.

Am, = (a + ba + co®) + (a; + by + ¢107)

x exp((a + bra + c20%) x B) (10)

where:
a=0.27594 + 1.43996 log  — 0.01107 log &/* (11)
b= —5.28228 — 9.8649 log » + 0.04393 log w? (12)
¢ =7.30133 + 19.49543 log w — 0.31554 log o® (13)
a; = —58.60695 — 88.52844 log w — 12.87437logw®  (14)
by = 155.89195 + 214.46174 log w + 53.23083 logw®  (15)
¢ = —128.3385 — 175.8604 log w — 43.75774logw®>  (16)
a, = —0.70606 + 4.20589 log w + 0.80246 log «> (17)
by = —5.06505 — 5.5916logw — 1.31285 log w* (18)
¢ = 4.59224 + 4.88175log w + 1.12871 log w* (19)

R? =0.9981

log(w) can be determined by substituting eqn (10) and (3)
into eqn (9). This latter becomes:

ADigr1) = ADrp=1) T A7y, (20)

Although eqn (20) is lengthy and appears complex, it
provides satisfactory results for the calculation of &°, in the
range of —3 = log(w) = —1, as demonstrated in both Theoretical
and Experimental Validation Sections. Furthermore, in the
experimental section, we found that eqn (34), which is simpler
than eqn (20), also remains valid within an acceptable margin of
error. Eqn (34) will be defined in the following section.

2.3.2. Interpolation equation for the dimensionless stan-
dard rate constant (w): log(w) = —3. In the case of an irre-
versible system, we developed hereinafter the eqn (33) which
permitted the calculation of An, when log(w) = —3.

Fig. 3 shows typical electrochemical metal deposition vol-
tammograms with same « and different §. Let consider An,
between two curves. The first curve when 8 = 6, =1 — @, and the
second one when § = 3, # 1 — « considered as the real
experimental value.

21566 | Chem. Sci, 2025, 16, 21562-21572
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S =1 =1y = () (B = B = (= 1) () @)

Once ¢, (the anodic peak time of the curve when « + 8 = 1) is
determined, Az, can be calculated.

To determine ¢; we proceeded as follows:

Given that the anodic electrical charges for the voltammo-
grams are the same:

Qa; = Qa (22)
Hence:
5] 15
J idt :J Ldr (23)
0 0
where:
. BinF
iy = anOexp{ IIQT (E - EO)} (24)
. G.nF
i = anOexp{ IZQT (E - Eﬂ)} (25)
Since E = vt
. 0 BinF 0 _ r 0 BonF 0
L nFk exp{RT (vt — E?) dtf.o nFk%exp T (vt — E°)|dt
(26)
g BnF 2 B.nF
JO exp{ IIQT (vt—EO)}dt: L exp{;T (vt—Eo)}dt (27)
BinFve\1" T BnFvi\1"
L OPURT v TPURT
exp(EU) ﬁlnFV B eXp(EU) ﬂanv
RT 1o L RT 0
(28)
. BinFvt\1" -e BonFvt\1"
P\Trr )| |®PURT 29)
B B,
do L 0
F F
exp (ﬁl % vt1> | exp (62 % vtz) |
S .. /A UL G A 30
B B B, B> (30
nkF
ex ﬂlant —-1=8 eXp<52ﬁVt2) - (31)
P rRT O =P 8,
nF
H = RT | ﬂleXp<52ﬁw2) _1+1 (32)
Yy 6,

By replacing the eqn (32) in (21)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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F
An,, =v]| t— RT In 516"1’(52%”2) - +1 nk
’ BinFy B, RT
(33)

By determining « and 3, using Tafel plots, we can determine
61 =1 — «. The parameter ¢, represents the anodic peak time of
the experimental curve. We can then calculate Az, using eqn
(33). Finally, by substituting eqn (33) and (3) into eqn (9). This
latter becomes:

ADipr1) = ADurp=1) T ATy, (34)

2.3.3. Kinetic curves for a + 8 # 1 and when log(w) > —1. As
shown in Fig. 4, kinetic curves were generated for four repre-
sentative values of log(w) > —1. In this context, Fig. 4a-d provide
practical reference curves for estimating w values of 2 x 107, 5
x 107", 1, and 10, respectively. In this range, calculations are
based exclusively on kinetic curves, as no interpolation equa-
tions have been developed. This reliance on direct curve anal-
ysis becomes even more critical when o« + 8 # 1, since each
unique combination of « and § demands a specific kinetic curve
for a given log(w). As a result, the number of required curves
becomes practically unlimited.

When A is less than 25, the diagrams above can be used to
estimate the dimensionless kinetic parameter (w), provided that
the values of «, 8, and AE, are known.

2.4. Theoretical validation of interpolation equations

Using MATLAB, we carried out a large set of simulations to test
the validity of our interpolation equations across a broad range
of electrochemical parameters. For each simulated cyclic vol-
tammogram, values of «, 8, and w were varied. The peak-to-peak
separation (AE,,) was first extracted, then used to calculate a new
estimated dimensionless kinetic parameter (denoted as «') via
our interpolation equations. These calculated values were
compared with the original input o, and the results are
compiled in Table S1. The MATLAB code used for these
computations is included in the SI. Minor deviations between w
and ' values are attributed to approximation errors introduced
during numerical computation.

The results in Table S1 show that the interpolation equations
perform well across a wide range of v, «, and § values, for both
a+ B =1and a + 8 # 1 conditions. The accuracy of k° esti-
mation is highly sensitive to the value of « + §; assuming a« = 8 =
0.5 or « + 8 = 1 without verification may lead to notable errors,
particularly in irreversible systems.

For extreme values of «, 8 (<0.2 or >0.8), or when « +  is
outside the typical range (<0.3 or >1.2), kinetic diagrams
become less reliable. In such cases, interpolation equations
offer more consistent results.

This work provides one of the most comprehensive valida-
tions of how «, 8, and « + § affect AE, and the accurate deter-
mination of ° in metal electrodeposition reactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5. Experimental validation for silver, copper and rhenium
ions reductions

The experimental cyclic voltammogram presented in Fig. S2
corresponds to the reduction of silver ions at a gold electrode,
performed in HCIO, electrolyte with a scan rate of 50 mV s,
the Fig. S3 corresponds to the reduction of copper ions at
a platinum electrode in TEABF, electrolyte at 100 mV s~ ", while
Fig. S4 represents the reduction of rhenium hexafluoride ReFs
at a vitreous carbon wire in LiF-NaF-KF eutectic mixture at
a scan rate of 50 mV s~ . A sharp drop in the anodic peak is
observed in all voltammograms, which is a characteristic
feature of a metal electrodeposition reaction.

The reactions of these soluble-insoluble redox systems are
as follows:

CF3SO3Ag +e = Ag + CF3SO37 (35)
[Cu(CH; CN),]" + e~ = Cu +4CH; CN (36)
ReFg®™ + 6e~ = Re + 8F~ (37)

To determine k°, the anodic and cathodic charge transfer
coefficients, along with the diffusion coefficient, are required
(refer to the SI). For silver ions, Tafel analysis and the semi-
integration method (see Fig. S2) yielded o = 0.302, 8 = 0.514,
and D = 5.56 x 10~ '° m* s For copper ions (see Fig. $3), the
corresponding values were « = 0.727, 8 = 0.460, and D = 2.58 x
10~° m? s™'. For rhenium ions (see Fig. S4), the corresponding
values were « = 0.130, 8 = 0.110, and D = 8 x 10 ° m?> s™'. The
calculation of k° is performed using both the kinetic diagrams
and the interpolation equations developed in this work.

Based on the experimental data, the peak-to-peak separation
(AEp) for silver ions, as shown in Fig. S2, is 0.12 V, calculated
from AE, = E,, — Epc = 0.07 — (—0.05). For copper ions, as
shown in Fig. 83, is 0.23 V, calculated from AE, = Ep, — Epe =
0.08 — (—0.16). In comparison, the rhenium ions cyclic vol-
tammogram in Fig. S4 gives a AE, of 1.17 V, determined as AE,
= Epa — Epe = 3.43 — 2.26. Using eqn (1), these values yield the
dimensionless peak-to-peak potential separations: A®,; for
silver, A®, for copper and A®; for rhenium:

F

AD, = (”—) AE, = 38.924 x 0.12 = 4.54 (38)
RT
nF

A, = (—) AE, = 38.924 x 0.23 = 9.01 (39)
RT
nkF

Ad; = <ﬁ) AE, = 79.747 x 1.17 = 93.54 (40)

Standard heterogeneous rate constant (k°) values for the
reduction of silver ions, copper ions as well as of rhenium ions,
obtained from different kinetic curves and calculated from
different equations are obtained in Tables 1-3, respectively.

For silver ions, the dimensionless kinetic parameter w can be
estimated using two different approaches. When assuming o +
B = 1, the value is derived from the kinetic diagram in Fig. 2b
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Table1 Dimensionless rate constant (w) and standard heterogeneous
rate constants (k°) values for the reduction of silver ions

Calculation methods of k° w ,10°ms™
Kinetic curves where a + 8 = 1 (Fig. 2) =0.81 =11.75
Kinetic curves where « + 8 # 1 (Fig. 4) =1 =~14.51

Table 2 Dimensionless rate constant (w) and standard heterogeneous
rate constants (k°) values for the reduction of copper ions

Calculation methods of k° w,107% k°, 107" ms™*
Kinetic curves where « + 8 # 1 (Fig. 4) =20 ~12.49
Interpolation equation where « + § =1 (3)  14.42 9.0
Interpolation equation where o + 8 # 1 (20) 9.58 5.98
Interpolation equation where o + 8 # 1 (34) 8.54 5.33

Table 3 Dimensionless rate constant (w) standard heterogeneous rate
constant (k%) values for the reduction of rhenium ions

Calculation methods of k° w,107* k°, 108 ms™!
Kinetic curves where a + 8 = 1 (Fig. 2) =0.46 ~0.29
Interpolation equation where « + 8 =1 (3)  0.13 0.08
Interpolation equation where « + 8§ # 1 (20) 17 10.59
Interpolation equation where a + 3 # 1 (34) 42 21.81

using a proportional scale: w = (1.8 cm X 0.9)/2 cm = 0.81.
Alternatively, under the condition o + 8 # 1, Fig. 4c suggests
a value of w close to 1. With w and « known, the standard
heterogeneous rate constant k° is computed using eqn (S14),
yielding approximately 11.75 x 10 ° m s™* (for w =~ 0.81) and
14.51 x 10 °m s " (for v = 1).

All the interpolation equations, whether for « + 8 =1 or o +
B # 1, are valid for w < 10~ ', whereas the estimated w values for
silver ions are 0.81 and approximately 1. Hence, these values are
outside the applicable range.

For copper ions, w was estimated using the kinetic diagram
in Fig. 4a (« + 8 # 1) suggesting a value of w close to 0.2. With
this w value and the known charge transfer coefficient «, the
standard rate constant k° was calculated using eqn (S14),
resulting in &° = 12.49 x 10 " m s .

Using the interpolation equations for the three cases, a + =1
(eqn (3)), e + 8 # 1 (eqn (20)), and « + 3 # 1 for irreversible systems
(eqn (34)), the calculated X° value for copper ions are 9.0 x
107" ms %598 x 10 "ms !, and 5.33 x 10" m s, respectively.

For rhenium ions, the dimensionless kinetic parameter
was estimated using the kinetic diagram in Fig. 2b (a + 8 = 1).
Applying the rule of three gives w = (3.7 cm x 0.00009)/7.2 cm
=0.46 x 10~* With this w value and the known charge transfer
coefficient «, the standard rate constant k° was calculated using
eqn (S14), resulting in &° = 0.29 x 10 ®*m s~ .

Using the interpolation equations for the three cases, a + § =
1 (eqn (3)), « + B # 1 (eqn (20)), and a + 8 # 1 in irreversible
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systems (eqn (34)), the calculated standard rate constants k° for
rhenium ions are 0.08 x 107 m s™*, 10.59 x 10 ® m s, and
21.81 x 107° m s~ ', respectively. Since eqn (34) provides
a simpler approach and yields a comparable result, it may be
used in place of eqn (20) for practical k° calculation.

Next, we simulate the cyclic voltammograms corresponding
to the k° values determined for silver, copper and rhenium ions.
Fig. 5 presents both the simulated and experimental cyclic
voltammograms for silver ion reduction. The simulations were
carried out using the previously determined values of the charge
transfer coefficient «, the diffusion coefficient D, and the stan-
dard rate constant £°. For the anodic transfer coefficient 8, two
approaches were considered: the value obtained from Tafel
analysis and the one calculated using the relation § =1 — «.

Fig. 5 compares experimental and simulated cyclic voltam-
mograms for silver ion reduction. In Fig. 5b, the simulated
curve generated using k° = 11.75 x 10 ° m s, with a = 0.302
and g estimated as 1 — « = 0.698 (assuming « + 8 = 1), shows
noticeable deviation from the experimental voltammogram
(Fig. 5a), particularly near the anodic peak. Conversely, Fig. 5¢
displays a much better fit when the same £° and « values are
used, but g is taken from the Tafel plot (8 = 0.514), highlighting
the importance of using experimentally derived § values rather
than assuming § = 1 — «.*” Finally, Fig. 5d shows the simulated
curve using k° = 14.51 x 10 ° m s~ *, obtained from the kinetic
model where « + 8 # 1, which provides the closest agreement
with the experimental data.

Fig. 6 represents simulated and experimental cyclic voltam-
mograms for copper ions using various &° values derived from
different interpolation equations. When k° = 9.0 x 107" m s,
obtained from the interpolation equation assuming « + 8 = 1
(eqn (3)), the resulting curves (Fig. 6b), assuming o + § = 1,
shows deviations from the experimental voltammogram
(Fig. 6a). In contrast, the simulation shown in Fig. 6c and d,
based on k° =5.98 x 107" ms " and k* =5.33 x 107" m s~
obtained from eqn (20) and eqn (34) where « + 8 # 1, aligns
much more closely with the experimental data.

I(mA)

-0.2— T T T
-0.2 0.0 0.2 0.4

E(V)

Fig.5 Experimentaland theoretical cyclic voltammograms for Ag*/Ag
redox couple: (a) experimental CV (black solid line) and (b—d) theo-
retical curves: (b) cyan solid line, from kinetic curves a+8 = 1 (Fig. 2): k°
=1175%x10"%ms ™, « =0.302, 6 =0.698, (a + 8 =1); (c) red solid line,
from kinetic curves a + 8 =1 (Fig. 2): kK> = 1175 x 10 m s, a =
0.302, 8 =0.514 (« + 8 # 1); (d) blue solid line, from kinetic curves « +
B # 1(Fig.4: k°=1451x10"°ms™L, «=0.302, 8 =0.514 (a + 8 # 1).
Inset: magnified view of the anodic peaks.
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Fig. 6 Experimental and theoretical cyclic voltammograms for Cu*/
Cu redox couple: (a) experimental CV (black solid line), along with (b—
d) theoretical curves derived from various interpolation equations: (b)
green dashed line: theoretical curve from egn (3), with k° = 9.0 x
107 ms™, a=0.727,6=0.273 (« + 8 = 1); (c) red solid line: eqn (20),
k°=598x107"ms ™, a=0.727, 8= 0.460 (a« + 8 # 1); (d) cyan solid
line: eqn (34), k° =533 x 107" ms™, a=0.727, 8 =0.460 (a + 8 # 1).

Fig. 7 and Fig. 8 display the experimental and simulated
cyclic voltammograms for rhenium ion reduction. The simula-
tions were performed using the previously determined param-
eters: «, the diffusion coefficient D, and the standard rate
constant k°. For the anodic charge transfer coefficient 8, two
approaches were considered, either the value obtained directly
from Tafel analysis or the one estimated using the assumption
B=1-—a.

As shown in Fig. 7, the simulated voltammogram in Fig. 7b,
calculated using k° = 0.29 x 10® m s~ from the kinetic curves
assuming « + 8 = 1 (Fig. 2) (with « = 0.130 and 8 =1 — « =
0.870), deviates significantly from the experimental data
(Fig. 7a), particularly at the anodic peak. In Fig. 7c, a second
simulation using the same k° and « values but with 8 obtained
from the Tafel analysis (8 = 0.110) shows a partial improvement
where the anodic peak current is more aligned with the

1.04,,

0.8

0.6

I(A)

0.4

0.2 a ¢

0.0
15 20 25 30 35 40 45
E(V)

Fig. 7 Experimental and theoretical cyclic voltammograms for Re®*/

Re redox couple: (a) experimental CV (black solid line), adapted from
Affoune et al., J. Appl. Electrochem., 2002, 32, 721-728, https://
doi.org/10.1023/A:1016532912889, with permission from Springer
Nature; (b and c) theoretical curves are shown for comparison: (b)
cyan solid line: & = 0.130, 8 = 0.870 (a + 8 = 1); (c) red dashed line:
« = 0.130, 8 = 0.110 (@ + B8 # 1). The standard rate constant was
calculated from the kinetic curves a + 8 = 1 (Fig. 2): k° = 0.29 x
1078 m s71. Inset: magnified view of the cathodic peaks.
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Fig. 8 Experimental and theoretical cyclic voltammograms for Re®*/

Re redox couple: (a) experimental CV (black solid line), adapted from
Affoune et al., J. Appl. Electrochem., 2002, 32, 721-728, https://
doi.org/10.1023/A:1016532912889, with permission from Springer
Nature, along with (b—d) theoretical curves derived from various
interpolation equations: (b) green dashed line (right Y-axis):
theoretical curve from eqgn (3), with k° = 0.08 x 108 m s}, a =
0.130, B = 0.870 (a+B = 1); (b) green solid line (left Y-axis): eqgn (3),
K° =008 x 108 m s «=0130, 6 = 0.110 (« + 8 # 1); (c) red
solid line (left Y-axis): eqn (20), k° = 10.59 x 1078 m s™%, a« = 0.130,
8 = 0.110 (a + 8 # 1); (d) cyan solid line (left Y-axis): eqn (34), k° =
21.81 x 108 ms™, & = 0.130, 8 = 0.110 (&« + B8 # 1). Inset: zoomed
view of the cathodic peak (b).

experimental value. However, the overall shape remains
inconsistent. These discrepancies confirm that the kinetic
curves assuming « + 8 = 1 (Fig. 2) are not appropriate in this
case, as the experimentally determined sum « + § is approxi-
mately 0.24.

Fig. 8 compares simulated and experimental cyclic voltam-
mograms for rhenium ions using various k° values derived from
different interpolation equations. When k° = 0.08 x 10 ®*m s,
obtained from the interpolation equation assuming o + 6 = 1
(eqn (3)), the resulting curves (Fig. 8b and b’), whether assuming
a+ B =1or # 1, show significant deviations from the experi-
mental voltammogram (Fig. 8a). In contrast, the simulation
shown in Fig. 8c, based on £° = 10.59 x 10~® m s™" obtained
from eqn (20) (« + 8 # 1), aligns much more closely with the
experimental data. Additionally, Fig. 8d presents the simulation
using &° = 21.81 x 10~ ® m s, calculated from the interpola-
tion equation for irreversible systems (eqn (34)). Overall, the
simulated voltammograms using interpolation equations
tailored for « + 8 # 1, particularly eqn (20), show the best
agreement with experimental results.

These results suggest that the number of electrons involved
in the redox process may significantly affect the estimated
values of £°. In particular, the one-electron transfer of silver
leads to a comparatively high £° (14.51 x 10® m s~ '), whereas
the multielectron transfer of rhenium results in a much smaller
value (10.59 x 10~ % m s™"). Such differences are consistent with
the general trend that multielectron processes are kinetically
less favorable, as they require more complex reorganization
steps at the electrode-electrolyte interface.

It is generally assumed that « + 8 = 1, so that when one
coefficient is determined, the other can be deduced.®* In elec-
trodeposition studies, authors typically determine only the
cathodic charge transfer coefficient, which is directly involved
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in the electrodeposition reaction.®»** The anodic charge transfer
coefficient is usually determined in studies focused on the
oxidation or corrosion of metallic substrates.®**> However, the
literature shows that for soluble-soluble systems,***7%%%" there
are significantly more references where the sum of (« + 8) differs
from unity in a single article, compared to electrodeposition
systems.***®® The results we obtained indicate that the sum (« +
@) varies across different cases. For rhenium, (« + 8) is 0.24; for
silver, it is 0.816; and for copper, it is 1.187. Through this work,
we have demonstrated that assuming o« + 8 = 1 can lead to
significant errors, as k° is highly sensitive to the individual
values of « and (.

The simulated voltammograms exhibit a higher peak current
than the experimental ones because the simulated curve rea-
ches a maximum current and then drops sharply, unlike the
smoother behavior of the experimental curve. Despite this small
discrepancy, the methodology we applied here for silver, copper
and rhenium provided a reliable determination of £°.

3. Experimental and computational
methods

3.1. Theory

The theoretical approach used to simulate cyclic voltammo-
grams for the metal electrodeposition reactions is described in
detail in the SI file.

3.2. Materials and methods

3.2.1. Calculation methods. The numerical simulations
were carried out using Fortran 90 and compiled with Microsoft
Fortran PowerStation 4.0. Post-processing and graphical anal-
ysis of the simulation data were performed using Origin 2018,
which offered a complete suite of tools for data visualization.
Using the non-linear fitting tools of Origin software, we carefully
analysed our kinetic curves (Fig. 2) to derive the equations. For
A¢ = fla), we applied the Rational/Holliday function with the
Levenberg-Marquardt algorithm, while for A¢ = flw) we used
Exponential models (ExpDecl, Exp2PMod1, Exp2P) with the
same algorithm.

The charge transfer coefficient was estimated through Tafel
plot analysis, while the diffusion coefficient was evaluated using
the semi-integration technique, based on the method originally
proposed by Oldham.*®%8¢°

3.2.2. Reagents. For the electrochemical reduction reaction
of silver ions, we used silver trifluoromethanesulfonate CF;-
SOz;Ag (10 mM) in perchloric acid HCIO, (1 M) from Sigma-
Aldrich Company. For the electrochemical reduction reaction
of copper ions, we used tetrakis(acetonitrile)copper(1) tetra-
fluoroborate [Cu(CH3CN),|BF, (10 mM) from (TCI) in tetra-
ethylammonuim tetrafluoroborate TEABF, (0.1 M) from (ABCR).
For the electrochemical reduction reaction of rhenium ions, we
used rhenium hexafluoride ReFy (26 mM) in LiF-NaF-KF
eutectic mixture from Sigma-Aldrich Company; more details on
the preparation of rhenium electrolyte are provided in the
article of Affoune et al'® All reagents were used without
purification.
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3.2.3. Instrumentation and procedures. The cyclic voltam-
metric measurements for the reductions of CF3;SO3;Ag and
[Cu(CH3CN),]BF, were carried out using an Autolab model
PGSTAT302N potentiostat and for the reduction of ReFg
a potentiostat-galvonostat (PAR EG&G model 273), respectively.

For the reduction of CF;SO;Ag, a gold disc electrode (0.0707
cm?®) was employed, with platinum wire as a counter electrode
and a silver wire as a comparison electrode. For the reduction of
[Cu(CH;CN),]BF,, a platinum electrode (0.0707 cm?) was
employed, with platinum wire as a counter electrode and
a copper wire as a comparison electrode. The reduction of ReFg
was performed using a vitreous carbon wire (1.884 cm?) as
a working electrode, graphite crucible as a counter electrode,
and a platinum wire as a comparison electrode. The potentials
were referred to the equilibrium potential of K'/K couple, the
cathodic limit of the solvent.

The potential was swept between 0.4 V and —0.4 V at a scan
rate of 50 mV s~ for silver ions reduction, 0.7 V and —0.6 V at
a scan rate of 100 mV s~ * for copper ions reduction and between
3.73 V and 1.73 V at a scan rate of 50 mV s for rhenium
reduction. The first two reactions were carried out at room
temperature, whereas the rhenium ions reduction was per-
formed at 600 °C.

4. Conclusions

Using the Butler-Volmer framework and a semi-analytical
method, cyclic voltammograms were simulated for metal elec-
trodeposition across reversible, quasi-reversible, and irrevers-
ible regimes. Kinetic curves were constructed from peak-to-peak
separations over a wide range of « and dimensionless rate
constants (w), leading to interpolation equations for both « +
B=1and «+ 3 # 1.

Experimental validation was performed via silver, copper
and rhenium ions reduction. The extracted parameters were:

Silver couple: & = 0.302, 8 = 0.514, D = 5.56 x 10 " m?s ™,
K =14.51 x 10 °ms.”!

Copper couple: « = 0.727, 8 = 0.460, D = 2.58 x 10 " m”s™ ",
k=598 x10 "ms. !

Rhenium couple: & = 0.130, 8 =0.110,D =8 x 10" " m”s™ ",
kK =1059 x 10 °ms. ™"

Simulated voltammograms closely matched the experi-
mental data, confirming the reliability of the proposed method.

This study provides a validated and practical approach for
determining the standard rate constant £° in metal electrode-
position systems using both kinetic curves and interpolation
equations. Experimental results show that the derived £° values
reproduce cyclic voltammograms with excellent agreement. The
interpolation equations offer superior precision, especially
when « + (@ deviates from 1; where traditional kinetic curves
become unreliable.

Importantly, our findings underline that assuming o + § =1
can lead to significant errors, as k° is highly sensitive to the
individual values of « and (. This work delivers a generalizable
method for extracting k° from CV data, supported by both
theory and experiment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To our knowledge, it is the most thorough investigation to
date on how «, 8, and their sum influence cyclic voltammetry
and peak-to-peak separation, filling key gaps in previous models
and offering tools of wide relevance in electrochemical kinetics.
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