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Preface

An understanding of electrophysical phenomena and related electrode kinetic and thermo‐
dynamic parameters at interfaces is fundamental and necessary for developing advanced
electrochemical science and technology. Observing unexpected electrophysical phenomena
or developing new methods, materials, and applications at interfaces is always exciting and
a great delight for electrochemists.
In both present and future, it has been clear that health, environment and energy are the
most important and inescapable issues facing mankind. Developments in electrochemical
methods, materials, and applications will be able to solve these issues since many develop‐
ments in health treatments and environmental clean energy sources rely on the advanced
electrochemical science and technology.
The book “Developments in Electrochemistry” presents current issues and developments in
electrochemical methods, materials, and their applications. This book contains five feature
articles in recent advanced electrochemistry. These feature articles emphasize physical phe‐
nomena rather than mathematical formalisms of electrochemistry. The topics represented in
the book are: The phase-shift method and correlation constants for determining the electro‐
chemical Frumkin, Langmuir, and Temkin adsorption isotherms at noble and highly corro‐
sion-resistant metal and alloy/solution interfaces; Quantitative separation of an adsorption
effect in the form of defined current probabilistic responses for catalyzed/inhibited electrode
processes; A quick, simple, and non-invasive method to evaluate sudomotor dysfunctions;
Cyclohexane-based liquid-biphasic systems for organic electrochemistry; Electrochemical
transformation of white phosphorus as a way to compounds with phosphorus-hydrogen
and phosphorus-carbon bonds.
I hope that this book will contribute to the understanding of the aspects of developments
and issues in recent advanced electrochemistry. I also hope it can contribute to changing as‐
pects of these developments and issues, to show that the butterfly effect really exists in elec‐
trochemistry.
I would like to thank the chapter authors, who were selected and invited by the scientific
editorial board of InTech, for their feature article contributions. Also, I would like to thank
the publishing process manager Ana Pantar and the technical staff of InTech for their excel‐
lent publishing assistance.

Professor Jang H. Chun, Ph.D.
Department of Electronic Engineering

Kwangwoon University
Seoul, Republic of Korea
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Chapter 1

Developments in Electrochemistry: The Phase-Shift
Method and Correlation Constants for Determining the
Electrochemical Adsorption Isotherms at Noble and
Highly Corrosion-Resistant Metal/Solution Interfaces

Jinyoung Chun and Jang H. Chun

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52494

1. Introduction

To obtain an environmentally clean energy source, many experimental methods have been de‐
veloped and used to study the adsorption of hydrogen for the cathodic H2 evolution reaction
(HER) and hydroxide for the anodic O2 evolution reaction (OER) at noble and highly corrosion-
resistant metal and alloy/aqueous solution interfaces [1−7]. The cathodic HER is one of the most
extensively studied topics in electrochemistry, electrode kinetics, renewable and sustainable
energy, etc. It is well known that underpotentially deposited hydrogen (UPD H) and overpo‐
tentially deposited hydrogen (OPD H) occupy different surface adsorption sites and act as two
distinguishable electroadsorbed H species, and that only OPD H can contribute to the cathodic
HER [2−7]. Similarly, one can interpret that underpotentially deposited deuterium (UPD D)
and overpotentially deposited deuterium (OPD D) occupy different surface adsorption sites
and act as two distinguishable electroadsorbed D species, and that only OPD D can contribute
to the cathodic D2 evolution reaction (DER). However, there is not much reliable electrode ki‐
netic data for OPD H and OPD D, i.e. the fractional surface coverage, interaction parameter, and
equilibrium constant for the Frumkin adsorption isotherm, at the interfaces. Also, a quantita‐
tive relationship between the Temkin and Frumkin or Langmuir adsorption isotherms has not
been developed to study the cathodic HER and DER. Thus, there is a technological need for a
useful, effective, and reliable method to determine the Frumkin, Langmuir, and Temkin ad‐
sorption isotherms of OPD H and OPD D and related electrode kinetic and thermodynamic pa‐
rameters. In the following discussions, H and D mean OPD H and OPD D, respectively.

© 2012 Chun and Chun; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Chun and Chun; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Although the electrochemical Frumkin and Langmuir adsorption isotherms may be regarded
as classical models and theories, it is preferable to consider the Frumkin and Langmuir adsorp‐
tion isotherms for H and D rather than electrode kinetics and thermodynamics equations for H
and D because these adsorption isotherms are associated more directly with the atomic mecha‐
nisms of H and D [8]. However, there is not much reliable information on the Frumkin and
Langmuir adsorption isotherms of H for the cathodic HER and related electrode kinetic and
thermodynamic data [1−7]. Furthermore, there is not much reliable information on the Frum‐
kin and Langmuir adsorption isotherms of D for the cathodic DER and related electrode kinetic
and thermodynamic data. Because, to the authors’ knowledge, the interaction parameter and
equilibrium constant for the Frumkin adsorption isotherm of H and D cannot be experimental‐
ly and readily determined using other conventional methods [3,7].

To determine the Frumkin, Langmuir, and Temkin adsorption isotherms, the phase-shift
method and correlation constants have been originally developed on the basis of relevant
experimental results and data. The phase-shift method is a unique electrochemical impe‐
dance spectroscopy technique for studying the linear relationship between the phase shift
(90° ≥ −φ ≥ 0°) vs. potential (E) behavior for the optimum intermediate frequency (fo) and the
fractional surface coverage (0 ≤ θ ≤ 1) vs. E behavior of the intermediates (H, D, OH, OD) for
the sequential reactions (HER, DER, OER) at noble and highly corrosion-resistant metal and
alloy/solution interfaces [9−29]. The θ vs. E behavior is well known as the Frumkin or Lang‐
muir adsorption isotherm.

At first glance, it seems that there is no linear relationship between the −φ vs. E behavior for
fo and the θ vs. E behavior at the interfaces. Thus, the tedious experimental procedures pre‐
sented there [e.g. 13, 16, 19−21, 27] have been used to verify or confirm the validity and cor‐
rectness of the phase-shift method. This is discussed in more detail in the section on
theoretical and experimental backgrounds of the phase-shift method. However, note that
many scientific phenomena have been interpreted by their behavior rather than by their na‐
ture. For example, the wave−particle duality of light and electrons, i.e. their wave and parti‐
cle behaviors, is well known in science and has been applied in engineering. To explain the
photoelectric effect of light, the behavior of light is interpreted as a particle, i.e. a photon, on
the basis of the observed phenomena or the measured experimental data. Note that the na‐
ture of light is a wave. Similarly, to explain the tunneling effect of electrons, the behavior of
electrons is interpreted as a wave on the basis of the observed phenomena or the measured
experimental data. Note that the nature of the electron is a real particle, which has a nega‐
tive charge and a mass. Notably, these wave and particle behaviors are complementary rath‐
er than contradictory to each other.

The comments and replies on the phase-shift method are described elsewhere [30−34]. New
ideas or methods must be rigorously tested, especially when they are unique, but only with
pure logic and objectivity and through scientific procedures. However, the objections to the
phase-shift method do not fulfill these criteria. The objections to the phase-shift method are
substantially attributed to a misunderstanding of the phase-shift method itself [27, 28]. Note
especially that all of the objections to the phase-shift method can be attributed to confusion
regarding the applicability of related impedance equations for intermediate frequencies and
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a unique feature of the faradaic resistance for the recombination step [35]. The validity and
correctness of the phase-shift method should be discussed on the basis of numerical simula‐
tions with a single equation for −φ vs. θ as functions of E and frequency (f) or relevant ex‐
perimental data which are obtained using other conventional methods. The lack of the
single equation for −φ vs. θ as functions of E and f and use of incorrect values of the elec‐
trode kinetic parameters or the equivalent circuit elements for the numerical simulations
given in the comments result in the confused conclusions on the phase-shift method.

In practice, the numerical calculation of equivalent circuit impedances of the noble and
highly corrosion-resistant metal and alloy/solution interfaces is very difficult or impossible
due to the superposition of various effects. However, it is simply determined by frequency
analyzers, i.e. tools. Note that the phase-shift method and correlation constants are useful
and effective tools for determining the Frumkin, Langmuir, and Temkin adsorption iso‐
therms and related electrode kinetic and thermodynamic parameters.

This work is one of our continuous studies on the phase-shift method and correlation con‐
stants for determining the Frumkin, Langmuir, and Temkin adsorption isotherms. In this
paper, as a selected example of the phase-shift method and correlation constants for deter‐
mining the electrochemical adsorption isotherms, we present the Frumkin and Temkin ad‐
sorption isotherms of (H + D) for the cathodic (HER + DER) and related electrode kinetic and
thermodynamic parameters of a Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface.
These experimental results are compared with the relevant experimental data of the noble
and highly corrosion-resistant metal and alloy/solution interfaces [11, 13, 16, 19−21, 23−29].
The interaction parameters, equilibrium constants, standard Gibbs energies of adsorptions,
and rates of change of the standard Gibbs energies with θ for the Frumkin, Langmuir, and
Temkin adsorption isotherms of H, D, (H + D), OH, and (OH + OD) are summarized and
briefly discussed.

2. Experimental

2.1. Preparations

Taking into account the H+ and D+ concentrations [27] and the effects of the diffuse-double
layer and pH [36], a mixture (1:1 volume ratio) of 0.1 M LiOH (H2O) and 0.1 M LiOH (D2O)
solutions, i.e. 0.1 M LiOH (H2O + D2O) solution, was prepared from LiOH (Alfa Aesar, puri‐
ty 99.995%) using purified water (H2O, resistivity > 18 MΩ · cm) obtained from a Millipore
system and heavy water (D2O, Alfa Aesar, purity 99.8%). The p(H + D) of 0.1 M LiOH (H2O
+ D2O) solution was 12.91. This solution was deaerated with 99.999% purified nitrogen gas
for 20 min before the experiments.

A standard three-electrode configuration was employed. A saturated calomel electrode
(SCE) was used as the standard reference electrode. A platinum−iridium alloy wire (Johnson
Matthey, 90:10 Pt/Ir mass ratio, 1.5 mm diameter, estimated surface area ca. 1.06 cm2) was
used as the working electrode. A platinum wire (Johnson Matthey, purity 99.95%, 1.5 mm

Developments in Electrochemistry: The Phase-Shift Method and Correlation Constants for...
http://dx.doi.org/10.5772/52494
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diameter, estimated surface area ca. 1.88 cm2) was used as the counter electrode. Both the Pt
−Ir alloy working electrode and the Pt counter electrode were prepared by flame cleaning
and then quenched and cooled sequentially in Millipore Milli-Q water and air.

2.2. Measurements

A cyclic voltammetry (CV) technique was used to achieve a steady state at the Pt−Ir alloy/0.1
M LiOH (H2O + D2O) solution interface. The CV experiments were conducted for 20 cycles
at a scan rate of 200 mV · s−1 and a scan potential of (0 to −1.0) V vs. SCE. After the CV ex‐
periments, an electrochemical impedance spectroscopy (EIS) technique was used to study
the linear relationship between the −φ vs. E behavior of the phase shift (90° ≥ −φ ≥ 0°) for the
optimum intermediate frequency (fo) and the θ vs. E behavior of the fractional surface cover‐
age (0 ≤ θ ≤ 1). The EIS experiments were conducted at scan frequencies (f) of (104 to 0.1) Hz
using a single sine wave, an alternating current (ac) amplitude of 5 mV, and a direct current
(dc) potential of (0 to −1.20) V vs. SCE.

The CV experiments were performed using an EG&G PAR Model 273A potentiostat control‐
led with the PAR Model 270 software package. The EIS experiments were performed using
the same apparatus in conjunction with a Schlumberger SI 1255 HF frequency response ana‐
lyzer controlled with the PAR Model 398 software package. To obtain comparable and re‐
producible results, all of the measurements were carried out using the same preparations,
procedures, and conditions at 298 K. The international sign convention is used: cathodic cur‐
rents and lagged-phase shifts or angles are taken as negative. All potentials are given on the
standard hydrogen electrode (SHE) scale. The Gaussian and adsorption isotherm analyses
were carried out using the Excel and Origin software packages.

3. Results and discussion

3.1. Theoretical and experimental backgrounds of the phase-shift method

The equivalent circuit for the adsorption of (H + D) for the cathodic (HER + DER) at the Pt−Ir
alloy/0.1 M LiOH (H2O + D2O) solution interface can be expressed as shown in Fig. 1a [27,
28, 37−39]. Taking into account the superposition of various effects (e.g. a relaxation time ef‐
fect, a real surface area problem, surface absorption and diffusion processes, inhomogene‐
ous and lateral interaction effects, an oxide layer formation, specific adsorption effects, etc.)
that are inevitable under the experimental conditions, we define the equivalent circuit ele‐
ments as follows: RS is the real solution resistance; RF is the real resistance due to the farada‐
ic resistance (Rϕ) for the discharge step and superposition of various effects; RP is the real
resistance due to the faradaic resistance (RR) for the recombination step and superposition of
various effects; CP is the real capacitance due to the adsorption pseudocapacitance (Cϕ) for
the discharge step and superposition of various effects; and CD is the real double-layer ca‐
pacitance. Correspondingly, neither RF nor CP is constant; both depend on E and θ and can
be measured. Note that both Rϕ and Cϕ also depend on E and θ but cannot be measured.
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The numerical derivation of Cϕ from the Frumkin and Langmuir adsorption isotherms (θ vs.
E) is described elsewhere, and Rϕ depends on Cϕ [37,39]. A unique feature of Rϕ and Cϕ is
that they attain maximum values at θ ≈ 0.5 and intermediate E, decrease symmetrically with
E at other values of θ, and approach minimum values or 0 at θ ≈ 0 and low E and θ ≈ 1 and
high E; this behavior is well known in interfacial electrochemistry, electrode kinetics, and
EIS. The unique feature and combination of Rϕ and Cϕ vs. E imply that the normalized rate
of change of −φ with respect to E, i.e. Δ(−φ)/ΔE, corresponds to that of θ vs. E, i.e. Δθ/ΔE,
and vice versa (see footnotes in Table 1). Both Δ(−φ)/ΔE and Δθ/ΔE are maximized at θ ≈ 0.5
and intermediate E, decrease symmetrically with E at other values of θ, and are minimized
at θ ≈ 0 and low E and θ ≈ 1 and high E. Notably, this is not a mere coincidence but rather a
unique feature of the Frumkin and Langmuir adsorption isotherms (θ vs. E). The linear rela‐
tionship between and Gaussian profiles of −φ vs. E or Δ(−φ)/ΔE and θ vs. E or Δθ/ΔE most
clearly appear at fo. The value of fo is experimentally and graphically evaluated on the basis
of Δ(−φ)/ΔE and Δθ/ΔE for intermediate and other frequencies (see Figs. 3 to 5). The impor‐
tance of fo is described elsewhere [21]. These aspects are the essential nature of the phase-
shift method for determining the Frumkin and Langmuir adsorption isotherms.

The frequency responses of the equivalent circuit for all f that is shown in Fig. 1a are essential for
understanding the unique feature and combination of (RS, RF) and (CP, CD) vs. E for fo, i.e. the lin‐
ear relationship between the −φ vs. E behavior for fo and the θ vs. E behavior. At intermediate
frequencies, one finds regions in which the equivalent circuit for all f behaves as a series circuit
of RS, RF, and CP or a series and parallel circuit of RS, CP, and CD, as shown in Fig. 1 b. However,
note that the simplified equivalent circuits shown in Fig. 1b do not represent the change of the
cathodic (HER + DER) itself but only the intermediate frequency responses.

Figure 1. (a) Experimentally proposed equivalent circuit for the phase-shift method. (b) Simplified equivalent circuits
for intermediate frequency responses.

At intermediate frequencies, the impedance (Z) and lagged phase-shift (−φ) are given by
[27−29]

( )S F P j /w= + -Z R R C (1a)
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( )S F P  arctan [1 / ]j w- = +R R C (1b)

for the upper circuit in Fig. 1b or

( )S P D  [ j / ]w= - +Z R C C (2a)

( )S P D  arctan [1 /  C ]j w- = +R C (2b)

for the lower circuit in Fig. 1b, where j is the imaginary unit (i.e. j2 = −1) and ω is the angular
frequency, defined as ω = 2πf, where f is the frequency. Under these conditions,

P P P S F 1 /  and w>> >> +R C R R R (3)

In our previous papers [9−24], only Eq. (1) was used with a footnote stating that CP practical‐
ly includes CD (see Tables 1 and 2 in Ref. 20, Table 1 in Ref. 19, etc.). Both Eqs. (1) and (2)
show that the effect of RP on −φ for intermediate frequencies is negligible. These aspects are
completely overlooked, confused, and misunderstood in the comments on the phase-shift
method by Horvat-Radosevic et al. [30,32,34]. Correspondingly, all of the simulations of the
phase-shift method using Eq. (1) that appear in these comments (where CP does not include
CD) [30,32,34] are basically invalid or wrong [27,28]. All of the analyses of the effect of RP on
−φ for intermediate frequencies are also invalid or wrong (see Supporting Information of
Refs. 27 and 28).

The following limitations and conditions of the equivalent circuit elements for fo are sum‐
marized on the basis of the experimental data in our previous papers [9−29]. Neither RS nor
CD is constant. At θ ≈ 0, RS > RF and CD > CP, or vice versa, and so forth. For a wide range of θ
(i.e. 0.2 < θ < 0.8), RF >> RS or RF > RS and CP >> CD or CP > CD, and so forth. At θ ≈ 1, RS > RF or
RS < RF and CP >> CD. The measured −φ for fo depends on E and θ. In contrast to the numeri‐
cal simulations, the limitations and conditions for Eq. (1) or (2) are not considered for the
phase-shift method because all of the measured values of −φ for intermediate frequencies in‐
clude (RS, RF) and (CP, CD). Correspondingly, the measured −φ for fo is valid and correct re‐
gardless of the applicability of Eq. (1) or (2). Both the measured values of −φ at fo and the
calculated values of −φ at fo using Eq. (1) or (2) are exactly the same (see Supporting Infor‐
mation in Refs. 27 and 28). The unique feature and combination of (RS, RF) and (CP, CD) are
equivalent to those of Rϕ and Cϕ. This is attributed to the reciprocal property of RF and CP vs.
E and suggests that only the polar form of the equivalent circuit impedance, i.e. −φ descri‐
bed in Eq. (1b) or (2b), is useful and effective for studying the linear relationship between
the −φ (90° ≥ −φ ≥ 0°) vs. E behavior at fo and the θ (0 ≤ θ ≤ 1) vs. E behavior. Note that the
phase-shift method for determining the electrochemical (Frumkin, Langmuir, Temkin) ad‐
sorption isotherms has been proposed and verified on the basis of the phase-shift curves (−φ
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vs. log f) at various E (see Fig. 2). The unique feature and combination of (RS, RF) and (CP, CD)
vs. E, i.e. −φ vs. E or Δ(−φ)/ΔE and θ vs. E or Δθ/ΔE, most clearly appear at fo. The linear
relationship between and Gaussian profiles of −φ vs. E or Δ(−φ)/ΔE and θ vs. E or Δθ/ΔE for
fo imply that only one Frumkin or Langmuir adsorption isotherm is determined on the basis
of relevant experimental results (see Figs. 3 to 5). The shape and location of the −φ vs. E or
Δ(−φ)/ΔE profile for fo and the θ vs. E or Δθ/ΔE profile correspond to the interaction param‐
eter (g) and equilibrium constant (Ko) for the Frumkin or Langmuir adsorption isotherm, re‐
spectively. These aspects have been experimentally and consistently verified or confirmed in
our previous papers [9−29].

3.2. Basic procedure and description of the phase-shift method

Note that the following description of the phase-shift method for determining the Frumkin
adsorption isotherm is similar to our previous papers due to use of the same method and
procedures [27,28].

Figure 2 compares the phase-shift curves (−φ vs. log f) for different E at the Pt−Ir alloy/0.1 M
LiOH (H2O + D2O) solution interface. As shown in Fig. 2, −φ depends on both f and E
[37−39]. Correspondingly, the normalized rate of change of −φ vs. E, i.e. Δ(−φ)/ΔE, depends
on both f and E. In electrosorption, θ depends on only E [40]. The normalized rate of change
of θ vs. E, i.e. Δθ/ΔE, obeys a Gaussian profile. This is a unique feature of the Frumkin and
Langmuir adsorption isotherms (θ vs. E).

Figure 2. Comparison of the phase-shift curves (−φ vs. log f) for different potentials (E) at the Pt−Ir alloy/0.1 M LiOH
(H2O + D2O) solution interface. Measured values: ●. Vertical solid line: 1.259 Hz; single sine wave; scan frequency
range, (104 to 0.1) Hz; ac amplitude, 5 mV. Dc potentials: (a) −0.659 V, (b) −0.684 V, (c) −0.709 V, (d) −0.734 V, (e)
−0.759 V, (f) −0.784 V, (g) −0.809 V, (h) −0.834 V, (i) −0.859 V, (j) −0.884 V, and (k) −0.909 V (all vs. SHE).

The intermediate frequency of 1.259 Hz, shown as a vertical solid line on the −φ vs. log f plot
in Fig. 2, can be set as fo for −φ vs. E and θ vs. E profiles. The determination of fo is experi‐
mentally and graphically evaluated on the basis of Δ(−φ)/ΔE and Δθ/ΔE for intermediate
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and other frequencies (see Figs. 3 and 4). At the maximum −φ shown in curve a of Fig. 2, it
appears that the adsorption of (H + D) and superposition of various effects are minimized;
i.e. θ ≈ 0 and E is low. Note that θ (0 ≤ θ ≤ 1) depends only on E. At the maximum −φ, when
θ ≈ 0 and E is low, both Δ(−φ)/ΔE and Δθ/ΔE are minimized because Rϕ and Cϕ approach
minimum values or 0. At the minimum −φ, shown in curve k of Fig. 2, it appears that the
adsorption of (H + D) and superposition of various effects are maximized or almost saturat‐
ed; i.e. θ ≈ 1 and E is high. At the minimum −φ, when θ ≈ 1 and E is high, both Δ(−φ)/ΔE and
Δθ/ΔE are also minimized because Rϕ and Cϕ approach minimum values or 0. At the medi‐
um −φ between curves d and e in Fig. 2, it appears that both Δ(−φ)/ΔE and Δθ/ΔE are maxi‐
mized because Rϕ and Cϕ approach maximum values at θ ≈ 0.5 and intermediate E (see
Table 1 and Fig. 4b). If one knows the three points or regions, i.e. the maximum −φ (θ ≈ 0
and low E region, where Δ(−φ)/ΔE and Δθ/ΔE approach the minimum value or 0), the medi‐
um −φ (θ ≈ 0.5 and intermediate E region, where Δ(−φ)/ΔE and Δθ/ΔE approach the maxi‐
mum value), and the minimum −φ (θ ≈ 1 and high E region, where Δ(−φ)/ΔE and Δθ/ΔE
approach the minimum value or 0) for fo, then one can easily determine the object, i.e. the
Frumkin or Langmuir adsorption isotherm. In other words, both Δ(−φ)/ΔE and Δθ/ΔE for fo

are maximized at θ ≈ 0.5 and intermediate E, decrease symmetrically with E at other values
of θ, and are minimized at θ ≈ 0 and low E and θ ≈ 1 and high E (see Table 1 and Fig. 4b). As
stated above, this is a unique feature of the Frumkin and Langmuir adsorption isotherms.
The linear relationship between and Gaussian profiles of −φ vs. E or Δ(−φ)/ΔE and θ vs. E or
Δθ/ΔE most clearly appear at fo.

E/V vs. SHE −φ/deg θ a Δ(−φ)/ΔE b Δθ/ΔE c

−0.659 84.7 ~ 0 ~ 0 ~ 0

−0.684 84.0 0.00830 0.08304 0.08304

−0.709 79.4 0.06287 0.54567 0.54567

−0.734 60.8 0.28351 2.20641 2.20641

−0.759 26.6 0.68921 4.05694 4.05694

−0.784 7.7 0.91340 2.24199 2.24199

−0.809 2.6 0.97390 0.60498 0.60498

−0.834 1.3 0.98932 0.15421 0.15421

−0.859 0.7 0.99644 0.07117 0.07117

−0.884 0.6 0.99763 0.01186 0.01186

−0.909 0.4 ~ 1 0.02372 0.02372

Table 1. a (0 ≤ θ ≤ 1) and estimated using −φ. b {[(neighbor phase shift difference)/(total phase shift difference)]/
[(neighbor potential difference)/(total potential difference)]}. c {[(neighbor fractional surface coverage difference)/
(total fractional surface coverage difference)]/[(neighbor potential difference)/(total potential difference)]}. Measured
values of the phase shift (−φ) for the optimum intermediate frequency (fo = 1.259 Hz), the fractional surface coverage
(θ) of (H + D), and the normalized rates of change of −φ and θ vs. E (i.e. Δ(−φ)/ΔE, Δθ/ΔE) at the Pt−Ir alloy/0.1 M LiOH
(H2O + D2O) solution interface
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Figure 3. Comparison of (a) the phase-shift profiles (−φ vs. E) and (b) the fractional surface coverage profiles (θ vs. E)
for four different frequencies at the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface. Measured or estimated val‐
ues: ●, 0.1 Hz; ■, 1.259 Hz; ►, 10 Hz; ○, 100 Hz. The optimum intermediate frequency (fo) is 1.259 Hz.

Figure 4. Comparison of the normalized rates of change of −φ and θ vs. E, i.e. Δ(−φ)/ΔE and Δθ/ΔE, for four different
frequencies at the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface. Solid curves show the fitted Gaussian profiles.
Measured or estimated values: ○, Δ(−φ)/ΔE; ●, Δθ/ΔE. (a) 0.1 Hz, (b) 1.259 Hz, (c) 10 Hz, and (d) 100 Hz. The optimum
intermediate frequency (fo) is 1.259 Hz.

The procedure and description of the phase-shift method for determining the Frumkin ad‐
sorption isotherm of (H + D) at the interface are summarized in Table 1. The values of −φ
and θ as a function of E at fo = 1.259 Hz shown in Fig. 3 are illustrated on the basis of the
experimental results summarized in Table 1. The values of −φ and θ as a function of E at f =
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of θ, and are minimized at θ ≈ 0 and low E and θ ≈ 1 and high E (see Table 1 and Fig. 4b). As
stated above, this is a unique feature of the Frumkin and Langmuir adsorption isotherms.
The linear relationship between and Gaussian profiles of −φ vs. E or Δ(−φ)/ΔE and θ vs. E or
Δθ/ΔE most clearly appear at fo.

E/V vs. SHE −φ/deg θ a Δ(−φ)/ΔE b Δθ/ΔE c

−0.659 84.7 ~ 0 ~ 0 ~ 0

−0.684 84.0 0.00830 0.08304 0.08304

−0.709 79.4 0.06287 0.54567 0.54567

−0.734 60.8 0.28351 2.20641 2.20641

−0.759 26.6 0.68921 4.05694 4.05694

−0.784 7.7 0.91340 2.24199 2.24199

−0.809 2.6 0.97390 0.60498 0.60498

−0.834 1.3 0.98932 0.15421 0.15421

−0.859 0.7 0.99644 0.07117 0.07117

−0.884 0.6 0.99763 0.01186 0.01186

−0.909 0.4 ~ 1 0.02372 0.02372

Table 1. a (0 ≤ θ ≤ 1) and estimated using −φ. b {[(neighbor phase shift difference)/(total phase shift difference)]/
[(neighbor potential difference)/(total potential difference)]}. c {[(neighbor fractional surface coverage difference)/
(total fractional surface coverage difference)]/[(neighbor potential difference)/(total potential difference)]}. Measured
values of the phase shift (−φ) for the optimum intermediate frequency (fo = 1.259 Hz), the fractional surface coverage
(θ) of (H + D), and the normalized rates of change of −φ and θ vs. E (i.e. Δ(−φ)/ΔE, Δθ/ΔE) at the Pt−Ir alloy/0.1 M LiOH
(H2O + D2O) solution interface

Developments in Electrochemistry10

Figure 3. Comparison of (a) the phase-shift profiles (−φ vs. E) and (b) the fractional surface coverage profiles (θ vs. E)
for four different frequencies at the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface. Measured or estimated val‐
ues: ●, 0.1 Hz; ■, 1.259 Hz; ►, 10 Hz; ○, 100 Hz. The optimum intermediate frequency (fo) is 1.259 Hz.

Figure 4. Comparison of the normalized rates of change of −φ and θ vs. E, i.e. Δ(−φ)/ΔE and Δθ/ΔE, for four different
frequencies at the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface. Solid curves show the fitted Gaussian profiles.
Measured or estimated values: ○, Δ(−φ)/ΔE; ●, Δθ/ΔE. (a) 0.1 Hz, (b) 1.259 Hz, (c) 10 Hz, and (d) 100 Hz. The optimum
intermediate frequency (fo) is 1.259 Hz.

The procedure and description of the phase-shift method for determining the Frumkin ad‐
sorption isotherm of (H + D) at the interface are summarized in Table 1. The values of −φ
and θ as a function of E at fo = 1.259 Hz shown in Fig. 3 are illustrated on the basis of the
experimental results summarized in Table 1. The values of −φ and θ as a function of E at f =
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0.1 Hz, 10 Hz, and 100 Hz shown in Fig. 3 are also illustrated through the same procedure
summarized in Table 1. However, note that the differences between the −φ vs. E profile at fo

= 1.259 Hz and the −φ vs. E profiles at f = 0.1 Hz, 10 Hz, and 100 Hz shown in Fig. 3a do not
represent the measurement error but only the frequency response. In practice, the θ vs. E
profiles at f = 0.1 Hz, 10 Hz, and 100 Hz shown in Fig. 3b should be exactly the same as the θ
vs. E profile at fo = 1.259 Hz. Because, as stated above, θ depends on only E and this unique
feature most clearly appears at fo. This is the reason why the comparison of −φ and θ vs. E
profiles for different frequencies shown in Fig. 3 is necessary to determine fo.

The Gaussian profile shown in Fig. 4b is illustrated on the basis of Δ(−φ)/ΔE and Δθ/ΔE data
for fo = 1.259 Hz summarized in Table 1. Figure 4b shows that both Δ(−φ)/ΔE and Δθ/ΔE are
maximized at θ ≈ 0.5 and intermediate E, decrease symmetrically with E at other values of θ,
and are minimized at θ ≈ 0 and low E and θ ≈ 1 and high E. The Gaussian profiles for f = 0.1
Hz, 10 Hz, and 100 Hz shown in Fig. 4 were obtained through the same procedure summar‐
ized in Table 1. Finally, one can conclude that the θ vs. E profile at fo = 1.259 Hz shown in
Fig. 3b is applicable to the determination of the Frumkin adsorption isotherm of (H + D) at
the interface. As stated above, the shape and location of the −φ vs. E or Δ(−φ)/ΔE profile and
the θ vs. E or Δθ/ΔE profile for fo correspond to g and Ko for the Frumkin adsorption iso‐
therm, respectively.

3.3. Frumkin, Langmuir, and Temkin adsorption isotherms

The derivation and interpretation of the practical forms of the electrochemical Frumkin,
Langmuir, and Temkin adsorption isotherms are described elsewhere [41−43]. The Frumkin
adsorption isotherm assumes that the Pt−Ir alloy surface is inhomogeneous or that the later‐
al interaction effect is not negligible. It is well known that the Langmuir adsorption isotherm
is a special case of the Frumkin adsorption isotherm. The Langmuir adsorption isotherm can
be derived from the Frumkin adsorption isotherm by setting the interaction parameter to be
zero. The Frumkin adsorption isotherm of (H + D) can be expressed as follows [42]

( )o[ / (1 )] exp( ) exp /q q q +- = -g K C EF RT (4)

/=g r RT (5)

oexp( )q= -K K g (6)

where θ (0 ≤ θ ≤ 1) is the fractional surface coverage, g is the interaction parameter for the
Frumkin adsorption isotherm, Ko is the equilibrium constant at g = 0, C+ is the concentration
of ions (H+, D+) in the bulk solution, E is the negative potential, F is Faraday’s constant, R is
the gas constant, T is the absolute temperature, r is the rate of change of the standard Gibbs
energy of (H + D) adsorption with θ, and K is the equilibrium constant. The dimension of K
is described elsewhere [44]. Note that when g = 0 in Eqs. (4) to (6), the Langmuir adsorption
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isotherm is obtained. For the Langmuir adsorption isotherm, when g = 0, the inhomogene‐
ous and lateral interaction effects on the adsorption of (H + D) are assumed to be negligible.

At the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface, the numerically calculated
Frumkin adsorption isotherms using Eq. (4) are shown in Fig. 5. Curves a, b, and c in Fig. 5
show the three numerically calculated Frumkin adsorption isotherms of (H + D) correspond‐
ing to g = 0, −2.2, and −5.5, respectively, for Ko = 5.3 × 10−5 mol−1. The curve b shows that the
Frumkin adsorption isotherm, K = 5.3 × 10−5 exp(2.2θ) mol−1, is applicable to the adsorption
of (H + D), and Eq. (5) gives r = −5.5 kJ · mol−1. The Frumkin adsorption isotherm implies that
the lateral interaction between the adsorbed (H + D) species is not negligible. In other words,
the Langmuir adsorption isotherm for g = 0, i.e. K = 5.3 × 10−5 mol−1, is not applicable to the
adsorption of (H + D) at the interface (see Fig. 8).

Figure 5. Comparison of the experimental and fitted data for the Frumkin adsorption isotherms of (H + D) at the Pt−Ir
alloy/0.1 M LiOH (H2O + D2O) solution interface. Experimental data: ■. Curves show the Frumkin adsorption isotherms
calculated using Eq. (4) for (a) g = 0, (b) g = −2.2, and (c) g = −5.5 with Ko = 5.3 × 10−5 mol−1.

At intermediate values of θ (i.e. 0.2 < θ < 0.8), the pre-exponential term, [θ/(1 − θ)], varies
little with θ in comparison with the variation of the exponential term, exp(gθ). Under these
approximate conditions, the Temkin adsorption isotherm can be simply derived from the
Frumkin adsorption isotherm. The Temkin adsorption isotherm of (H + D) can be expressed
as follows [42]

( )oexp( ) exp /q += -g K C EF RT (7)

Figure 6 shows the determination of the Temkin adsorption isotherm corresponding to the
Frumkin adsorption isotherm shown in curve b of Fig. 5. The dashed line labeled b in Fig. 6
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0.1 Hz, 10 Hz, and 100 Hz shown in Fig. 3 are also illustrated through the same procedure
summarized in Table 1. However, note that the differences between the −φ vs. E profile at fo

= 1.259 Hz and the −φ vs. E profiles at f = 0.1 Hz, 10 Hz, and 100 Hz shown in Fig. 3a do not
represent the measurement error but only the frequency response. In practice, the θ vs. E
profiles at f = 0.1 Hz, 10 Hz, and 100 Hz shown in Fig. 3b should be exactly the same as the θ
vs. E profile at fo = 1.259 Hz. Because, as stated above, θ depends on only E and this unique
feature most clearly appears at fo. This is the reason why the comparison of −φ and θ vs. E
profiles for different frequencies shown in Fig. 3 is necessary to determine fo.

The Gaussian profile shown in Fig. 4b is illustrated on the basis of Δ(−φ)/ΔE and Δθ/ΔE data
for fo = 1.259 Hz summarized in Table 1. Figure 4b shows that both Δ(−φ)/ΔE and Δθ/ΔE are
maximized at θ ≈ 0.5 and intermediate E, decrease symmetrically with E at other values of θ,
and are minimized at θ ≈ 0 and low E and θ ≈ 1 and high E. The Gaussian profiles for f = 0.1
Hz, 10 Hz, and 100 Hz shown in Fig. 4 were obtained through the same procedure summar‐
ized in Table 1. Finally, one can conclude that the θ vs. E profile at fo = 1.259 Hz shown in
Fig. 3b is applicable to the determination of the Frumkin adsorption isotherm of (H + D) at
the interface. As stated above, the shape and location of the −φ vs. E or Δ(−φ)/ΔE profile and
the θ vs. E or Δθ/ΔE profile for fo correspond to g and Ko for the Frumkin adsorption iso‐
therm, respectively.

3.3. Frumkin, Langmuir, and Temkin adsorption isotherms

The derivation and interpretation of the practical forms of the electrochemical Frumkin,
Langmuir, and Temkin adsorption isotherms are described elsewhere [41−43]. The Frumkin
adsorption isotherm assumes that the Pt−Ir alloy surface is inhomogeneous or that the later‐
al interaction effect is not negligible. It is well known that the Langmuir adsorption isotherm
is a special case of the Frumkin adsorption isotherm. The Langmuir adsorption isotherm can
be derived from the Frumkin adsorption isotherm by setting the interaction parameter to be
zero. The Frumkin adsorption isotherm of (H + D) can be expressed as follows [42]

( )o[ / (1 )] exp( ) exp /q q q +- = -g K C EF RT (4)

/=g r RT (5)

oexp( )q= -K K g (6)

where θ (0 ≤ θ ≤ 1) is the fractional surface coverage, g is the interaction parameter for the
Frumkin adsorption isotherm, Ko is the equilibrium constant at g = 0, C+ is the concentration
of ions (H+, D+) in the bulk solution, E is the negative potential, F is Faraday’s constant, R is
the gas constant, T is the absolute temperature, r is the rate of change of the standard Gibbs
energy of (H + D) adsorption with θ, and K is the equilibrium constant. The dimension of K
is described elsewhere [44]. Note that when g = 0 in Eqs. (4) to (6), the Langmuir adsorption
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isotherm is obtained. For the Langmuir adsorption isotherm, when g = 0, the inhomogene‐
ous and lateral interaction effects on the adsorption of (H + D) are assumed to be negligible.

At the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface, the numerically calculated
Frumkin adsorption isotherms using Eq. (4) are shown in Fig. 5. Curves a, b, and c in Fig. 5
show the three numerically calculated Frumkin adsorption isotherms of (H + D) correspond‐
ing to g = 0, −2.2, and −5.5, respectively, for Ko = 5.3 × 10−5 mol−1. The curve b shows that the
Frumkin adsorption isotherm, K = 5.3 × 10−5 exp(2.2θ) mol−1, is applicable to the adsorption
of (H + D), and Eq. (5) gives r = −5.5 kJ · mol−1. The Frumkin adsorption isotherm implies that
the lateral interaction between the adsorbed (H + D) species is not negligible. In other words,
the Langmuir adsorption isotherm for g = 0, i.e. K = 5.3 × 10−5 mol−1, is not applicable to the
adsorption of (H + D) at the interface (see Fig. 8).

Figure 5. Comparison of the experimental and fitted data for the Frumkin adsorption isotherms of (H + D) at the Pt−Ir
alloy/0.1 M LiOH (H2O + D2O) solution interface. Experimental data: ■. Curves show the Frumkin adsorption isotherms
calculated using Eq. (4) for (a) g = 0, (b) g = −2.2, and (c) g = −5.5 with Ko = 5.3 × 10−5 mol−1.

At intermediate values of θ (i.e. 0.2 < θ < 0.8), the pre-exponential term, [θ/(1 − θ)], varies
little with θ in comparison with the variation of the exponential term, exp(gθ). Under these
approximate conditions, the Temkin adsorption isotherm can be simply derived from the
Frumkin adsorption isotherm. The Temkin adsorption isotherm of (H + D) can be expressed
as follows [42]

( )oexp( ) exp /q += -g K C EF RT (7)

Figure 6 shows the determination of the Temkin adsorption isotherm corresponding to the
Frumkin adsorption isotherm shown in curve b of Fig. 5. The dashed line labeled b in Fig. 6
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shows that the numerically calculated Temkin adsorption isotherm of (H + D) using Eq. (7)
is K = 5.3 × 10−4 exp(−2.4θ) mol−1, and Eq. (5) gives r = 6.0 kJ · mol−1. The values of g and K for
the Frumkin and Temkin adsorption isotherms of H, D, (H + D), OH, and (OH + OD) at the
noble and highly corrosion-resistant metal and alloy/H2O and D2O solution interfaces are
summarized in Tables 2 and 3, respectively.

Figure 6. Comparison of the experimentally determined Frumkin adsorption isotherm and three fitted Temkin adsorp‐
tion isotherms of (H + D) at the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface. Experimental data: ■. The curve
shows the Frumkin adsorption isotherm calculated using Eq. (4). Dashed lines show the Temkin adsorption isotherms
calculated using Eq. (7) and the correlation constants for (a) g = 0, (b) g = 2.4, and (c) g = 5.5 with Ko = 5.3 × 10−4 mol−1.

3.4. Applicability of the Frumkin, Langmuir, and Temkin adsorption isotherms

Figure 7 shows the applicability of ranges of θ, which are estimated using the measured
phase shift (−φ) shown in Table 1, for the Frumkin adsorption isotherm at the Pt−Ir alloy/0.1
M LiOH (H2O + D2O) solution interface. Fig. 7 also shows that the phase-shift method for
determining the Frumkin adsorption isotherm (θ vs. E) is valid, effective, and reasonable at
0 ≤ θ ≤ 1.

Figures 8 and 9 show the applicability of the Langmuir and Temkin adsorption isotherms at
the same potential ranges, respectively. Figs. 8 and 9 also show that the Langmuir and Tem‐
kin adsorption isotherms are not applicable to the adsorption of (H + D) at the interface.

At extreme values of θ, i.e. θ ≈ 0 and 1, the Langmuir adsorption isotherm is often applicable
to the adsorption of intermediates [42]. However, as shown in Figs. 8b and c, the validity
and correctness of the Langmuir adsorption isotherm are unclear and limited even at θ ≈ 0
and 1. As stated in the introduction, the value of g for the Frumkin adsorption isotherm is
not experimentally and consistently determined using other conventional methods. This is
the reason why the Langmuir adsorption isotherm is often used even though it has the criti‐
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cal limitation and applicability. On the other hand, the Temkin adsorption isotherm is only
valid and effective at 0.2 < θ < 0.8 (see Fig. 6). Note that the short potential range (ca. 37 mV)
is difficult to observe in the Temkin adsorption isotherm correlating with the Frumkin ad‐
sorption isotherm. At other values of θ, i.e. 0 ≤ θ < 0.2 and 0.8 < θ ≤ 1, only the Frumkin
adsorption isotherm is applicable to the adsorption of (H + D). Finally, one can conclude that
the Frumkin adsorption isotherm is more useful, effective, and reliable than the Langmuir
and Temkin adsorption isotherms at the interface.

Figure 7. Comparison of ranges of θ for the Frumkin adsorption isotherm of (H + D) at the Pt−Ir alloy/0.1 M LiOH (H2O
+ D2O) solution interface. (a) 0.2 < θ < 0.8 (◄), (b) 0.1 < θ < 0.9 (●), and (c) 0 ≤ θ ≤ 1 (■). The blue curve is the Frumkin
adsorption isotherm, K = 5.3 × 10−5 exp(2.2θ) mol−1.

Figure 8. Comparison of the Langmuir adsorption isotherms of (H + D) at the same potential ranges. Experimental
data: ■. Curves show the Langmuir adsorption isotherms (θ vs. E) calculated using Eq. (4) for g = 0. (a) K = 5.3 × 10−3

mol−1, (b) K = 5.3 × 10−4 mol−1, (c) K = 5.3 × 10−5 mol−1, and (d) K = 5.3 × 10−6 mol−1.
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shows that the numerically calculated Temkin adsorption isotherm of (H + D) using Eq. (7)
is K = 5.3 × 10−4 exp(−2.4θ) mol−1, and Eq. (5) gives r = 6.0 kJ · mol−1. The values of g and K for
the Frumkin and Temkin adsorption isotherms of H, D, (H + D), OH, and (OH + OD) at the
noble and highly corrosion-resistant metal and alloy/H2O and D2O solution interfaces are
summarized in Tables 2 and 3, respectively.

Figure 6. Comparison of the experimentally determined Frumkin adsorption isotherm and three fitted Temkin adsorp‐
tion isotherms of (H + D) at the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface. Experimental data: ■. The curve
shows the Frumkin adsorption isotherm calculated using Eq. (4). Dashed lines show the Temkin adsorption isotherms
calculated using Eq. (7) and the correlation constants for (a) g = 0, (b) g = 2.4, and (c) g = 5.5 with Ko = 5.3 × 10−4 mol−1.

3.4. Applicability of the Frumkin, Langmuir, and Temkin adsorption isotherms

Figure 7 shows the applicability of ranges of θ, which are estimated using the measured
phase shift (−φ) shown in Table 1, for the Frumkin adsorption isotherm at the Pt−Ir alloy/0.1
M LiOH (H2O + D2O) solution interface. Fig. 7 also shows that the phase-shift method for
determining the Frumkin adsorption isotherm (θ vs. E) is valid, effective, and reasonable at
0 ≤ θ ≤ 1.

Figures 8 and 9 show the applicability of the Langmuir and Temkin adsorption isotherms at
the same potential ranges, respectively. Figs. 8 and 9 also show that the Langmuir and Tem‐
kin adsorption isotherms are not applicable to the adsorption of (H + D) at the interface.

At extreme values of θ, i.e. θ ≈ 0 and 1, the Langmuir adsorption isotherm is often applicable
to the adsorption of intermediates [42]. However, as shown in Figs. 8b and c, the validity
and correctness of the Langmuir adsorption isotherm are unclear and limited even at θ ≈ 0
and 1. As stated in the introduction, the value of g for the Frumkin adsorption isotherm is
not experimentally and consistently determined using other conventional methods. This is
the reason why the Langmuir adsorption isotherm is often used even though it has the criti‐
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cal limitation and applicability. On the other hand, the Temkin adsorption isotherm is only
valid and effective at 0.2 < θ < 0.8 (see Fig. 6). Note that the short potential range (ca. 37 mV)
is difficult to observe in the Temkin adsorption isotherm correlating with the Frumkin ad‐
sorption isotherm. At other values of θ, i.e. 0 ≤ θ < 0.2 and 0.8 < θ ≤ 1, only the Frumkin
adsorption isotherm is applicable to the adsorption of (H + D). Finally, one can conclude that
the Frumkin adsorption isotherm is more useful, effective, and reliable than the Langmuir
and Temkin adsorption isotherms at the interface.

Figure 7. Comparison of ranges of θ for the Frumkin adsorption isotherm of (H + D) at the Pt−Ir alloy/0.1 M LiOH (H2O
+ D2O) solution interface. (a) 0.2 < θ < 0.8 (◄), (b) 0.1 < θ < 0.9 (●), and (c) 0 ≤ θ ≤ 1 (■). The blue curve is the Frumkin
adsorption isotherm, K = 5.3 × 10−5 exp(2.2θ) mol−1.

Figure 8. Comparison of the Langmuir adsorption isotherms of (H + D) at the same potential ranges. Experimental
data: ■. Curves show the Langmuir adsorption isotherms (θ vs. E) calculated using Eq. (4) for g = 0. (a) K = 5.3 × 10−3

mol−1, (b) K = 5.3 × 10−4 mol−1, (c) K = 5.3 × 10−5 mol−1, and (d) K = 5.3 × 10−6 mol−1.
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interface adsorbate g K/mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D −2.2 5.3 × 10−5 exp(2.2θ) −

Pt−Ir alloya/0.1 M LiOH (H2O) H −2.2 8.6 × 10−5 exp(2.2θ) 27

Pt−Ir alloya/0.1 M LiOH (D2O) D −2.3 2.1 × 10−5 exp(2.3θ) 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H −2.5 3.3 × 10−5 exp(2.5θ) 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 0.6 5.4 × 10−9 exp(−0.6θ) 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 2.7 3.9 × 10−9 exp(−2.7θ) 26

Pt−Ir alloyb/0.5 M H2SO4 (H2O) H −2.5 3.1 × 10−5 exp(2.5θ) 20

Pt−Ir alloyb/0.1 M KOH (H2O) OH 1.8 4.7 × 10−10 exp(−1.8θ) 20

Pt/0.1 M KOH (H2O) H −2.4 1.2 × 10−4 exp(2.4θ) 25

Pt/0.5 M H2SO4 (H2O) H −2.4 3.5 × 10−5 exp(2.4θ) 21

Ir/0.1 M KOH (H2O) H −2.4 9.4 × 10−5 exp(2.4θ) 25

Ir/0.5 M H2SO4 (H2O) H −2.4 2.7 × 10−5 exp(2.4θ) 21

Pd/0.5 M H2SO4 (H2O) H 1.4 3.3 × 10−5 exp(−1.4θ) 19

Au/0.5 M H2SO4 (H2O) H 0e 2.3 × 10−6 13

Re/0.1 M KOH (H2O) H 0e 1.9 × 10−6 16

Re/0.5 M H2SO4 (H2O) H 0e 4.5 × 10−7 16

Nic/0.05 M KOH (H2O) H 10 1.3 × 10−1 exp(−10θ) 11

Nid/0.1 M LiOH (H2O) H 7.4 3.6 × 10−4 exp(−7.4θ) 29

Nid/0.5 M H2SO4 (H2O) H 5.3 4.1 × 10−9 exp(−5.3θ) 29

Ti/0.5 M H2SO4 (H2O) H 6.6 8.3 × 10−12 exp(−6.6θ) 23

Zr/0.2 M H2SO4 (H2O) H 3.5 1.4 × 10−17 exp(−3.5θ) 24

Table 2. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. e Langmuir adsorption isotherm. Comparison of the interaction parameters (g) and equilibrium constants (K) for
the Frumkin adsorption isotherms at the noble and highly corrosion-resistant metal and alloy/H2O and D2O solution
interfaces

interface adsorbate g K/mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D 2.4 5.3 × 10−4 exp(−2.4θ) −

Pt−Ir alloya/0.1 M LiOH (H2O) H 2.4 8.6 × 10−4 exp(−2.4θ) 27

Pt−Ir alloya/0.1 M LiOH (D2O) D 2.3 2.1 × 10−4 exp(−2.3θ) 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H 2.1 3.3 × 10−4 exp(−2.1θ) 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 5.2 5.4 × 10−8 exp(−5.2θ) 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 7.3 3.9 × 10−8 exp(−7.3θ) 26
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Pt−Ir alloyb/0.5 M H2SO4 (H2O) H 2.1 3.1 × 10−4 exp(−2.1θ) 20

Pt−Ir alloyb/0.1 M KOH (H2O) OH 6.4 4.7 × 10−9 exp(−6.4θ) 20

Pt/0.1 M KOH (H2O) H 2.2 1.2 × 10−3 exp(−2.2θ) 25

Pt/0.5 M H2SO4 (H2O) H 2.2 3.5 × 10−4 exp(−2.2θ) 21

Ir/0.1 M KOH (H2O) H 2.2 9.4 × 10−4 exp(−2.2θ) 25

Ir/0.5 M H2SO4 (H2O) H 2.2 2.7 × 10−4 exp(−2.2θ) 21

Pd/0.5 M H2SO4 (H2O) H 6 3.3 × 10−4 exp(−6θ) 19

Au/0.5 M H2SO4 (H2O) H 4.6 2.3 × 10−5 exp(−4.6θ) 13

Re/0.1 M KOH (H2O) H 4.6 1.9 × 10−5 exp(−4.6θ) 16

Re/0.5 M H2SO4 (H2O) H 4.6 4.5 × 10−6 exp(−4.6θ) 16

Nic/0.05 M KOH (H2O) H 14.6 1.3 exp(−14.6θ) 11

Nid/0.1 M LiOH (H2O) H 12 3.6 × 10−3 exp(−12θ) 29

Nid/0.5 M H2SO4 (H2O) H 9.9 4.1 × 10−8 exp(−9.9θ) 29

Ti/0.5 M H2SO4 (H2O) H 11.2 8.3 ×10−11 exp(−11.2θ) 23

Zr/0.2 M H2SO4 (H2O) H 8.1 1.4 × 10−16 exp(−8.1θ) 24

Table 3. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. Comparison of the interaction parameters (g) and equilibrium constants (K) for the Temkin adsorption isotherms
at the noble and highly corrosion-resistant metal and alloy/H2O and D2O solution interfaces

Figure 9. Comparison of the Temkin adsorption isotherms of (H + D) at the same potential ranges. Experimental data:
■. The curve shows the Frumkin adsorption isotherm calculated using Eq. (4). Dashed lines show the Temkin adsorp‐
tion isotherms calculated using Eq. (7) for (a) g = 0, (b) g = 8.5, and (c) g = 12.5 with Ko = 1.1 × 10−2 mol−1.
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interface adsorbate g K/mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D −2.2 5.3 × 10−5 exp(2.2θ) −

Pt−Ir alloya/0.1 M LiOH (H2O) H −2.2 8.6 × 10−5 exp(2.2θ) 27

Pt−Ir alloya/0.1 M LiOH (D2O) D −2.3 2.1 × 10−5 exp(2.3θ) 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H −2.5 3.3 × 10−5 exp(2.5θ) 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 0.6 5.4 × 10−9 exp(−0.6θ) 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 2.7 3.9 × 10−9 exp(−2.7θ) 26

Pt−Ir alloyb/0.5 M H2SO4 (H2O) H −2.5 3.1 × 10−5 exp(2.5θ) 20

Pt−Ir alloyb/0.1 M KOH (H2O) OH 1.8 4.7 × 10−10 exp(−1.8θ) 20

Pt/0.1 M KOH (H2O) H −2.4 1.2 × 10−4 exp(2.4θ) 25

Pt/0.5 M H2SO4 (H2O) H −2.4 3.5 × 10−5 exp(2.4θ) 21

Ir/0.1 M KOH (H2O) H −2.4 9.4 × 10−5 exp(2.4θ) 25

Ir/0.5 M H2SO4 (H2O) H −2.4 2.7 × 10−5 exp(2.4θ) 21

Pd/0.5 M H2SO4 (H2O) H 1.4 3.3 × 10−5 exp(−1.4θ) 19

Au/0.5 M H2SO4 (H2O) H 0e 2.3 × 10−6 13

Re/0.1 M KOH (H2O) H 0e 1.9 × 10−6 16

Re/0.5 M H2SO4 (H2O) H 0e 4.5 × 10−7 16

Nic/0.05 M KOH (H2O) H 10 1.3 × 10−1 exp(−10θ) 11

Nid/0.1 M LiOH (H2O) H 7.4 3.6 × 10−4 exp(−7.4θ) 29

Nid/0.5 M H2SO4 (H2O) H 5.3 4.1 × 10−9 exp(−5.3θ) 29

Ti/0.5 M H2SO4 (H2O) H 6.6 8.3 × 10−12 exp(−6.6θ) 23

Zr/0.2 M H2SO4 (H2O) H 3.5 1.4 × 10−17 exp(−3.5θ) 24

Table 2. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. e Langmuir adsorption isotherm. Comparison of the interaction parameters (g) and equilibrium constants (K) for
the Frumkin adsorption isotherms at the noble and highly corrosion-resistant metal and alloy/H2O and D2O solution
interfaces

interface adsorbate g K/mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D 2.4 5.3 × 10−4 exp(−2.4θ) −

Pt−Ir alloya/0.1 M LiOH (H2O) H 2.4 8.6 × 10−4 exp(−2.4θ) 27

Pt−Ir alloya/0.1 M LiOH (D2O) D 2.3 2.1 × 10−4 exp(−2.3θ) 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H 2.1 3.3 × 10−4 exp(−2.1θ) 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 5.2 5.4 × 10−8 exp(−5.2θ) 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 7.3 3.9 × 10−8 exp(−7.3θ) 26
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Pt−Ir alloyb/0.5 M H2SO4 (H2O) H 2.1 3.1 × 10−4 exp(−2.1θ) 20

Pt−Ir alloyb/0.1 M KOH (H2O) OH 6.4 4.7 × 10−9 exp(−6.4θ) 20

Pt/0.1 M KOH (H2O) H 2.2 1.2 × 10−3 exp(−2.2θ) 25

Pt/0.5 M H2SO4 (H2O) H 2.2 3.5 × 10−4 exp(−2.2θ) 21

Ir/0.1 M KOH (H2O) H 2.2 9.4 × 10−4 exp(−2.2θ) 25

Ir/0.5 M H2SO4 (H2O) H 2.2 2.7 × 10−4 exp(−2.2θ) 21

Pd/0.5 M H2SO4 (H2O) H 6 3.3 × 10−4 exp(−6θ) 19

Au/0.5 M H2SO4 (H2O) H 4.6 2.3 × 10−5 exp(−4.6θ) 13

Re/0.1 M KOH (H2O) H 4.6 1.9 × 10−5 exp(−4.6θ) 16

Re/0.5 M H2SO4 (H2O) H 4.6 4.5 × 10−6 exp(−4.6θ) 16

Nic/0.05 M KOH (H2O) H 14.6 1.3 exp(−14.6θ) 11

Nid/0.1 M LiOH (H2O) H 12 3.6 × 10−3 exp(−12θ) 29

Nid/0.5 M H2SO4 (H2O) H 9.9 4.1 × 10−8 exp(−9.9θ) 29

Ti/0.5 M H2SO4 (H2O) H 11.2 8.3 ×10−11 exp(−11.2θ) 23

Zr/0.2 M H2SO4 (H2O) H 8.1 1.4 × 10−16 exp(−8.1θ) 24

Table 3. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. Comparison of the interaction parameters (g) and equilibrium constants (K) for the Temkin adsorption isotherms
at the noble and highly corrosion-resistant metal and alloy/H2O and D2O solution interfaces

Figure 9. Comparison of the Temkin adsorption isotherms of (H + D) at the same potential ranges. Experimental data:
■. The curve shows the Frumkin adsorption isotherm calculated using Eq. (4). Dashed lines show the Temkin adsorp‐
tion isotherms calculated using Eq. (7) for (a) g = 0, (b) g = 8.5, and (c) g = 12.5 with Ko = 1.1 × 10−2 mol−1.
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3.5. Standard Gibbs energy of adsorption

Under the Frumkin adsorption conditions, the relationship between the equilibrium con‐
stant (K) for (H + D) and the standard Gibbs energy (∆Gθ

○) of (H + D) adsorption is [42]

2.3 log  q= - D dRT K G (8)

For the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface, use of Eqs. (6) and (8) shows
that ∆Gθ

○ is in the range (24.4 ≥ ∆Gθ
○ ≥ 18.9) kJ · mol−1 for K = 5.3 × 10−5 exp(2.2θ) mol−1 and 0

≤ θ ≤ 1. This result implies an increase in the absolute value of ∆Gθ
○, i.e. |∆Gθ

○|, with θ.
Note that ∆Gθ

○ is a negative number, i.e. ∆Gθ
○ < 0 [42]. The values of ∆Gθ

○ and r for the
Frumkin and Temkin adsorption isotherms at the noble and highly corrosion-resistant metal
and alloy/H2O and D2O solution interfaces are summarized in Tables 4 and 5, respectively.

4. Comparisons

4.1. Mixture solution

Curves a, b, and c in Fig. 10 show the K vs. θ behaviors of H, (H + D), and D at the Pt−Ir
alloy/0.1 M LiOH (H2O), 0.1 M LiOH (H2O + D2O), and 0.1 M LiOH (D2O) solution interfa‐
ces, respectively [27]. In Fig. 10, the value of K for (H + D) is approximately equal to the
average value of K for H and D isotopes. The value of K for (H + D) decreases with increas‐
ing D2O. In other words, the value of K decreases in going from H2O to D2O. Over the θ
range (i.e. 1 ≥ θ ≥ 0), the value of K for H is approximately 3.7 to 4.1 times greater than that
for D (see Table 2). As shown in Tables 2 and 4, the values of g, K, ∆Gθ

○, and r for the Frum‐
kin adsorption isotherms of H, (H + D), and D are readily distinguishable using the phase-
shift method. Fig. 10 also shows that the kinetic isotope effect, i.e. the ratio of rate constants
of H and D or equilibrium constants of H and D, is readily determined using the phase-shift
method (also see Table 2) [45]. Note that the kinetic isotope effect is widely used and applied
in electrochemistry, surface science, biochemistry, chemical geology, physics, etc.

interface adsorbate ∆G θ ○/kJ·mol−1 r/kJ·mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D 24.4 ≥ ∆G θ ○ ≥ 18.9 −5.5 −

Pt−Ir alloya/0.1 M LiOH (H2O) H 23.2 ≥ ∆G θ ○ ≥ 17.7 −5.5 27

Pt−Ir alloya/0.1 M LiOH (D2O) D 26.7 ≥ ∆G θ ○ ≥ 21.0 −5.7 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H 25.6 ≥ ∆G θ ○ ≥ 19.4 −6.2 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 47.2 ≤ ∆G θ ○ ≤ 48.6 1.5 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 48.0 ≤ ∆G θ ○ ≤54.7 6.7 26

Pt−Ir alloyb/0.5 M H2SO4 (H2O) H 25.7 ≥ ∆G θ ○ ≥ 19.5 −6.2 20
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Pt−Ir alloyb/0.1 M KOH (H2O) OH 53.2 ≤ ∆G θ ○ ≤57.7 4.5 20

Pt/0.1 M KOH (H2O) H 22.4 ≥ ∆G θ ○ ≥ 16.5 −6.0 25

Pt/0.5 M H2SO4 (H2O) H 25.4 ≥ ∆G θ ○ ≥ 19.5 −6.0 21

Ir/0.1 M KOH (H2O) H 23.0 ≥ ∆G θ ○ ≥ 17.1 −6.0 25

Ir/0.5 M H2SO4 (H2O) H 26.1 ≥ ∆G θ ○ ≥ 20.1 −6.0 21

Pd/0.5 M H2SO4 (H2O) H 25.6 ≤ ∆G θ ○ ≤ 29.0 3.5 19

Au/0.5 M H2SO4 (H2O) H 32.2 0e 13

Re/0.1 M KOH (H2O) H 32.6 0e 16

Re/0.5 M H2SO4 (H2O) H 36.2 0e 16

Nic/0.05 M KOH (H2O) H 5.1 ≤ ∆G θ ○ ≤ 29.8 24.8 11

Nid/0.1 M LiOH (H2O) H 19.6 ≤ ∆G θ ○ ≤ 38.0 18.4 29

Nid/0.5 M H2SO4 (H2O) H 47.8 ≤ ∆G θ ○ ≤ 61.0 13.1 29

Ti/0.5 M H2SO4 (H2O) H 63.2 ≤ ∆G θ ○ ≤ 79.6 16.4 23

Zr/0.2 M H2SO4 (H2O) H 96.1 ≤ ∆G θ ○ ≤ 104.8 8.7 24

Table 4. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. e Langmuir adsorption isotherm. Comparison of the standard Gibbs energies (∆Gθ

○) of adsorptions and rates of
change (r) of ∆Gθ

○ with θ (0 ≤ θ ≤ 1) for the Frumkin adsorption isotherms at the noble and highly corrosion-resistant
metal and alloy/H2O and D2O solution interfaces

interface adsorbate ∆G θ ○/kJ·mol−1 r/kJ·mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D 19.9 < ∆G θ ○ < 23.4 6.0 −

Pt−Ir alloya/0.1 M LiOH (H2O) H 18.7 < ∆G θ ○ < 22.2 6.0 27

Pt−Ir alloya/0.1 M LiOH (D2O) D 22.2 < ∆G θ ○ < 25.6 5.7 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H 20.9 < ∆G θ ○ < 24.0 5.2 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 44.0 < ∆G θ ○ < 51.8 12.9 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 45.9 < ∆G θ ○ <56.8 18.1 26

Pt−Ir alloyb/0.5 M H2SO4 (H2O) H 21.1 < ∆G θ ○ <24.2 5.2 20

Pt−Ir alloyb/0.1 M KOH (H2O) OH 50.7 < ∆G θ ○ < 60.2 15.9 20

Pt/0.1 M KOH (H2O) H 17.8 < ∆G θ ○ < 21.0 5.5 25

Pt/0.5 M H2SO4 (H2O) H 20.8 < ∆G θ ○ < 24.1 5.5 21

Ir/0.1 M KOH (H2O) H 18.3 < ∆G θ ○ < 21.7 5.5 25

Ir/0.5 M H2SO4 (H2O) H 21.5 < ∆G θ ○ < 24.7 5.5 21

Pd/0.5 M H2SO4 (H2O) H 22.8 < ∆G θ ○ < 31.8 14.9 19

Au/0.5 M H2SO4 (H2O) H 28.7 < ∆G θ ○ < 35.6 11.4 13
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3.5. Standard Gibbs energy of adsorption

Under the Frumkin adsorption conditions, the relationship between the equilibrium con‐
stant (K) for (H + D) and the standard Gibbs energy (∆Gθ

○) of (H + D) adsorption is [42]

2.3 log  q= - D dRT K G (8)

For the Pt−Ir alloy/0.1 M LiOH (H2O + D2O) solution interface, use of Eqs. (6) and (8) shows
that ∆Gθ

○ is in the range (24.4 ≥ ∆Gθ
○ ≥ 18.9) kJ · mol−1 for K = 5.3 × 10−5 exp(2.2θ) mol−1 and 0

≤ θ ≤ 1. This result implies an increase in the absolute value of ∆Gθ
○, i.e. |∆Gθ

○|, with θ.
Note that ∆Gθ

○ is a negative number, i.e. ∆Gθ
○ < 0 [42]. The values of ∆Gθ

○ and r for the
Frumkin and Temkin adsorption isotherms at the noble and highly corrosion-resistant metal
and alloy/H2O and D2O solution interfaces are summarized in Tables 4 and 5, respectively.

4. Comparisons

4.1. Mixture solution

Curves a, b, and c in Fig. 10 show the K vs. θ behaviors of H, (H + D), and D at the Pt−Ir
alloy/0.1 M LiOH (H2O), 0.1 M LiOH (H2O + D2O), and 0.1 M LiOH (D2O) solution interfa‐
ces, respectively [27]. In Fig. 10, the value of K for (H + D) is approximately equal to the
average value of K for H and D isotopes. The value of K for (H + D) decreases with increas‐
ing D2O. In other words, the value of K decreases in going from H2O to D2O. Over the θ
range (i.e. 1 ≥ θ ≥ 0), the value of K for H is approximately 3.7 to 4.1 times greater than that
for D (see Table 2). As shown in Tables 2 and 4, the values of g, K, ∆Gθ

○, and r for the Frum‐
kin adsorption isotherms of H, (H + D), and D are readily distinguishable using the phase-
shift method. Fig. 10 also shows that the kinetic isotope effect, i.e. the ratio of rate constants
of H and D or equilibrium constants of H and D, is readily determined using the phase-shift
method (also see Table 2) [45]. Note that the kinetic isotope effect is widely used and applied
in electrochemistry, surface science, biochemistry, chemical geology, physics, etc.

interface adsorbate ∆G θ ○/kJ·mol−1 r/kJ·mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D 24.4 ≥ ∆G θ ○ ≥ 18.9 −5.5 −

Pt−Ir alloya/0.1 M LiOH (H2O) H 23.2 ≥ ∆G θ ○ ≥ 17.7 −5.5 27

Pt−Ir alloya/0.1 M LiOH (D2O) D 26.7 ≥ ∆G θ ○ ≥ 21.0 −5.7 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H 25.6 ≥ ∆G θ ○ ≥ 19.4 −6.2 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 47.2 ≤ ∆G θ ○ ≤ 48.6 1.5 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 48.0 ≤ ∆G θ ○ ≤54.7 6.7 26

Pt−Ir alloyb/0.5 M H2SO4 (H2O) H 25.7 ≥ ∆G θ ○ ≥ 19.5 −6.2 20

Developments in Electrochemistry18

Pt−Ir alloyb/0.1 M KOH (H2O) OH 53.2 ≤ ∆G θ ○ ≤57.7 4.5 20

Pt/0.1 M KOH (H2O) H 22.4 ≥ ∆G θ ○ ≥ 16.5 −6.0 25

Pt/0.5 M H2SO4 (H2O) H 25.4 ≥ ∆G θ ○ ≥ 19.5 −6.0 21

Ir/0.1 M KOH (H2O) H 23.0 ≥ ∆G θ ○ ≥ 17.1 −6.0 25

Ir/0.5 M H2SO4 (H2O) H 26.1 ≥ ∆G θ ○ ≥ 20.1 −6.0 21

Pd/0.5 M H2SO4 (H2O) H 25.6 ≤ ∆G θ ○ ≤ 29.0 3.5 19

Au/0.5 M H2SO4 (H2O) H 32.2 0e 13

Re/0.1 M KOH (H2O) H 32.6 0e 16

Re/0.5 M H2SO4 (H2O) H 36.2 0e 16

Nic/0.05 M KOH (H2O) H 5.1 ≤ ∆G θ ○ ≤ 29.8 24.8 11

Nid/0.1 M LiOH (H2O) H 19.6 ≤ ∆G θ ○ ≤ 38.0 18.4 29

Nid/0.5 M H2SO4 (H2O) H 47.8 ≤ ∆G θ ○ ≤ 61.0 13.1 29

Ti/0.5 M H2SO4 (H2O) H 63.2 ≤ ∆G θ ○ ≤ 79.6 16.4 23

Zr/0.2 M H2SO4 (H2O) H 96.1 ≤ ∆G θ ○ ≤ 104.8 8.7 24

Table 4. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. e Langmuir adsorption isotherm. Comparison of the standard Gibbs energies (∆Gθ

○) of adsorptions and rates of
change (r) of ∆Gθ

○ with θ (0 ≤ θ ≤ 1) for the Frumkin adsorption isotherms at the noble and highly corrosion-resistant
metal and alloy/H2O and D2O solution interfaces

interface adsorbate ∆G θ ○/kJ·mol−1 r/kJ·mol−1 Ref.

Pt−Ir alloya/0.1 M LiOH (H2O+D2O) H+D 19.9 < ∆G θ ○ < 23.4 6.0 −

Pt−Ir alloya/0.1 M LiOH (H2O) H 18.7 < ∆G θ ○ < 22.2 6.0 27

Pt−Ir alloya/0.1 M LiOH (D2O) D 22.2 < ∆G θ ○ < 25.6 5.7 27

Pt−Ir alloya/0.5 M H2SO4 (H2O) H 20.9 < ∆G θ ○ < 24.0 5.2 28

Pt−Ir alloya/0.1 M LiOH (H2O) OH 44.0 < ∆G θ ○ < 51.8 12.9 26

Pt−Ir alloya/0.1 M LiOH (D2O) OH+OD 45.9 < ∆G θ ○ <56.8 18.1 26

Pt−Ir alloyb/0.5 M H2SO4 (H2O) H 21.1 < ∆G θ ○ <24.2 5.2 20

Pt−Ir alloyb/0.1 M KOH (H2O) OH 50.7 < ∆G θ ○ < 60.2 15.9 20

Pt/0.1 M KOH (H2O) H 17.8 < ∆G θ ○ < 21.0 5.5 25

Pt/0.5 M H2SO4 (H2O) H 20.8 < ∆G θ ○ < 24.1 5.5 21

Ir/0.1 M KOH (H2O) H 18.3 < ∆G θ ○ < 21.7 5.5 25

Ir/0.5 M H2SO4 (H2O) H 21.5 < ∆G θ ○ < 24.7 5.5 21

Pd/0.5 M H2SO4 (H2O) H 22.8 < ∆G θ ○ < 31.8 14.9 19

Au/0.5 M H2SO4 (H2O) H 28.7 < ∆G θ ○ < 35.6 11.4 13
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Re/0.1 M KOH (H2O) H 29.2 < ∆G θ ○ < 36.0 11.4 16

Re/0.5 M H2SO4 (H2O) H 32.7 < ∆G θ ○ < 39.7 11.4 16

Nic/0.05 M KOH (H2O) H 6.6 < ∆G θ ○ < 28.3 36.2 11

Nid/0.1 M LiOH (H2O) H 19.9 < ∆G θ ○ < 37.8 29.8 29

Nid/0.5 M H2SO4 (H2O) H 47.0 < ∆G θ ○ < 61.7 24.6 29

Ti/0.5 M H2SO4 (H2O) H 63.1 < ∆G θ ○ < 79.6 27.8 23

Zr/0.2 M H2SO4 (H2O) H 94.4 < ∆G θ ○ < 106.5 20.1 24

Table 5. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. Comparison of the standard Gibbs energies (∆Gθ

○) of adsorptions and rates of change (r) of ∆Gθ
○ with θ (0.2 < θ

< 0.8) for the Temkin adsorption isotherms at the noble and highly corrosion-resistant metal and alloy/H2O and D2O
solution interfaces

Figure 10. Comparison of the experimentally determined equilibrium constants (K vs. θ) for the Frumkin adsorption
isotherms of H, (H + D), and D at the Pt−Ir alloy/0.1 M LiOH solution interfaces. Experimental data calculated using Eq.
(6), i.e. the equilibrium constant: (a) 0.1 M LiOH (H2O) solution (●), (b) 0.1 M LiOH (H2O + D2O) solution (■), and (c) 0.1
M LiOH (D2O) solution (▼).

4.2. Correlation constants between the adsorption isotherms

Curves a, b, c, and d in Fig. 8 show the four numerically calculated Langmuir adsorption
isotherms of (H + D) corresponding to K = 5.3 × 10−3, 5.3 × 10−4, 5.3 × 10−5, and 5.3 × 10−6 mol−1,
respectively. For 0.2 < θ < 0.8, all of the Langmuir adsorption isotherms are always parallel
to each other [13,16,42]. Correspondingly, all of the slopes of the Langmuir adsorption iso‐
therms, i.e. all of g for the Temkin adsorption isotherms, are all the same regardless of the
values of K. As summarized in Tables 2 and 3, we have experimentally and consistently
found and confirmed that the values of g for the Temkin adsorption isotherms are approxi‐
mately 4.6 greater than those for the Langmuir adsorption isotherms, i.e. g = 0. Similarly, the
values of g for the Temkin adsorption isotherms are approximately 4.6 greater than those for
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the Frumkin adsorption isotherms. Because the Frumkin adsorption isotherm is determined
on the basis of the Langmuir adsorption isotherm, i.e. g = 0 (see Fig. 5).

In addition, we have experimentally and consistently found and confirmed that the equili‐
brium constants (Ko) for the Temkin adsorption isotherms are approximately 10 times great‐
er than those (Ko or K) for the correlated Frumkin or Langmuir adsorption isotherms (see
Fig. 6 and Tables 2 and 3). These factors (ca. 4.6 and 10) can be taken as correlation constants
between the Temkin and Frumkin or Langmuir adsorption isotherms. The two different ad‐
sorption isotherms, i.e. the Temkin and Frumkin or Langmuir adsorption isotherms, appear
to fit the same data regardless of their adsorption conditions. These aspects are described
elsewhere [19, 20, 23−29].

In this work, one can also confirm that the values of g and Ko for the Temkin adsorption iso‐
therm are approximately 4.6 and 10 times greater than those for the correlated Frumkin ad‐
sorption isotherm, respectively. The Temkin adsorption isotherm correlating with the
Frumkin adsorption isotherm, and vice versa, is readily determined using the correlation
constants. Note that this is a unique feature between the Temkin and Frumkin or Langmuir
adsorption isotherms.

4.3. Negative and positive values of the interaction parameters for the Frumkin
adsorption isotherms

A negative value of g for the Frumkin adsorption isotherm is qualitatively and quantitative‐
ly interpreted elsewhere [42,46]. Negative and positive values of g correspond to lateral at‐
tractive and repulsive interactions between the adsorbed species, respectively. At Pt, Ir, and
Pt−Ir alloy/H2O and D2O solution interfaces, the lateral attractive interaction (g < 0) between
the adsorbed H, D, or (H + D) species is determined [22]. As stated above, this implies an
increase in |∆Gθ

○| of H, D, or (H + D) adsorption with θ (0 ≤ θ ≤ 1). At Pd, Ni, Ti, and
Zr/H2O solution interfaces, the lateral repulsive interaction (g > 0) between the adsorbed H
species is determined. This implies a decrease in |∆Gθ

○| of H adsorption with θ (0 ≤ θ ≤ 1).
At Au and Re/H2O solution interfaces, the lateral interaction between the adsorbed H spe‐
cies is negligible, i.e. g = 0 or g ≈ 0. This implies that the Langmuir adsorption isotherm is
applicable. At Pt−Ir alloy/H2O and D2O solution interfaces, the lateral repulsive interaction
(g > 0) between the adsorbed OH or (OH + OD) species is determined. This is significantly
different from the lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D)
species at the Pt−Ir alloy/H2O and D2O solution interfaces.

In contrast to Table 2, Table 3 shows that only the lateral repulsive interaction (g > 0) be‐
tween the adsorbed H, D, (H + D), OH, or (OH + OD) species is determined. This is attribut‐
ed to the values of g for the Frumkin adsorption isotherms, i.e. g > −4.6. Finally, one can
conclude that the lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D)
species is a unique feature of the Pt, Ir, and Pt−Ir alloy/H2O and D2O solution interfaces. The
duality of the lateral attractive and repulsive interactions between the adsorbed H, D, or (H
+ D) species at the Pt, Ir, and Pt−Ir alloy interfaces is attributed to the negative values of g for
the Frumkin adsorption isotherms. The Frumkin adsorption isotherm is more useful, effec‐
tive, and reliable than the Temkin adsorption isotherm. As previously stated, the values of g
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Re/0.1 M KOH (H2O) H 29.2 < ∆G θ ○ < 36.0 11.4 16

Re/0.5 M H2SO4 (H2O) H 32.7 < ∆G θ ○ < 39.7 11.4 16
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Table 5. a Pt−Ir (90:10 mass ratio) alloy. b Pt−Ir (70:30 mass ratio) alloy. c Ni (purity 99.994%) foil. d Ni (purity 99.999%)
wire. Comparison of the standard Gibbs energies (∆Gθ

○) of adsorptions and rates of change (r) of ∆Gθ
○ with θ (0.2 < θ

< 0.8) for the Temkin adsorption isotherms at the noble and highly corrosion-resistant metal and alloy/H2O and D2O
solution interfaces

Figure 10. Comparison of the experimentally determined equilibrium constants (K vs. θ) for the Frumkin adsorption
isotherms of H, (H + D), and D at the Pt−Ir alloy/0.1 M LiOH solution interfaces. Experimental data calculated using Eq.
(6), i.e. the equilibrium constant: (a) 0.1 M LiOH (H2O) solution (●), (b) 0.1 M LiOH (H2O + D2O) solution (■), and (c) 0.1
M LiOH (D2O) solution (▼).

4.2. Correlation constants between the adsorption isotherms
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the Frumkin adsorption isotherms. Because the Frumkin adsorption isotherm is determined
on the basis of the Langmuir adsorption isotherm, i.e. g = 0 (see Fig. 5).

In addition, we have experimentally and consistently found and confirmed that the equili‐
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Fig. 6 and Tables 2 and 3). These factors (ca. 4.6 and 10) can be taken as correlation constants
between the Temkin and Frumkin or Langmuir adsorption isotherms. The two different ad‐
sorption isotherms, i.e. the Temkin and Frumkin or Langmuir adsorption isotherms, appear
to fit the same data regardless of their adsorption conditions. These aspects are described
elsewhere [19, 20, 23−29].
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Frumkin adsorption isotherm, and vice versa, is readily determined using the correlation
constants. Note that this is a unique feature between the Temkin and Frumkin or Langmuir
adsorption isotherms.
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Pt−Ir alloy/H2O and D2O solution interfaces, the lateral attractive interaction (g < 0) between
the adsorbed H, D, or (H + D) species is determined [22]. As stated above, this implies an
increase in |∆Gθ

○| of H, D, or (H + D) adsorption with θ (0 ≤ θ ≤ 1). At Pd, Ni, Ti, and
Zr/H2O solution interfaces, the lateral repulsive interaction (g > 0) between the adsorbed H
species is determined. This implies a decrease in |∆Gθ

○| of H adsorption with θ (0 ≤ θ ≤ 1).
At Au and Re/H2O solution interfaces, the lateral interaction between the adsorbed H spe‐
cies is negligible, i.e. g = 0 or g ≈ 0. This implies that the Langmuir adsorption isotherm is
applicable. At Pt−Ir alloy/H2O and D2O solution interfaces, the lateral repulsive interaction
(g > 0) between the adsorbed OH or (OH + OD) species is determined. This is significantly
different from the lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D)
species at the Pt−Ir alloy/H2O and D2O solution interfaces.

In contrast to Table 2, Table 3 shows that only the lateral repulsive interaction (g > 0) be‐
tween the adsorbed H, D, (H + D), OH, or (OH + OD) species is determined. This is attribut‐
ed to the values of g for the Frumkin adsorption isotherms, i.e. g > −4.6. Finally, one can
conclude that the lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D)
species is a unique feature of the Pt, Ir, and Pt−Ir alloy/H2O and D2O solution interfaces. The
duality of the lateral attractive and repulsive interactions between the adsorbed H, D, or (H
+ D) species at the Pt, Ir, and Pt−Ir alloy interfaces is attributed to the negative values of g for
the Frumkin adsorption isotherms. The Frumkin adsorption isotherm is more useful, effec‐
tive, and reliable than the Temkin adsorption isotherm. As previously stated, the values of g
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for the Frumkin adsorption isotherms have never been experimentally and consistently de‐
termined using other conventional methods.

4.4. Equilibrium constants

In the acidic H2O solutions, the values of Ko, i.e. K at g = 0, for H at the noble metal and alloy
(Pt, Ir, Pt−Ir alloy, Pd, Au, Re) interfaces are much greater than those at the highly corrosion-
resistant metal (Ni, Ti, Zr) interfaces. In general, the values of Ko for H in the alkaline H2O
solutions are greater than those in the acidic H2O solutions. The values of Ko for H in the
acidic H2O solutions are much greater than those for OH in the alkaline H2O solutions. In
the alkaline H2O solutions, the values of Ko for H at the Ni interfaces are greater than those
at the Pt, Ir, Pt−Ir alloy, Pd, Au, Re, Ti, and Zr interfaces. This is a unique feature of Ni and
Ni alloy/alkaline H2O solution interfaces. Note that Ni and Ni alloys are the metals most
widely used for the cathodic HER in alkaline H2O solutions.

The lateral interaction between the adsorbed H, D, (H + D), OH, or (OH + OD) species can‐
not be interpreted by the value of Ko for the Frumkin adsorption isotherm. For example, the
lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D) species at the Pt,
Ir, and Pt−Ir alloy interfaces is significantly different from the lateral repulsive interaction (g
> 0) between the adsorbed H species at the Pd interface even though all of the Pt, Ir, Pt−Ir
alloys, and Pd are the same platinum group metals and the values of Ko for H, D, and (H +
D) are similar.

5. Conclusions

The Frumkin and Temkin adsorption isotherms (θ vs. E) of (H + D) and the related electrode
kinetic and thermodynamic parameters (g, K, ∆Gθ

○, r) of the Pt−Ir alloy/0.1 M LiOH (H2O +
D2O) solution interface have been determined using the phase-shift method and correlation
constants and are compared with the relevant experimental data. The value of K decreases
with increasing D2O. The value of K for (H + D) is approximately equal to the average value
of K for H and D isotopes. The Frumkin adsorption isotherms of H, D, and (H + D) are readi‐
ly distinguishable at the interface. For 0.2 < θ < 0.8, the lateral attractive (g < 0) or repulsive (g
> 0) interaction between the adsorbed (H + D) species appears at the interface. The Temkin
adsorption isotherm correlating with the Frumkin or Langmuir adsorption isotherm, and
vice versa, is readily determined using the correlation constants.

The lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D) species ap‐
pears at the Pt, Ir, and Pt−Ir alloy interfaces. The lateral repulsive interaction (g > 0) between
the adsorbed H species appears at the Pd, Ni, Ti, and Zr interfaces. At the Au and Re interfa‐
ces, the lateral interaction between the adsorbed H species is negligible, i.e. g = 0 or g ≈ 0.
The lateral repulsive interaction (g > 0) between the adsorbed OH or (OH + OD) species ap‐
pears at the Pt−Ir alloy interfaces. The lateral attractive interaction (g < 0) between the adsor‐
bed H, D, or (H + D) species is a unique feature of the Pt, Ir, and Pt−Ir alloy interfaces. For
0.2 < θ < 0.8, the duality of the lateral attractive and repulsive interactions between the ad‐
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sorbed H, D, or (H + D) species appears at the Pt, Ir, and Pt−Ir alloy interfaces. This unique
feature of the Pt, Ir, and Pt−Ir alloy interfaces is attributed to the range of g for the Frumkin
adsorption isotherms of H, D, and (H + D), i.e. −4.6 < g < 0.

The phase-shift method and correlation constants are the most accurate and efficient techni‐
ques to determine the Frumkin, Langmuir, and Temkin adsorption isotherms and the relat‐
ed electrode kinetic and thermodynamic parameters of the noble and highly corrosion-
resistant metal and alloy/H2O and D2O solution interfaces. They are useful and effective in
facilitating selection of optimal electrode materials to yield electrochemical systems of maxi‐
mum hydrogen, deuterium, and oxygen evolution performances. We expect that numerical
simulations with a single equation for −φ vs. θ as functions of E and f or relevant experimen‐
tal data for the phase-shift method and correlation constants will be obtained, compared,
and discussed by other investigators.
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for the Frumkin adsorption isotherms have never been experimentally and consistently de‐
termined using other conventional methods.

4.4. Equilibrium constants

In the acidic H2O solutions, the values of Ko, i.e. K at g = 0, for H at the noble metal and alloy
(Pt, Ir, Pt−Ir alloy, Pd, Au, Re) interfaces are much greater than those at the highly corrosion-
resistant metal (Ni, Ti, Zr) interfaces. In general, the values of Ko for H in the alkaline H2O
solutions are greater than those in the acidic H2O solutions. The values of Ko for H in the
acidic H2O solutions are much greater than those for OH in the alkaline H2O solutions. In
the alkaline H2O solutions, the values of Ko for H at the Ni interfaces are greater than those
at the Pt, Ir, Pt−Ir alloy, Pd, Au, Re, Ti, and Zr interfaces. This is a unique feature of Ni and
Ni alloy/alkaline H2O solution interfaces. Note that Ni and Ni alloys are the metals most
widely used for the cathodic HER in alkaline H2O solutions.

The lateral interaction between the adsorbed H, D, (H + D), OH, or (OH + OD) species can‐
not be interpreted by the value of Ko for the Frumkin adsorption isotherm. For example, the
lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D) species at the Pt,
Ir, and Pt−Ir alloy interfaces is significantly different from the lateral repulsive interaction (g
> 0) between the adsorbed H species at the Pd interface even though all of the Pt, Ir, Pt−Ir
alloys, and Pd are the same platinum group metals and the values of Ko for H, D, and (H +
D) are similar.

5. Conclusions

The Frumkin and Temkin adsorption isotherms (θ vs. E) of (H + D) and the related electrode
kinetic and thermodynamic parameters (g, K, ∆Gθ

○, r) of the Pt−Ir alloy/0.1 M LiOH (H2O +
D2O) solution interface have been determined using the phase-shift method and correlation
constants and are compared with the relevant experimental data. The value of K decreases
with increasing D2O. The value of K for (H + D) is approximately equal to the average value
of K for H and D isotopes. The Frumkin adsorption isotherms of H, D, and (H + D) are readi‐
ly distinguishable at the interface. For 0.2 < θ < 0.8, the lateral attractive (g < 0) or repulsive (g
> 0) interaction between the adsorbed (H + D) species appears at the interface. The Temkin
adsorption isotherm correlating with the Frumkin or Langmuir adsorption isotherm, and
vice versa, is readily determined using the correlation constants.

The lateral attractive interaction (g < 0) between the adsorbed H, D, or (H + D) species ap‐
pears at the Pt, Ir, and Pt−Ir alloy interfaces. The lateral repulsive interaction (g > 0) between
the adsorbed H species appears at the Pd, Ni, Ti, and Zr interfaces. At the Au and Re interfa‐
ces, the lateral interaction between the adsorbed H species is negligible, i.e. g = 0 or g ≈ 0.
The lateral repulsive interaction (g > 0) between the adsorbed OH or (OH + OD) species ap‐
pears at the Pt−Ir alloy interfaces. The lateral attractive interaction (g < 0) between the adsor‐
bed H, D, or (H + D) species is a unique feature of the Pt, Ir, and Pt−Ir alloy interfaces. For
0.2 < θ < 0.8, the duality of the lateral attractive and repulsive interactions between the ad‐

Developments in Electrochemistry22

sorbed H, D, or (H + D) species appears at the Pt, Ir, and Pt−Ir alloy interfaces. This unique
feature of the Pt, Ir, and Pt−Ir alloy interfaces is attributed to the range of g for the Frumkin
adsorption isotherms of H, D, and (H + D), i.e. −4.6 < g < 0.

The phase-shift method and correlation constants are the most accurate and efficient techni‐
ques to determine the Frumkin, Langmuir, and Temkin adsorption isotherms and the relat‐
ed electrode kinetic and thermodynamic parameters of the noble and highly corrosion-
resistant metal and alloy/H2O and D2O solution interfaces. They are useful and effective in
facilitating selection of optimal electrode materials to yield electrochemical systems of maxi‐
mum hydrogen, deuterium, and oxygen evolution performances. We expect that numerical
simulations with a single equation for −φ vs. θ as functions of E and f or relevant experimen‐
tal data for the phase-shift method and correlation constants will be obtained, compared,
and discussed by other investigators.
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Chapter 2

Quantitative Separation of an Adsorption Effect in
Form of Defined Current Probabilistic Responses for
Catalyzed / Inhibited Electrode Processes

Piotr M. Skitał and Przemysław T. Sanecki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53664

1. Introduction

The investigation of organic adsorbate influence on electrode process was started in works
of Loshkarev e.g. [1], Schmid and Reilley [2], with theoretical formulation of Weber and
Koutecký [3,4]. The problem is described in the book by Heyrovský and Kůta ([5] and litera‐
ture therein). Later investigations have led to formulation of the cup pair effect [6], systemati‐
cally developed in a series of papers e.g. [7,8]. In our earlier paper [9] it has been shown that
catalytic effect of electroinactive organic adsorbate on electrode process can be isolated from
CV or NPP faradaic current responses in the form of Gaussian-shaped probabilistic curves
(CPR1). It turned out that in presence of organic adsorbate showing electrocatalytic effect,
the kinetic response can be split into two defined and well shaped responses: one, due to
regular reduction of cation and the second one due to reduction catalyzed by an adsorption
phenomenon. The latter was named, due to its shape, the current probabilistic response. It has
been demonstrated that CPR effect can exemplify the visualization and the quantitative
measure of organic substance catalytic effect on the electrode process and simultaneously
become the picture of adsorption.

The electroinhibition phenomenon was analyzed by means of selected experiments with the
use of typical electroinhibitors. As an example a quasi-reversible process of Zn2+ electrore‐
duction in the presence of two adsorbates such as n-alkyl alcohols [10] and two cyclodex‐
trins was chosen [11-13,14].

1 Since PCR means Polymerase Chain Reaction and is well established in literature, in the present paper we use the
abbreviation CPR.

© 2012 Skitał and Sanecki; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Skitał and Sanecki; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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So far, the quantitative and qualitative comparison of two systems: without adsorbate (1)
and with adsorbate (2) was realized by means of four manners:  dividing the adsorption
non-affected and affected faradaic currents (1)/(2) or (2)/(1) [5], Tafel plots [10,12], compar‐
ison of apparent or individual rate constants [7,8] and/or simple comparison of respective
curves,  recorded  in  the  presence  and  absence  of  organic  substance,  performed  on  the
same plot [7].

The task of resolution of enhanced or decreased faradaic current response to show the ad‐
sorption catalytic/inhibition effect alone has not been undertaken in literature.

The literature analysis indicates that both theoretical and experimental aspects of adsorption
at metal solution interface are still developed for both macroscopic and microscopic inho‐
mogeneites (e.g. [15,16] and literature therein). Owing to existing extensive data concerning
influence of organic electroinactive substances on electrode process the visualization of ad‐
sorption process in an isolated “pure” form is needed. It can facilitate the data processing
and be competitive or parallel to capacitance currents method. Therefore, in the present pa‐
per a number of experimental facts concerning CPR is analyzed. The questions which are
answered include: if the CPR approach can be applied to electrode process inhibited by or‐
ganic substances and if the CPR effect is observed at solid electrodes and/or in nonaqueous
media. Moreover, successful attempt to generate CPR effect by numerical simulation with
the use of EE model was done.

2. Experimental

The  CV,  NPP and  NPV experiments  were  carried  out  with  the  use  of  CV50W electro‐
chemical analyzer (BAS, Inc.)  and PGSTAT100 voltammetric analyzer (Autolab Eco-Chem‐
ie)  for  molecular  oxygen  reduction.  The  electrode  system  was  CGME/SMDE  type
MF-9058 (BAS, Inc.). The mercury drop surface of working electrode was 0.0151 ± 0.0004
cm2  for  CV experiment.  The glassy carbon electrodes  of  working surface  0.0755 ±  0.001
cm2  (GCE3) as well  as  0.0314 ± 0.001 cm2  (GCE2) were used.  For NPP experiments,  the
drop time was 1.0 s  with a pulse-width of 50 ms and sample width 10 ms.  In contrary
to previous paper  data,  since eq.  (2)  contains  the element  of  subtracting of  background
current,  the separate background files are not necessary. The reliability of such simplifi‐
cation  was  checked  by  the  comparison  of  CPR  curves  obtained  from  residual  current
corrected  and  non-corrected  data.  Obtained  differences  were  not  significant  for  the  μA
current scale of CPR effect.

Coulometric experiments were carried out with the use of diaphragm electrolyzer on large
Hg electrode (of about 12 cm2 surface), the volume of catholyte was 100 or 80 cm3. A Pt
counter electrode was applied in separated anodic part.

The remaining experimental details concerning DMF solutions were identical with those de‐
scribed in previous paper [17].

Developments in Electrochemistry30

3. Kinetics

In modeling of Zn2+ electroreduction process the following EE sequence with two one elec‐
tron steps has been taken into account:

Zn 2+ →
←

k−1, β1

k1, α1

Zn + 
→
←

k−2, β2

k2, α2

Zn (1)

where: k1, k2, k-1, k-2 are the heterogeneous rate constants (cm s−1), α1, α2, and β1, β2 are elemen‐
tary transfer coefficients of cathodic and anodic process, respectively. In the present paper
the extended EE║Hg(Zn) mathematical model described in [18] was applied. For the con‐
sidered sequence of elementary steps (1), the reversible electron transfer for both electro‐
chemical steps was assumed. In the extended model the considered system consist of two
parts: mercury drop area from r = 0 to r = R0 and the solution area r > R0. Additionally, it has
been assumed that species Zn2+ and Zn+ dissolve only in electrolyte, whereas metallic zinc
dissolve and diffuse only in the mercury phase. It is caused by the fact, that deposited metal‐
lic zinc is solution-phobic and has to be immediately pulled into Hg phase to form interme‐
tallic compound (amalgam) spontaneously [18].

The problem formulated above was solved using the ESTYM_PDE software. The program
was designed to solve and estimate parameters of partial differential equations (PDE) de‐
scribing one-dimensional mass and heat transfer coupled with a chemical reaction. The vali‐
dation and comparison with other software are described in [19]. The examples of solving
electrochemical problems by means of ESTYM_PDE software are described in previous pa‐
pers [17-27]. The numerical basis of electrochemical simulation is described in references
[28-33]. The two types of probabilistic fits with the use of Origin 7.5 program were applied:
the simple Gaussian model y = y0 + (A/(w×(π/2)1/2))×exp(–2×((x-xc)/w)2); the asymmetric dou‐
ble sigmoidal model y = y0 + Am×(1/(1+exp(-(x-xc+w1/2)/w2)))×(1-1/(1+exp(-(x-xc-w1/2)/w3))),
where y0, xc, A, Am and (w, w1, w2, w3) are baseline offset, center of the peak, area, amplitude
and widths of peaks, respectively.

4. Results and discussion

4.1. The systems with electrode inactive organic adsorbate

The idea [9] of such CPR plots is based on eq. (2):

obs 0 ads( ) ( ) ( )i E i E i E= + (2)

where, i0(E) – faradaic current due to regular (i.e. in absence of adsorbate) electrochemical
response, iads (E) – additional faradaic current due to adsorption effect. It is assumed that the
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adsorption process does not change the mechanism of the electrode process, which is in ac‐
cordance with the literature quoted [1-8,10-13]. In other words, the both currents in eq. (2)
represent the same reduction process and the same number of electrons exchanged, more‐
over their final product is the same as well. The condition should be complete for each con‐
sidered case.

A representative example of the resolution of deformed by inactive organic adsorbate fara‐
daic current response into components according to eq. (2) is presented in Fig. 1. The visuali‐
zation of adsorption process in its isolated “pure” form is regular and well-designed (Fig.1).
The observed adsorption effect is catalytic since the responses (2) and (3) are enhanced and
passed in relation to (1) towards positive potential.

The subtraction of experimental currents (iobs(E) – i0(E) = iads(E)) according to eq. (2) is reason‐
able since both denote the same electrode process. The applied two-electron Zn2+ reduction
is not naturally resolved into steps since k2 > k1 [34] (cf. also the Fig. 10 caption). Therefore,
an appearance of adsorption deformed responses (Fig. 1) cannot be explained in terms of
resolution of coupled two-electron response. The only assumption is the additivity of cur‐
rents, according to the rule commonly accepted in electrochemistry.

The two representative sets of the experimental data including five aliphatic alcohols and
two cyclodextrins have been selected to establish whether the effect of inhibition can be
described  by  current  probabilistic  response  (CPR).  In  selection  of  inhibitors  the  com‐
pounds considered as simple adsorbates (a series of alcohols) as well  as complex adsor‐
bates (α,β-cyclodextrins) have been chosen. It has been shown [13] that α-cyclodextrin as
inhibitor  can  form  a  condensed  film.  Both  of  the  selected  groups  of  compounds  are
known as electrode process inhibitors [7,10-13,35,36]. Moreover, the influence of eight ad‐
ditional  organic  adsorbates  has  also  been  investigated  in  connection  with  another  elec‐
trode processes (see further).

The mechanism of  Zn2+  electroreduction and the  physical  model  of  the  inhibitors  influ‐
ence were proposed in quoted literature. It  was shown that zinc electroreduction can be
considered  as  successive  two electron  transfer  steps  (e.g.,  [37-40]).  The  results  obtained
by Fawcett and Lasia [34,41] in non-aqueous media in the presence of tetraalkylammoni‐
um  perchlorates,  especially  in  dimethylsulfooxide,  revealed  the  complex,  nonlinear  po‐
tential  dependence  of  experimental  rate  constant  (c.f.  also  Fig.  1  in  [41]  for
dimethylformamide). It indicates that the reaction consists of at least two steps. In dime‐
thylsulfooxide the standard rate  constant  of  the second step is  greater  than that  of  first
one [34]. It means that E0 potential of Zn2+/Zn+ couple should be more negative than that
of  hypothetical  Zn+/Zn0  one.  The  similar  conclusion  is  given  in  paper  by  Manzini  and
Lasia  [40].  Additionally,  it  was  stated  that  “coulometric  measurments  indicate  100%  yield
and no metal was found in the solution after electrolysis”  [34]. It is not surprising since met‐
allic  zinc is  solution-phobic and must  be immediately pulled into Hg phase to form an
intermetallic compound (amalgam).
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Figure 1. Experimental results expressing the idea of CPR effect. Electroreduction of Zn2+ in absence and presence of
inert adsorbate. Regular-shaped NPV response (curve 1) and adsorption deformed NPV responses (curves 2 and 3).
The difference between regular (1) and deformed response (2) or (3) is a quantitative measure of adsorption influence
i.e. CPR effect: curve 3 minus curve 1 as well as curve 2 minus curve 1. Experimental conditions: NPV electroreduction
of 1 mM Zn2+ in 1 M NaClO4/H2O solution on Hg electrode in presence of an adsorbate: (2) – 5 mM N,N’-dimethylth‐
iourea; (3) – 0.2 mM 3,4-diaminotoluene. CPR responses were approximated with the probabilistic theoretical model:
points (green) are a asymmetric double sigmoidal fits. The values of parameters for CPR2,1: y0 = –1.35×10–7, xc = –0.989,
A = 5×10–5, w1 = 0.076, w2 = 0.025, w3 = 0.013, χ2 = 7.7×10–14, R2 = 0.9996 and for CPR 3,1: y0 = –1.54×10–8, xc = –0.995, A
= 1×10–4, w1 = 0.049, w2 = 0.031, w3 = 0.014, χ2 = 1.3×10–13, R2 = 0.9995.

Since the pure reversible EE process of Zn2+ reduction is not observed in practice, there must
be a reason for quasi-reversibility in form of slow step. Fawcett and Lasia [41] suggested the
model in which the two step reduction is complicated by slow adsorption process of sub‐
strate and its transfer to the electrode, similarly as it was proposed for reduction of Na+, Li+

[42] and Ca2+, Sr2+, Ba2+ cations [43]. In the case when the dehydration desolvatation of zinc
cations were considered as chemical steps [37,40], another explanation of the quasi-reversi‐
bility is provided by the presence of such preceding slow elementary processes or the situa‐
tion in which electron transfer is coupled with slow desolvation.

Our results obtained in 1.0 M NaClO4 solution revealed ip/v1/2 = f(v) dependence decreasing
with scan rate v which suggests that the reduction process must be complicated by a slow
step.

According to our assumption, the EE mechanism (1), i.e. the sequence of two consecutive

steps Zn 2+→
e

Zn +→
e

Zn, remains the same on both covered and uncovered electrode where
intermediate Zn+ is stabilized by hydration, and undergoes fast electrochemical reduction.
The analogical assumptions have been undertaken in relation to Cd2+ electroreduction [44].
Since the CPR effect is based on comparison of the two reductions, namely in absence and
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adsorption process does not change the mechanism of the electrode process, which is in ac‐
cordance with the literature quoted [1-8,10-13]. In other words, the both currents in eq. (2)
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over their final product is the same as well. The condition should be complete for each con‐
sidered case.

A representative example of the resolution of deformed by inactive organic adsorbate fara‐
daic current response into components according to eq. (2) is presented in Fig. 1. The visuali‐
zation of adsorption process in its isolated “pure” form is regular and well-designed (Fig.1).
The observed adsorption effect is catalytic since the responses (2) and (3) are enhanced and
passed in relation to (1) towards positive potential.

The subtraction of experimental currents (iobs(E) – i0(E) = iads(E)) according to eq. (2) is reason‐
able since both denote the same electrode process. The applied two-electron Zn2+ reduction
is not naturally resolved into steps since k2 > k1 [34] (cf. also the Fig. 10 caption). Therefore,
an appearance of adsorption deformed responses (Fig. 1) cannot be explained in terms of
resolution of coupled two-electron response. The only assumption is the additivity of cur‐
rents, according to the rule commonly accepted in electrochemistry.

The two representative sets of the experimental data including five aliphatic alcohols and
two cyclodextrins have been selected to establish whether the effect of inhibition can be
described  by  current  probabilistic  response  (CPR).  In  selection  of  inhibitors  the  com‐
pounds considered as simple adsorbates (a series of alcohols) as well  as complex adsor‐
bates (α,β-cyclodextrins) have been chosen. It has been shown [13] that α-cyclodextrin as
inhibitor  can  form  a  condensed  film.  Both  of  the  selected  groups  of  compounds  are
known as electrode process inhibitors [7,10-13,35,36]. Moreover, the influence of eight ad‐
ditional  organic  adsorbates  has  also  been  investigated  in  connection  with  another  elec‐
trode processes (see further).

The mechanism of  Zn2+  electroreduction and the  physical  model  of  the  inhibitors  influ‐
ence were proposed in quoted literature. It  was shown that zinc electroreduction can be
considered  as  successive  two electron  transfer  steps  (e.g.,  [37-40]).  The  results  obtained
by Fawcett and Lasia [34,41] in non-aqueous media in the presence of tetraalkylammoni‐
um  perchlorates,  especially  in  dimethylsulfooxide,  revealed  the  complex,  nonlinear  po‐
tential  dependence  of  experimental  rate  constant  (c.f.  also  Fig.  1  in  [41]  for
dimethylformamide). It indicates that the reaction consists of at least two steps. In dime‐
thylsulfooxide the standard rate  constant  of  the second step is  greater  than that  of  first
one [34]. It means that E0 potential of Zn2+/Zn+ couple should be more negative than that
of  hypothetical  Zn+/Zn0  one.  The  similar  conclusion  is  given  in  paper  by  Manzini  and
Lasia  [40].  Additionally,  it  was  stated  that  “coulometric  measurments  indicate  100%  yield
and no metal was found in the solution after electrolysis”  [34]. It is not surprising since met‐
allic  zinc is  solution-phobic and must  be immediately pulled into Hg phase to form an
intermetallic compound (amalgam).
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Figure 1. Experimental results expressing the idea of CPR effect. Electroreduction of Zn2+ in absence and presence of
inert adsorbate. Regular-shaped NPV response (curve 1) and adsorption deformed NPV responses (curves 2 and 3).
The difference between regular (1) and deformed response (2) or (3) is a quantitative measure of adsorption influence
i.e. CPR effect: curve 3 minus curve 1 as well as curve 2 minus curve 1. Experimental conditions: NPV electroreduction
of 1 mM Zn2+ in 1 M NaClO4/H2O solution on Hg electrode in presence of an adsorbate: (2) – 5 mM N,N’-dimethylth‐
iourea; (3) – 0.2 mM 3,4-diaminotoluene. CPR responses were approximated with the probabilistic theoretical model:
points (green) are a asymmetric double sigmoidal fits. The values of parameters for CPR2,1: y0 = –1.35×10–7, xc = –0.989,
A = 5×10–5, w1 = 0.076, w2 = 0.025, w3 = 0.013, χ2 = 7.7×10–14, R2 = 0.9996 and for CPR 3,1: y0 = –1.54×10–8, xc = –0.995, A
= 1×10–4, w1 = 0.049, w2 = 0.031, w3 = 0.014, χ2 = 1.3×10–13, R2 = 0.9995.

Since the pure reversible EE process of Zn2+ reduction is not observed in practice, there must
be a reason for quasi-reversibility in form of slow step. Fawcett and Lasia [41] suggested the
model in which the two step reduction is complicated by slow adsorption process of sub‐
strate and its transfer to the electrode, similarly as it was proposed for reduction of Na+, Li+

[42] and Ca2+, Sr2+, Ba2+ cations [43]. In the case when the dehydration desolvatation of zinc
cations were considered as chemical steps [37,40], another explanation of the quasi-reversi‐
bility is provided by the presence of such preceding slow elementary processes or the situa‐
tion in which electron transfer is coupled with slow desolvation.

Our results obtained in 1.0 M NaClO4 solution revealed ip/v1/2 = f(v) dependence decreasing
with scan rate v which suggests that the reduction process must be complicated by a slow
step.

According to our assumption, the EE mechanism (1), i.e. the sequence of two consecutive

steps Zn 2+→
e

Zn +→
e

Zn, remains the same on both covered and uncovered electrode where
intermediate Zn+ is stabilized by hydration, and undergoes fast electrochemical reduction.
The analogical assumptions have been undertaken in relation to Cd2+ electroreduction [44].
Since the CPR effect is based on comparison of the two reductions, namely in absence and
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presence of organic adsorbate, an extensive mechanistic analysis at the moment is not deci‐
sive for our purpose.

Our coulometric measurements were performed at sufficiently negative potentials diffusion
region in order to avoid the participation of the anodic current, and gave the number of elec‐
trons exchanged 2.02 ± 0.05 for 1 mM Zn2+ and 1 M NaClO4 solution. In the presence of two
representative adsorbates the obtained results were 2.00 ± 0.09 for n–pentanol (0.1 M) and
1.92 ± 0.05 for α-cyclodextrin (0.01 M).

The  representative  results  of  applying  the  CPR approach to  inhibition  are  presented in
Fig. 2A and 2B. It is striking that simple, according to eq. (2), subtraction of respective pa‐
rent matrices recorded in presence and absence of inhibitor (or catalyst – Fig.1), provides
the curves which are elegant and defined in shape. Very similar picture is observed once
convoluted  CV  responses  are  considered.  The  Gaussian  fit  done  for  those  curves  is  of
good  or  even  very  good  quality,  which  justifies  the  use  of  the  adjective  probabilistic.
None of the experimental parent curves in this paper has been idealized by smoothing or
other similar procedures.

Figure 2. The separation and visualization of experimental n-pentanol adsorption / inhibition effect according to eq.
(2). The electrode process: electroreduction of 1 mM Zn2+, 1M NaClO4 on Hg electrode in absence (curve 1) and in
presence (curve 2) of n-pentanol. Curve 3 (current probabilistic response (CPR)) displays the inhibition effect alone in
form of ic, ads (E). All currents are in the same scale. Red curve is a Gaussian fit. (A) NPP technique. The values of Gaussi‐
an fit parameters are: y0 = –1.05×10–7 ± 2.8×10–8, xc = –1.0209 ± 0.0001, w = 0.0844 ± 0.0003, A = 1.51×10–6 ± 6.9×10–9,
χ2 = 1.02×10–14, R2 = 0.9996. (B) CV technique. Scan rate 1.003 V s–1. The Gaussian fit (red curves) results in good corre‐
lation parameters. The values of R2 parameter of Gaussian fit are 0.9763 and 0.9928 for the cathodic and anodic part,
respectively.

Data presented in Fig. 3 indicate the increasing influence of aliphatic alcohols on the elec‐
trode process depending on the increasing, from n-propanol to n-hexanol, length of carbon
chain, similarly as it was described in the literature [10].

The similar picture is observed for two cyclodextrins (Fig. 4A,B), another typical object in
investigations of electrode process inhibition [11-13].
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Figure 3. A comparison of experimental CPR electroinhibition effects, determined for five aliphatic alcohols from eq.
(2) for electroreduction process of 1 mM Zn2+ in 1 M NaClO4 on Hg electrode: (a) saturated ≈ 0.06 M n-hexanol, (b) 0.1
M n-pentanol, (c) 0.1 M t-pentanol, (d) 0.1 M n-butanol, (e) 0.1 M n-propanol. The parent NPP responses are not
shown. (A) NPP technique. The Gaussian fit (red curves) results in good correlation parameters, for example the values
of R2 parameter are: (a) R2 = 0.9949; (b) R2 = 0.9996; (c) R2 = 0.9942; (d) R2 = 0.9823. (B) CV technique. Scan rate 1.003
V s–1. The Gaussian fit (red curves) results in good correlation parameters for example, the values of R2 parameter of
Gaussian fit for cathodic process are: (a) R2 = 0.9848; (b) R2 = 0.9756; (c) R2 = 0.9649; (d) R2 = 0.9740; (e) R2 = 0.9656.
The values of R2 parameter for anodic process (a) R2 = 0.9950; (b) R2 = 0.9891; (c) R2 = 0.9913; (d) R2 = 0.9781; (e) R2 =
0.9243.

Figure 4. A comparison of experimental electroinhibition effects of CPR type, determined from eq. (2) for different
concentrations (a) 0.1 M, (b) 0.05 M, (c) 0.01 M of α-cyclodextrin (A) and β-cyclodextrin (B). The parent electrode proc‐
ess: CV electroreduction of 1 mM Zn2+ in 1M NaClO4 on Hg. Scan rate 1.003 V s–1. (A) The Gaussian fit (red curves)
results in good correlation parameters, for example the values of R2 parameter of Gaussian fit for cathodic process are:
(a) R2 = 0.9956; (b) R2 = 0.9920; (c) R2 = 0.9946. The values of R2 parameter for anodic process are: (a) R2 = 0.9972; (b) R2

= 0.9995; (c) R2 = 0.9905. (B) The Gaussian fit (red curves) results in the good correlation parameters for example the
values of R2 parameter of Gaussian fit for cathodic process are: (a) R2 = 0.9936; (b) R2 = 0.9914; (c) R2 = 0.9804. The
values of R2 parameter for anodic process are: (a) R2 = 0.9861; (b) R2 = 0.9479; (c) R2 = 0.8379.

The results indicate that the influence of cyclodextrins on the electroreduction process is not

uniform and that α–CD is effective as an inhibitor, which remains in agreement with litera‐
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presence of organic adsorbate, an extensive mechanistic analysis at the moment is not deci‐
sive for our purpose.

Our coulometric measurements were performed at sufficiently negative potentials diffusion
region in order to avoid the participation of the anodic current, and gave the number of elec‐
trons exchanged 2.02 ± 0.05 for 1 mM Zn2+ and 1 M NaClO4 solution. In the presence of two
representative adsorbates the obtained results were 2.00 ± 0.09 for n–pentanol (0.1 M) and
1.92 ± 0.05 for α-cyclodextrin (0.01 M).

The  representative  results  of  applying  the  CPR approach to  inhibition  are  presented in
Fig. 2A and 2B. It is striking that simple, according to eq. (2), subtraction of respective pa‐
rent matrices recorded in presence and absence of inhibitor (or catalyst – Fig.1), provides
the curves which are elegant and defined in shape. Very similar picture is observed once
convoluted  CV  responses  are  considered.  The  Gaussian  fit  done  for  those  curves  is  of
good  or  even  very  good  quality,  which  justifies  the  use  of  the  adjective  probabilistic.
None of the experimental parent curves in this paper has been idealized by smoothing or
other similar procedures.

Figure 2. The separation and visualization of experimental n-pentanol adsorption / inhibition effect according to eq.
(2). The electrode process: electroreduction of 1 mM Zn2+, 1M NaClO4 on Hg electrode in absence (curve 1) and in
presence (curve 2) of n-pentanol. Curve 3 (current probabilistic response (CPR)) displays the inhibition effect alone in
form of ic, ads (E). All currents are in the same scale. Red curve is a Gaussian fit. (A) NPP technique. The values of Gaussi‐
an fit parameters are: y0 = –1.05×10–7 ± 2.8×10–8, xc = –1.0209 ± 0.0001, w = 0.0844 ± 0.0003, A = 1.51×10–6 ± 6.9×10–9,
χ2 = 1.02×10–14, R2 = 0.9996. (B) CV technique. Scan rate 1.003 V s–1. The Gaussian fit (red curves) results in good corre‐
lation parameters. The values of R2 parameter of Gaussian fit are 0.9763 and 0.9928 for the cathodic and anodic part,
respectively.

Data presented in Fig. 3 indicate the increasing influence of aliphatic alcohols on the elec‐
trode process depending on the increasing, from n-propanol to n-hexanol, length of carbon
chain, similarly as it was described in the literature [10].

The similar picture is observed for two cyclodextrins (Fig. 4A,B), another typical object in
investigations of electrode process inhibition [11-13].
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Figure 3. A comparison of experimental CPR electroinhibition effects, determined for five aliphatic alcohols from eq.
(2) for electroreduction process of 1 mM Zn2+ in 1 M NaClO4 on Hg electrode: (a) saturated ≈ 0.06 M n-hexanol, (b) 0.1
M n-pentanol, (c) 0.1 M t-pentanol, (d) 0.1 M n-butanol, (e) 0.1 M n-propanol. The parent NPP responses are not
shown. (A) NPP technique. The Gaussian fit (red curves) results in good correlation parameters, for example the values
of R2 parameter are: (a) R2 = 0.9949; (b) R2 = 0.9996; (c) R2 = 0.9942; (d) R2 = 0.9823. (B) CV technique. Scan rate 1.003
V s–1. The Gaussian fit (red curves) results in good correlation parameters for example, the values of R2 parameter of
Gaussian fit for cathodic process are: (a) R2 = 0.9848; (b) R2 = 0.9756; (c) R2 = 0.9649; (d) R2 = 0.9740; (e) R2 = 0.9656.
The values of R2 parameter for anodic process (a) R2 = 0.9950; (b) R2 = 0.9891; (c) R2 = 0.9913; (d) R2 = 0.9781; (e) R2 =
0.9243.

Figure 4. A comparison of experimental electroinhibition effects of CPR type, determined from eq. (2) for different
concentrations (a) 0.1 M, (b) 0.05 M, (c) 0.01 M of α-cyclodextrin (A) and β-cyclodextrin (B). The parent electrode proc‐
ess: CV electroreduction of 1 mM Zn2+ in 1M NaClO4 on Hg. Scan rate 1.003 V s–1. (A) The Gaussian fit (red curves)
results in good correlation parameters, for example the values of R2 parameter of Gaussian fit for cathodic process are:
(a) R2 = 0.9956; (b) R2 = 0.9920; (c) R2 = 0.9946. The values of R2 parameter for anodic process are: (a) R2 = 0.9972; (b) R2

= 0.9995; (c) R2 = 0.9905. (B) The Gaussian fit (red curves) results in the good correlation parameters for example the
values of R2 parameter of Gaussian fit for cathodic process are: (a) R2 = 0.9936; (b) R2 = 0.9914; (c) R2 = 0.9804. The
values of R2 parameter for anodic process are: (a) R2 = 0.9861; (b) R2 = 0.9479; (c) R2 = 0.8379.

The results indicate that the influence of cyclodextrins on the electroreduction process is not

uniform and that α–CD is effective as an inhibitor, which remains in agreement with litera‐
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ture data [12]. The data presented in Fig. 3 for alcohols and in Fig. 4 for cyclodextrins have
shown, that it is possible to obtain the picture of inhibitory effect more pronounced than in
case of applying the single value of kinetic parameter e.g. kapp or k1, k2 alone. The Gaussian fit
is also included for data in Fig. 3 – 4. It is evident that fully shaped curves are obtained for
relatively high concentration of the adsorbate. The quality of Gaussian fit decreases with the
lowering of the adsorbate concentration as it could have been expected.

The detailed investigations with the use of cyclodextrins as adsorbates have shown that
the adsorption process is complex with the possibility of compact layers or multi-layers,
host-guest complexes formation [13].  Our results with good quality Gaussian fit  suggest
that both complex (α, β-cyclodextrins) and simple adsorption (alcohols) undergo Gaussian
distribution.

Application of CV method usually leads to a series of peaks corresponding to the different
scan rates and so it is in our case. However, CV currents recorded at different scan rates are
not comparable and should be normalized by v1/2 factor. The different scan rate data, per‐
formed in such a way, are presented in form of CPR curves in Fig. 5. In other words, instead
of parent CV peaks for regular and inhibited process, the final CPR curves can be taken un‐
der consideration.

On the other hand, the Q = f(v) plot (Fig. 6A) makes it possible to express the inhibition ef‐
fect quantitatively and normalization by v1/2 factor is not needed. In turn, the dependence of
the relative inhibition effect (QCD – QZn)/QZn (where QZn, QCD are charges obtained from inte‐
grated cathodic parts of CV curves for electroreduction of Zn2+ 1 mM in 1 M NaClO4 in ab‐
sence and presence of α,β-CD, respectively) at different concentrations and scan rates is
presented in Fig. 6B.

Apart from better visualization and separation of adsorption effect from “mixed” current re‐
sponse, CPR approach gives the possibility of adsorption isotherm determination. A respec‐
tive attempt is presented in Fig. 6B. An assumption was made that a charge QCD determined
from CPR curve is proportional to the amount of adsorbed species. The similar assumption
is commonly accepted when adsorption phenomena are investigated by differential capati‐
tance method. A change ∂C is assumed to be proportional to ∂Q and to Γ. The results of
Langmuir fit indicate that the obtained parameters are reasonable in the range of the pub‐
lished data [41].

The coincidence with the Gaussian function is expected not to be specific for studied system
Zn2+/alcohols and Zn2+/cyclodextrin. It should be observed for at least other qusireversible-
irreversible reduction/inert organic adsorbate systems in which pre-peaks or post-peaks do
not appear.

It is very probable that numerous factual current responses (CR) and not only curves affect‐
ed by the effects of inhibition, lead to similar CPR curves with almost identical shapes. Con‐
sequently, any change in electrochemical response caused by the influence of added
adsorbate, complexing agent or other factors is manifested by, at least, the following influen‐
ces: positive/negative shift of CR along potential axis and/or change of the CR slope and/or
decrease/increase of its high. Above effects occur together, but usually one of them domi‐
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nates. Therefore, the observed CPR effect, that is an output function, must be interpreted in
frames of its parent experimental input.

Figure 5. A comparison of experimental electroinhibition effect of CPR type for 1 mM Zn2+, 1 M NaClO4, 0.05 M α –CD
on Hg electrode at different scan rate in V s–1: (a) 0.1, (b) 1.003, (c) 5.12, (d) 25.6, (e) 51.2. Gaussian fits for a,b,c,d,e
plots, not shown on the plot, are of very good quality by statistics. The normalized (i×v–1/2) currents of CPR curves are
shown in the additional sub-window. The parent CV responses are not shown.

Another experimental examples of CPR effects by CV and NPV techniques are presented in
Fig. 7 and Fig. 8 for various adsorbates and various electrode processes.

Data  of  Fig.  8  A  and  B  present  the  influence  of  added  organic  adsorbates  as  thiourea
(part  A,  A’)  and N,N-dimethylaniline  (part  B,  B’)  on  molecular  oxygen electroreduction
in DMF and water,  respectively.  Fig.  9  presents the case in which the influence of  sub‐
stituent  on  adsorbate  molecule  on  fixed electrode  process  is  visible.  The  catalytic  effect
increases once the electron density on nitrogen atom in thiourea increases. The effect on
substituent on thiourea molecule on apparent rate constant is described in paper by Ike‐
da and co-authors [45].

The results indicate that CPR effect is observed also on GCE and in nonaqueous medium
(Fig. 8A).
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ture data [12]. The data presented in Fig. 3 for alcohols and in Fig. 4 for cyclodextrins have
shown, that it is possible to obtain the picture of inhibitory effect more pronounced than in
case of applying the single value of kinetic parameter e.g. kapp or k1, k2 alone. The Gaussian fit
is also included for data in Fig. 3 – 4. It is evident that fully shaped curves are obtained for
relatively high concentration of the adsorbate. The quality of Gaussian fit decreases with the
lowering of the adsorbate concentration as it could have been expected.

The detailed investigations with the use of cyclodextrins as adsorbates have shown that
the adsorption process is complex with the possibility of compact layers or multi-layers,
host-guest complexes formation [13].  Our results with good quality Gaussian fit  suggest
that both complex (α, β-cyclodextrins) and simple adsorption (alcohols) undergo Gaussian
distribution.

Application of CV method usually leads to a series of peaks corresponding to the different
scan rates and so it is in our case. However, CV currents recorded at different scan rates are
not comparable and should be normalized by v1/2 factor. The different scan rate data, per‐
formed in such a way, are presented in form of CPR curves in Fig. 5. In other words, instead
of parent CV peaks for regular and inhibited process, the final CPR curves can be taken un‐
der consideration.

On the other hand, the Q = f(v) plot (Fig. 6A) makes it possible to express the inhibition ef‐
fect quantitatively and normalization by v1/2 factor is not needed. In turn, the dependence of
the relative inhibition effect (QCD – QZn)/QZn (where QZn, QCD are charges obtained from inte‐
grated cathodic parts of CV curves for electroreduction of Zn2+ 1 mM in 1 M NaClO4 in ab‐
sence and presence of α,β-CD, respectively) at different concentrations and scan rates is
presented in Fig. 6B.

Apart from better visualization and separation of adsorption effect from “mixed” current re‐
sponse, CPR approach gives the possibility of adsorption isotherm determination. A respec‐
tive attempt is presented in Fig. 6B. An assumption was made that a charge QCD determined
from CPR curve is proportional to the amount of adsorbed species. The similar assumption
is commonly accepted when adsorption phenomena are investigated by differential capati‐
tance method. A change ∂C is assumed to be proportional to ∂Q and to Γ. The results of
Langmuir fit indicate that the obtained parameters are reasonable in the range of the pub‐
lished data [41].

The coincidence with the Gaussian function is expected not to be specific for studied system
Zn2+/alcohols and Zn2+/cyclodextrin. It should be observed for at least other qusireversible-
irreversible reduction/inert organic adsorbate systems in which pre-peaks or post-peaks do
not appear.

It is very probable that numerous factual current responses (CR) and not only curves affect‐
ed by the effects of inhibition, lead to similar CPR curves with almost identical shapes. Con‐
sequently, any change in electrochemical response caused by the influence of added
adsorbate, complexing agent or other factors is manifested by, at least, the following influen‐
ces: positive/negative shift of CR along potential axis and/or change of the CR slope and/or
decrease/increase of its high. Above effects occur together, but usually one of them domi‐
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nates. Therefore, the observed CPR effect, that is an output function, must be interpreted in
frames of its parent experimental input.

Figure 5. A comparison of experimental electroinhibition effect of CPR type for 1 mM Zn2+, 1 M NaClO4, 0.05 M α –CD
on Hg electrode at different scan rate in V s–1: (a) 0.1, (b) 1.003, (c) 5.12, (d) 25.6, (e) 51.2. Gaussian fits for a,b,c,d,e
plots, not shown on the plot, are of very good quality by statistics. The normalized (i×v–1/2) currents of CPR curves are
shown in the additional sub-window. The parent CV responses are not shown.

Another experimental examples of CPR effects by CV and NPV techniques are presented in
Fig. 7 and Fig. 8 for various adsorbates and various electrode processes.

Data  of  Fig.  8  A  and  B  present  the  influence  of  added  organic  adsorbates  as  thiourea
(part  A,  A’)  and N,N-dimethylaniline  (part  B,  B’)  on  molecular  oxygen electroreduction
in DMF and water,  respectively.  Fig.  9  presents the case in which the influence of  sub‐
stituent  on  adsorbate  molecule  on  fixed electrode  process  is  visible.  The  catalytic  effect
increases once the electron density on nitrogen atom in thiourea increases. The effect on
substituent on thiourea molecule on apparent rate constant is described in paper by Ike‐
da and co-authors [45].

The results indicate that CPR effect is observed also on GCE and in nonaqueous medium
(Fig. 8A).
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Figure 6. (A) The logarithmic dependence of the charge obtained by integration of cathodic scans of experimental CV
curves for 1 mM Zn2+electroreduction in 1.0 M NaClO4 on Hg electrode in absence and presence of α-CD and β-CD
against scan rate. Note that for low 0.001 M concentration of α-CD and β-CD the inhibition effect changes into the
catalytic effect (two lines above thick black line for Zn2+ reduction alone refer to catalysis). (B) The normalized CPR ef‐
fect presented in form of adsorption isotherm obtained on the basis of respective integrated current responses. The
scatter plots represent the dependence of the relative inhibition effect for CV electroreduction of Zn2+ 1 mM in 1M
NaClO4 on Hg electrode in function of α-CD and β-CD concentration at different scan rates. QZn, QCD – charges ob‐
tained from integrated cathodic parts of CV curves. The curves represent the Langmuir fit in form of eq.: q = qsKc/
(1+Kc), where q, qs – surface excess, surface excess at saturation and K – equilibrium constant of adsorbate at surface.
The examples of values of parameters of Langmuir fit for α-CD: at v = 0.1 V s–1; qs = –0.40 ± 0.19, K = 27 ± 33, χ2 =
3.5×10–3, R2 = 0.911; and for β-CD: at 51.2 V s–1; qs = –0.38 ± 0.05, K = 113 ± 71, χ2 = 2.2×10–3, R2 = 0.949. Note that for
low concentrations of α-CD and β-CD inhibition effect changes into catalytic effect. The effect shape of plot resembles
the Langmuir plot.
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Figure 7. A–J. Examples of CPR results (parent responses are not shown) for different electrode process/adsorbate sys‐
tems obtained with the use of CV and NPV techniques. (Plots A-C): The NPV electroreduction of 1 mM Zn2+ in 1 M
NaClO4 in H2O on Hg electrode in presence: (A) – 5 mM N,N’-dimethylthiourea; (B) – 5 mM N,N,N’,N’-tetramethylth‐
iourea; (C) – 2 µM dextran. (Plot D): The NPV electroreduction of molecular oxygen about 4 mM in 0.3 M TBAP in DMF
on GCE3 in presence 1 mM N,N-dimethylaniline. (Plots E-J): The CV electroreduction of Zn2+ in 1 M NaClO4 in H2O on
Hg electrode in presence of: (E) – 10 µM dextran; (F) – 2 mM 3,4-diaminotoluene; (G) – 55 mM thiourea; (H) – 5 mM
N,N’-dimethylthiourea; (I) – 5 mM N,N’-diethylthiourea; (J) – 5 mM N,N,N',N'-tetramethylthiourea. Scan rate 1 V s–1. The
Gaussian fit (red curves) and the values of R2 correlation parameter are shown on the plot.
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tems obtained with the use of CV and NPV techniques. (Plots A-C): The NPV electroreduction of 1 mM Zn2+ in 1 M
NaClO4 in H2O on Hg electrode in presence: (A) – 5 mM N,N’-dimethylthiourea; (B) – 5 mM N,N,N’,N’-tetramethylth‐
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on GCE3 in presence 1 mM N,N-dimethylaniline. (Plots E-J): The CV electroreduction of Zn2+ in 1 M NaClO4 in H2O on
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Figure 8. Further experimental examples of CPR inhibition effect. (A) The effect of thiourea on one-electron normal
pulse voltammetry reduction of molecular oxygen in 0.3 M TBAP in DMF on GCE3. Thiourea concentration 0, 0.1, 2, 10
mM, O2 concentration about 4 mM. (A) The same data in CPR form. The Gaussian fit (red curves) leads to good correla‐
tion parameters. For example the values of R2 parameter of Gaussian fit are: (2–1) R2 = 0.9926; (3–1) R2 = 0.9913; (4–1)
R2 = 0.9920. (B) The effect of N,N-dimetyloaniline on two-electron electroreduction of molecular oxygen by CV in 0.2
M KNO3 in H2O on Hg electrode. Scan rate 1 V s–1, N,N-dimetyloaniline concentration 1mM, O2 concentration about 1
mM. (B’) The same data in CPR form. The Gaussian fit (red curves) results in the good correlation parameters. For ex‐
ample the values of R2 parameter of Gaussian fit are 0.9738 and 0.9628 for cathodic and anodic process, respectively.
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Figure 9. Further examples of CPR effect. Electroreduction of 1 mM Bi3+ in 0,1 M HClO4 on GCE2 in presence and ab‐
sence of 10 mM substituted thioureas (N-methylthiourea (MTU), N,N'-dimethylthiourea (DMTU), N,N,N',N'-tetrame‐
thylthiourea (TMTU)). The increase of the catalytic substituent effect from MTU through DMTU to TMTU is visible on
position and height of cathodic responses. Scan rate 0.2 V s–1. The parent CV responses are not shown.

4.2. CPR effect as a result of theoretical model

Since the presented results are only an experimental and fenomenological view of the prob‐
lem, the respective theoretical background is needed. It turned out that the Gaussian-shaped
curves of CPR type can be obtained also theoretically by numerical simulation. We used the
theoretical kinetic EE║Hg(Zn) model and ESTYM_PDE software, both described in Kinetics
section. The literature values of kinetic parameters determined for Zn2+ electroreduction in
the 1 M sodium perchlorate solution [18] were applied. The EE mechanism provides the
simple but reliable model among others proposed for Zn2+ electroreduction [38,39,46-49].
The results of simulation are presented in Fig. 10. It turned out that increase/decrease of
electrochemical rate constant corresponds to a change of CV curve which is identical to
Gaussian CPR experimental curve. For clarity, the results of Gaussian fit are shown sepa‐
rately in Fig. 10B. The obtained results of performed simulation provide an indirect evidence
of assumption commonly applied in literature that electrocatalysis/electroinhibition effect
can be described by increase/decrease of heterogeneous rate constant [15]. The simulations
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thylthiourea (TMTU)). The increase of the catalytic substituent effect from MTU through DMTU to TMTU is visible on
position and height of cathodic responses. Scan rate 0.2 V s–1. The parent CV responses are not shown.

4.2. CPR effect as a result of theoretical model

Since the presented results are only an experimental and fenomenological view of the prob‐
lem, the respective theoretical background is needed. It turned out that the Gaussian-shaped
curves of CPR type can be obtained also theoretically by numerical simulation. We used the
theoretical kinetic EE║Hg(Zn) model and ESTYM_PDE software, both described in Kinetics
section. The literature values of kinetic parameters determined for Zn2+ electroreduction in
the 1 M sodium perchlorate solution [18] were applied. The EE mechanism provides the
simple but reliable model among others proposed for Zn2+ electroreduction [38,39,46-49].
The results of simulation are presented in Fig. 10. It turned out that increase/decrease of
electrochemical rate constant corresponds to a change of CV curve which is identical to
Gaussian CPR experimental curve. For clarity, the results of Gaussian fit are shown sepa‐
rately in Fig. 10B. The obtained results of performed simulation provide an indirect evidence
of assumption commonly applied in literature that electrocatalysis/electroinhibition effect
can be described by increase/decrease of heterogeneous rate constant [15]. The simulations
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confirm the literature adsorption model in which the effective observed current is the super‐
position of both currents on the free surface and on covered fraction i.e. “adsorption” cur‐
rent. It is assumed that the rate constants on covered and uncovered surface should be
different (Fig. 10 – simulation). Moreover, the resolution of the experimental currents for
two reductions gives possibility for calculation of individual rate constants. It has to be no‐
ticed, however, that the mathematical analysis described in reference [50] indicates that the
effects of inhibition can be much more complex than a simple ks decrease analysis presented
in Fig. 10.

Figure 10. (A) An example of CV simulation results obtained for EE║Hg(Zn) mechanism (section Kinetics eq.(1)) with
the following kinetic parameters: v = 1.0 V s–1, D1 = D2 = 4. 0×10–6 cm2s–1, D3 = 1.67×10–5 cm2s–1, E0,1 = –1.049 V E0,2= –
0.904 V, A = 0.0159 cm2 (spherical electrode), α1 = α2 = 0.67; (1) k1 = k–1 = 0.031, k2 = k–2 = 0.35; (2) k1 = k–1 = 0.09, k2 = k–2

= 0.9; (2’) k1 = k–1 = 0.01, k2 = k–2 = 0.1 (rate constants in cm×s–1); the values of kinetic parameters were taken from [18].
Initial concentration of substrate was c0 = 1 mM. Curves 1, 2 and 2’ were obtained from the simulated CV curves for
normal process, electrocatalysis and electroinhibition, respectively. (B) Curves 3 (green) and 3’ (red) represent the
Gaussian current response and were obtained from the simulated CV curves (A) for electrocatalysis and electroinhibi‐
tion effect, respectively. The Gaussian fits (black curves) result in good correlation parameters. For example the values
of R2 parameter for curve 3 for cathodic and anodic process are 0.9776 and 0.9848 respectively; for curve 3’ for catho‐
dic and anodic process R2 values are 0.9770 and 0.9896, respectively.

Despite the fact that the results of modeling of the CPR effect have been presented (Fig. 10),
this paper is based mainly on experimental facts. Deeper theoretical analysis of observed
phenomena is not possible at the present state of knowledge.

4.3. The CPR effect obtained from processed literature data

In order to extend the scope of experimental data concerning CPR effect, the CPR effect ob‐
tained from processed literature data [5,14,51] is presented in Figs. 11-14. The influence of
added organic adsorbate, namely polyvinyl alcohol, on VO2+ reduction is shown in Fig. 11 A
and A' (source of data: [5b]).
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Figure 11. Further experimental examples of CPR inhibition effect derived by digitalization and processing of litera‐
ture data. (A) The effect of polyvinyl alcohol on the reduction of VO2+. Curve (1) – 3 mM VOSO4, 0.1 M H2SO4. Polyvinyl
alcohol concentration: (2) – 0.005%, (3) – 0.0075%. Source of data [5b]. (A’) The same data in CPR form. The Gaussian
fit (red curves) leads to good correlation parameters. For example the values of R2 parameter of Gaussian fit are: (2–1)
R2 = 0.9988; (3–1) R2 = 0.9930.

Figure 12. Examples of CPR effect (right plot) derived by digitalization and processing of literature data (left plot) con‐
cerning photocurrent-potential relation for p-Si electrode (Fig. 1 p. 206, [51], with kind permission from Springer Sci‐
ence+Business Media B.V.). The similar picture (not shown) can be obtained basing on Fig. 4, p. 208, in monograph
[51]. Symbols ABCDE denote the surface etching procedure described therein.
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Despite the fact that the results of modeling of the CPR effect have been presented (Fig. 10),
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4.3. The CPR effect obtained from processed literature data

In order to extend the scope of experimental data concerning CPR effect, the CPR effect ob‐
tained from processed literature data [5,14,51] is presented in Figs. 11-14. The influence of
added organic adsorbate, namely polyvinyl alcohol, on VO2+ reduction is shown in Fig. 11 A
and A' (source of data: [5b]).
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Figure 13. Examples of CPR effect (right plot) derived by digitalization of literature data (left plot) covering potentio‐
dynamic runs recorded for p-Si and p-Si-Me electrodes (Fig. 3 p. 207, [51], with kind permission from Springer Science
+Business Media B.V.). The similar picture (not shown) can be obtained basing on Fig. 5, p. 208, in monograph [51].

Figure 14. Another examples of CPR effect derived by digitalization and processing of literature CV data [14] (with
kind permission from Wiley) for electroreduction of 1.0 mM 4-tert-butylcatechol in the presence of various concentra‐
tions of β-CD at pH 7.0. Concentration of β-CD from (a) to (h): 0.0, 0.3, 0.5, 1.0, 2.0, 4.0, 7.0, and 10.0 mM, respectively.
Scan rate: 2 V s−1.

Stochastic nature of adsorption phenomena is also visible on surface tension π vs. poten‐

tial  E dependences presented in monograph [15,16].  The CPR  peaks involved in adsorp‐

tion phenomena are similar to ones obtained by means of chromatography. The latter also
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undergo Gaussian statistics [52]. Both facts confirm the probabilistic character of chemical
dynamics [53].

4.4. CPR effects for auto-electrocatalysis processes (ACPR)

The hitherto presented data respected to the electroreduction of inorganic cations in the
presence of non-electroactive organic adsorbate. Some experimental facts indicate that the
idea of CPR can be extended on electroactive adsorbates. In paper [17] we have detected the
autocatalytic effect caused by organic electroactive substance i.e. that which playes double
role of organic adsorbate and electroactive substance. The autocatalytic effect was revealed
by comparison of experimental and mathematical model responses as well as by compari‐
son of results obtained on Hg (autocatalytic effect present) and GCE electrode (no autocata‐
lytic effect).

In order to show more quantitative explanation of the influence of the autocatalytic effect on
the enhancement the cathodic current observed on Hg electrode the difference between ex‐
perimental and model curves will be shown in Fig. 15.

Figure 15. The “difference curves” (normalized vs. scan rate) between experimental (affected by adsorption) and
model responses of the CV electroreduction of 1,4-BDF and 1,4-NDF in 0.3 M TBAP in DMF. The result can be consid‐
ered as an example of auto-electrocatalytic effect. No smoothing of the data was applied. [Reprinted from Electroanal‐
ysis, Vol. 18, Sanecki, P., Skitał, P., Kaczmarski, K., Numerical Modeling of ECE – ECE and Parallel EE – EE Mechanisms
in..., 981-991, Copyright (2006), with permission from Wiley].

From the character of the difference curves of CPR kind one may conclude that observed ef‐
fect is not random but rather systematic with the wave profile increasing with the decreased
scan rate. The observed autocatalytic effect vanish at high scan rates, giving discrepancy low
enough to permit the usage of these data for the estimation of kinetic parameters [17]. If the
effect is connected with adsorption of electrode reaction product, the adsorption process
would be slow in comparison to the time window of the high scan rate experiment. Similar
observations for inorganic reactant-organic substance/halide ion systems have been written
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down by the others, by whom catalytic effect was explained by bridging model [49] or surface
reaction model (see [54] and the literature cited therein).

Interesting electrocatalysis/electroinhibition examples of CPR type effects can be provided
by early published polarographic data. Maxima of first kind (sharp) and second kind (dif‐
fused) appearing on diffusion/convection controlled limiting currents generally are ex‐
plained by adsorption of electroactive substance and/or a movement of the solution near the
electrode surface. Polarographic maxima were recognized as a case of electrocatalysis [5c,
55]. Since maxima hinder the precise evaluation of polarographic curves, they (maxima) are
removed (damped) by introduction of strong surface active compounds as high-molecular
organic compounds e.g. dyes (fuchsin). It means that a adsorption competition between
electroactive adsorbate and nonelectroactive adsorbate takes place.

The adsorption of electroactive substance can be a source of its additional amount on elec‐
trode surface and consequently of limiting current excitation. Fig. 16 presents an example of
such kind of auto-electrocatalysis, in which asymmetric curve, of autocatalytic CPR kind
(ACPR), characteristic to first kind maximum, appears (source of data [55]).

Figure 16. An example of electrocatalysis caused by adsorption of electroactive substance i.e. Pb2+ ions. The process
can be considered as autocatalytic CPR effect (ACPR). The polarographic reduction of 2.3 mM Pb2+ in 0.1 M KCl solu‐
tion: (curve 1) in absence of maximum suppressor; (curve 2) after the addition of 0.0002% sodium methyl red; inset
window (curve 2 minus 1) i.e. affected curve minus regular curve. Curves 1 and 2 were obtained from processed data
of Figure 6.8, p. 317 in [55].
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The symmetric difference curve of ACPR kind can be obtained from second kind maxima
data Fig. 17 ([5] Fig. XVIII-8, p.419).

Figure 17. Another example of autocatalytic ACPR effect obtained from literature data [5]. The influence of ionic
strength on catalytic hydrogen evolution waves in 3 mM solution of quinine in borate buffer pH 9.5. Concentrations of
Na+: (1) 0.04 M; (2) 0.045 M; (3) 0.05 M; (4) 0.055 M; (5) 0.06 M; (6) 0.07 M; (7) 0.08 M. [Reprinted from [5] Heyrovský,
J.; Kůta, J. Principles of Polarography, Publishing House of the Czechoslovak Academy of Sciences: Prague 1965, Fig.
XVIII-8, p.419].

The gradual passing from first kind maximum (a) to second kind maximum (f), presented in
[5], can be interpreted as a change of adsorption mechanism visible as the change of shape
of probabilistic curve (Fig. 18).

Figure 18. Another example of electrocatalysis of CPR type caused by adsorption of electroactive substance namely
i.e. molecular oxygen. Solution 0.01 M KCl, exposed to air. The change of electrochemical response was caused by
mercury head height lowering (processed literature data from Heyrovský, J.; Kůta, J. Principles of Polarography, Pub‐
lishing House of the Czechoslovak Academy of Sciences: Prague 1965, Fig. XIX-23, p.457 [5].
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down by the others, by whom catalytic effect was explained by bridging model [49] or surface
reaction model (see [54] and the literature cited therein).
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electrode surface. Polarographic maxima were recognized as a case of electrocatalysis [5c,
55]. Since maxima hinder the precise evaluation of polarographic curves, they (maxima) are
removed (damped) by introduction of strong surface active compounds as high-molecular
organic compounds e.g. dyes (fuchsin). It means that a adsorption competition between
electroactive adsorbate and nonelectroactive adsorbate takes place.

The adsorption of electroactive substance can be a source of its additional amount on elec‐
trode surface and consequently of limiting current excitation. Fig. 16 presents an example of
such kind of auto-electrocatalysis, in which asymmetric curve, of autocatalytic CPR kind
(ACPR), characteristic to first kind maximum, appears (source of data [55]).

Figure 16. An example of electrocatalysis caused by adsorption of electroactive substance i.e. Pb2+ ions. The process
can be considered as autocatalytic CPR effect (ACPR). The polarographic reduction of 2.3 mM Pb2+ in 0.1 M KCl solu‐
tion: (curve 1) in absence of maximum suppressor; (curve 2) after the addition of 0.0002% sodium methyl red; inset
window (curve 2 minus 1) i.e. affected curve minus regular curve. Curves 1 and 2 were obtained from processed data
of Figure 6.8, p. 317 in [55].
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The symmetric difference curve of ACPR kind can be obtained from second kind maxima
data Fig. 17 ([5] Fig. XVIII-8, p.419).

Figure 17. Another example of autocatalytic ACPR effect obtained from literature data [5]. The influence of ionic
strength on catalytic hydrogen evolution waves in 3 mM solution of quinine in borate buffer pH 9.5. Concentrations of
Na+: (1) 0.04 M; (2) 0.045 M; (3) 0.05 M; (4) 0.055 M; (5) 0.06 M; (6) 0.07 M; (7) 0.08 M. [Reprinted from [5] Heyrovský,
J.; Kůta, J. Principles of Polarography, Publishing House of the Czechoslovak Academy of Sciences: Prague 1965, Fig.
XVIII-8, p.419].

The gradual passing from first kind maximum (a) to second kind maximum (f), presented in
[5], can be interpreted as a change of adsorption mechanism visible as the change of shape
of probabilistic curve (Fig. 18).

Figure 18. Another example of electrocatalysis of CPR type caused by adsorption of electroactive substance namely
i.e. molecular oxygen. Solution 0.01 M KCl, exposed to air. The change of electrochemical response was caused by
mercury head height lowering (processed literature data from Heyrovský, J.; Kůta, J. Principles of Polarography, Pub‐
lishing House of the Czechoslovak Academy of Sciences: Prague 1965, Fig. XIX-23, p.457 [5].
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On the other side, electroinhibition examples can also be recognized as characteristic mini‐
ma on limiting currents of anions electroreduction e.g. S2O8

2– (Figures XIV-17, XIV-21,
XIV-22 in [5]). They also yield the difference curves of the symmetric probabilistic shape.
Their precise explanation is much more complex and should be considered in frames of
double layer structure changes.

5. Conclusions

1. The faradaic electrode process of electroreduction of inorganic cations creates a refer‐
ence system on which the adsorption / inhibition effect can be observed.

2. The experimental catalysis/inhibition effect of electrode process affected by adsorption
can be quantitatively separated from complex current response and displayed in the
form of probabilistic type faradaic currents. The CPR curves can be considered as a
quantitative adsorption characteristic of an electroinactive organic adsorbate. In many
cases, the inhibition and catalysis processes are mutually coupled.

3. The results obtained by numerical simulation for EE process indicate that CPR effect is
not accidental and that the assumption, that organic substance increases or decreases
the apparent or individual rate constant of the electrode process, which is commonly
accepted in literature is of value.

4. In the CPR presentation the effect of adsorption is separated and defined as well as can
be processed and discussed quantitatively e.g. as a function of scan rate, a concentration
of species in solution, etc. The shape of CPR curve (symmetrical or not symmetrical)
may indicate the presence of possible interactions between molecules of adsorbate (Lan‐
gumir or Frumkin model of isotherm).

5. The CPR effect is also observed for systems in which an organic or inorganic adsorbate
is an electrode active reagent simultaneously (autocatalytic ACPR case).

6. Electrocatalysis/electroinhibition effect is a positive/negative difference between electro‐
chemical response after and before introduction of a non-electroactive substance into
solution and/or on electrode surface or a positive/negative difference between electro‐
chemical response affected and non affected by substrate/product adsorption. The dif‐
ference (eq. (2)) can be expressed quantitatively in the bell-shaped peak form of Current
Probabilistic Response.

Abbreviations, symbols and acronyms

CPR – probabilistic type current response (“difference curves”) obtained from eq. (2)

ACPR – autocatalytic CPR effect

CV – cyclic voltammetry
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NPP – normal pulse polarography

EE – set of two consecutive one electron steps

α-CD – α-cyclodextrin

β-CD – β-cyclodextrin

SCE – saturated calomel electrode

TBAP – tetrabuthyl ammonium perchlorate

DMF – dimethylformamide

Q – charge

1,4-BDF – 1,4-benzenedisulfonyldifluoride

1,4-NDF – 1,4-naphthalenedisulfonyldifluoride

Tables

Adsorbate
Electrochemical. reaction,

Electrode material
Figure Observed effect Literature

N,N’-dimethylthiourea,

3,4-diaminotoluene

Zn2+ + 2e– = Zn,

Hg

Fig. 1 CPR this paper

n-pentanol Fig. 2A, B CPR this paper

n-hexanol,

n-pentanol,

t-pentanol, n-butanol,

n-propanol

Fig. 3A, B CPR this paper

α-cyclodextrin Fig. 4A CPR this paper

β-cyclodextrin Fig. 4B CPR this paper

α-cyclodextrin Fig. 5 CPR this paper

N,N’-dimethylthiourea Fig. 7A CPR this paper

N,N,N’,N’-tetramethylthiourea Fig. 7B CPR this paper

dextran Fig. 7C CPR this paper

N,N-dimethylaniline O2 + e– = O2 –. ,

GCE
Fig. 7D CPR this paper

dextran

Zn2+ + 2e– = Zn,

Hg

Fig. 7E CPR this paper

3,4-diaminotoluene Fig. 7F CPR this paper

thiourea Fig. 7G CPR this paper

N,N’-dimethylthiourea Fig. 7H CPR this paper

N,N’-diethylthiourea Fig. 7I CPR this paper

N,N,N',N'-tetramethylthiourea Fig. 7J CPR this paper
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Their precise explanation is much more complex and should be considered in frames of
double layer structure changes.

5. Conclusions

1. The faradaic electrode process of electroreduction of inorganic cations creates a refer‐
ence system on which the adsorption / inhibition effect can be observed.

2. The experimental catalysis/inhibition effect of electrode process affected by adsorption
can be quantitatively separated from complex current response and displayed in the
form of probabilistic type faradaic currents. The CPR curves can be considered as a
quantitative adsorption characteristic of an electroinactive organic adsorbate. In many
cases, the inhibition and catalysis processes are mutually coupled.

3. The results obtained by numerical simulation for EE process indicate that CPR effect is
not accidental and that the assumption, that organic substance increases or decreases
the apparent or individual rate constant of the electrode process, which is commonly
accepted in literature is of value.

4. In the CPR presentation the effect of adsorption is separated and defined as well as can
be processed and discussed quantitatively e.g. as a function of scan rate, a concentration
of species in solution, etc. The shape of CPR curve (symmetrical or not symmetrical)
may indicate the presence of possible interactions between molecules of adsorbate (Lan‐
gumir or Frumkin model of isotherm).

5. The CPR effect is also observed for systems in which an organic or inorganic adsorbate
is an electrode active reagent simultaneously (autocatalytic ACPR case).

6. Electrocatalysis/electroinhibition effect is a positive/negative difference between electro‐
chemical response after and before introduction of a non-electroactive substance into
solution and/or on electrode surface or a positive/negative difference between electro‐
chemical response affected and non affected by substrate/product adsorption. The dif‐
ference (eq. (2)) can be expressed quantitatively in the bell-shaped peak form of Current
Probabilistic Response.
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CPR – probabilistic type current response (“difference curves”) obtained from eq. (2)

ACPR – autocatalytic CPR effect

CV – cyclic voltammetry
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β-CD – β-cyclodextrin

SCE – saturated calomel electrode

TBAP – tetrabuthyl ammonium perchlorate

DMF – dimethylformamide

Q – charge

1,4-BDF – 1,4-benzenedisulfonyldifluoride

1,4-NDF – 1,4-naphthalenedisulfonyldifluoride

Tables

Adsorbate
Electrochemical. reaction,

Electrode material
Figure Observed effect Literature

N,N’-dimethylthiourea,

3,4-diaminotoluene

Zn2+ + 2e– = Zn,

Hg

Fig. 1 CPR this paper

n-pentanol Fig. 2A, B CPR this paper

n-hexanol,

n-pentanol,

t-pentanol, n-butanol,

n-propanol

Fig. 3A, B CPR this paper

α-cyclodextrin Fig. 4A CPR this paper

β-cyclodextrin Fig. 4B CPR this paper

α-cyclodextrin Fig. 5 CPR this paper

N,N’-dimethylthiourea Fig. 7A CPR this paper

N,N,N’,N’-tetramethylthiourea Fig. 7B CPR this paper

dextran Fig. 7C CPR this paper

N,N-dimethylaniline O2 + e– = O2 –. ,

GCE
Fig. 7D CPR this paper

dextran

Zn2+ + 2e– = Zn,

Hg

Fig. 7E CPR this paper

3,4-diaminotoluene Fig. 7F CPR this paper

thiourea Fig. 7G CPR this paper

N,N’-dimethylthiourea Fig. 7H CPR this paper

N,N’-diethylthiourea Fig. 7I CPR this paper

N,N,N',N'-tetramethylthiourea Fig. 7J CPR this paper
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Adsorbate
Electrochemical. reaction,

Electrode material
Figure Observed effect Literature

thiourea O2 + e– = O2 –. ,

GCE
Fig. 8A CPR this paper

N,N-dimetyloaniline O2 + 2e– +2H+ = H2O2 , Hg Fig. 8B CPR this paper

N-methylthiourea,

N,N'-dimethylthiourea, N,N,N',N'-

tetramethylthiourea

Bi3+ + 3e– = Bi,

GCE
Fig. 9 CPR this paper

modeling via k variation – Fig. 10 CPR as a model

effect

this paper

polyvinyl alcohol V4+ + e– = V3+,

Hg
Fig. 11 CPR [5b]

Modification of electrode surface
photocurrent,

p-Si electrode
Fig. 12 CPR [51]

Modification of electrode surface
photocurrent,

p-Si and p-Si-Me electrodes
Fig. 13 CPR [51]

β-cyclodextrin Electroxidation of

4-tert-butylcatechol (H2Q)

H2Q – 2e– = Q + 2H+,

GCE

Fig. 14 CPR [14]

1,4-BDF ArSO2F + 2e– = ArSO2 – + F–,

GCE
Fig. 15 ACPR [17]

1,4-NDF

Pb2+ ions Pb2+ +2e = Pb,

Hg
Fig. 16 ACPR [55]

quinone H+ + e = H Fig. 17 ACPR [5]

O2 O2/H2O2,

Hg
Fig. 18

ACPR [5]

Table 1. The list of adsorbates and the electrode processes applied in the present study.
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1. Introduction

Globally, as of 2010, an estimated 285 million people had diabetes, with type 2 making up
about 90% of the cases. Its incidence is increasing rapidly, and by 2030, this number is esti‐
mated to almost the double. Diabetes mellitus occurs throughout the world, but is more
common (especially type 2) in the most developed countries. The greatest increase in preva‐
lence is, however, expected to occur in Asia and Africa, where most patients will probably
be found by 2030. The increase in incidence in developing countries follows the trend of ur‐
banization and lifestyle changes, perhaps most importantly a "Western-style" diet [1].

All forms of diabetes increase the risk of long-term complications. These typically develop
after many years (10–20), but may be the first symptom among those which have otherwise
not received a diagnosis before that time. The major long-term complications relate to dam‐
age to blood vessels. Diabetes doubles the risk of cardiovascular diseases. The main "macro‐
vascular" diseases (related to atherosclerosis of larger arteries) are ischemic heart disease
(angina and myocardial infarction), stroke and peripheral vascular disease. Diabetes also
causes "microvascular" complications as damage to the small blood vessels [2]. Diabetic ret‐
inopathy, which affects blood vessel formation in the retina of the eye, can lead to visual
symptoms, reduced vision, and potentially blindness. Diabetic nephropathy, the impact of
diabetes on the kidneys, can lead to scarring changes in the kidney tissue, loss of small or
progressively larger amounts of protein in the urine, and eventually chronic kidney disease
requiring dialysis. Diabetic neuropathy is the impact of diabetes on the nervous system,
most commonly causing numbness, tingling and pain in the feet and also increasing the risk
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of skin damage due to altered sensation. Together with vascular disease in the legs, neuro‐
pathy contributes to the risk of diabetes-related foot problems (such as diabetic foot ulcers)
that can be difficult to treat and occasionally require amputation. Peripheral neuropathy is
the most prevalent complication of type 2 diabetes. The 2004 National Health and Nutrition
Examination Survey (NHANES) on lower extremity complications revealed that close to
10% of people with diabetes have peripheral arterial disease, but close to 30% have neuropa‐
thy. The survey also showed that over 7% have an active foot ulcer, a frequent cause of hos‐
pitalization and a common pathway to amputation [3].

Peripheral neuropathy is often recognized by patients or their physicians at a time when
symptoms outweigh physical signs. Sensory symptoms, paresthesias, sensory loss, and neu‐
ropathic pain are common initial complaints. Although injury to small fiber calibers and
types occurs, small-diameter unmyelinated or lightly myelinated nociceptive and autonomic
fibers are often prominently affected in these common neuropathies. There is an increasing
interest in recognizing and treating neuropathy early in its course. Sweat glands are inner‐
vated by the sudomotor, postganglionic, unmyelinated cholinergic sympathetic C-fibers that
are thin and can be damaged very early in diabetes. Sudomotor dysfunction may result in
dryness of foot skin and has been associated with foot ulceration. Assessment of sudomotor
dysfunction contributes to the detection of autonomic dysfunction in diabetic peripheral
neuropathy and American Diabetes Association suggests that sudomotor function assess‐
ment of small fiber status should be included in the diagnostic tests for the detection of neu‐
ropathies in diabetes. The quantitative sudomotor axon reflex test (QSART) is capable of
detecting distal small fiber polyneuropathy and may be considered the reference method for
the detection of sudomotor dysfunction [4]. Other available techniques for assessment of su‐
domotor function include the thermoregulatory sweat test, silastic imprint method, the indi‐
cator plaster method. But these tests are time consuming and highly specialized tests so they
are mainly used for research purposes. Skin biopsies have been developed to assess small C-
Fibers. Recently, this method has been improved by assessment of small C-Fibers that inner‐
vate sweat glands. However, this method is invasive [5].

The management of diabetes alone renders considerable expenditure, however macrovascu‐
lar and microvascular complications are the major cause of healthcare costs. Data from a
United States study indicate that renal and cardiovascular complications seem to be the
most prevalent and are associated with particularly high costs. In this study abnormal renal
function and end-stage renal disease were shown to vastly increase costs of diabetes treat‐
ment, up to 771%. Furthermore, an analysis of several individual studies showed that athe‐
rosclerosis in Type 2 diabetes accounted for approximately one third of the total healthcare
costs related to the disease. In a study of patients with myocardial infarction (MI), patients
with diabetes had a higher per-patient total direct medical charge (inclusive of initial hospi‐
talisation) compared to patients without diabetes.

In 2000, it was estimated that 25% of overweight adults aged 45-74 years had prediabetes,
which translates into about 12 million persons in the U.S. Furthermore, in the process of
identifying those with prediabetes, it was estimated that an additional 6.5 million persons
with undiagnosed diabetes would have been detected. Recent controlled trials on diabetes
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prevention have confirmed that lifestyle changes such as diet, weight loss, and exercise as
well as the drug metformin can substantially delay or prevent the progression from im‐
paired metabolism to type 2 diabetes. Thus, several million individuals could benefit from
diabetes prevention intervention [6].

There is a need to diagnose subjects with high risk for diabetes or cardiovascular diseases at
an earlier stage using a simple, non-invasive, sensitive, quick and inexpensive tool. Present‐
ly, prediabetes and diabetes are diagnosed by blood glucose or HbA1C levels with threshold
values that were initially based on risk for retinopathy, a microvascular complication. Based
on studies performed with QSART or skin biopsies, small fiber neuropathy has been shown
to develop early in patients with prediabetes or cardiometabolic risk. However, these two
highly specialized methods cannot be used for a large screening.

2. Principle of the method

EZSCAN/SUDOSCAN is  a  device  (Figure  1)  recently  developed to  provide  an  accurate
evaluation of sweat gland function [7]. Patients place their hands and feet on electrodes,
placed on skin region with a high density of  sweat  glands,  and an incremental  low di‐
rect voltage (lower than 4 V) is applied during a two minute interval. Electro-sweat con‐
ductance (ESC) is  then calculated from the resulting voltage and the generated current,
which  is  expressed in  three  ways:  (i)  current  as  a  function  of  the  anodic  potential  (so-
called E),  (ii)  current as a function of  the absolute values of  the cathodic potential  after
applying an incremental voltage at the anode (so-called V), and (iii) current as a function
of U = E+V. It is a dynamic method allowing evidence of sweat dysfunction not detecta‐
ble  in  physiological  conditions.  Quantitative  results  are  expressed  as  ESC,  in  microsie‐
mens,  μS) for  the hands and feet,  and a risk score is  derived from the ESC values and
demographic data.

3. Clinical studies for the evaluation of the performances of the device

Several studies were performed to demonstrate the robustness of the method followed by a
proof of concept study and to validate the use of the EZSCAN/SUDOSCAN in detection of
diabetes complications and in screening of prediabetes [8].

a. Symmetry

As the commonest form of diabetic neuropathy is symmetric, it was important to ensure that
ESC measurements between right and left side were comparable. In this way, ESC in hands
and feet were compared between right and left side to assess agreement between both sides
using a Bland-Altman plot [9]. Coefficient of variation calculated on 1365 subjects was 3%
for hands and 2% for feet, between right and left side.
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ble  in  physiological  conditions.  Quantitative  results  are  expressed  as  ESC,  in  microsie‐
mens,  μS) for  the hands and feet,  and a risk score is  derived from the ESC values and
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3. Clinical studies for the evaluation of the performances of the device

Several studies were performed to demonstrate the robustness of the method followed by a
proof of concept study and to validate the use of the EZSCAN/SUDOSCAN in detection of
diabetes complications and in screening of prediabetes [8].

a. Symmetry

As the commonest form of diabetic neuropathy is symmetric, it was important to ensure that
ESC measurements between right and left side were comparable. In this way, ESC in hands
and feet were compared between right and left side to assess agreement between both sides
using a Bland-Altman plot [9]. Coefficient of variation calculated on 1365 subjects was 3%
for hands and 2% for feet, between right and left side.

Electrochemical Basis for EZSCAN/SUDOSCAN: A Quick, Simple, and Non-Invasive Method to Evaluate Sudomotor
Dysfunctions

http://dx.doi.org/10.5772/53965

57



Figure 1. Photo of the device: screen and electrodes.

b. Gender effect

No significant difference was observed in ESC measured in hands and feet between female
and male subjects involved in the studies or surveys performed [8].

c. Reproducibility

Measurements were assessed twice in the same day in patients with at least one cardio‐
vascular  risk  and  in  patients  with  diabetes.  Results  were  compared  using  a  Bland-Alt‐
man  plot  [9].  The  coefficient  of  variation  was  7%  in  hands  and  5%  in  feet  in  patients
with cardiovascular risk and 15% in hands and 7% in feet in patients with diabetes. Co‐
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efficient  of  variation  for  glycemia,  which  is  a  gold  standard  for  diabetes,  between  the
two measurements was 32%.

d. Effects of glycemia

This technology has to be used in patients with prediabetes or diabetes, with potential high
variations in glycemia. Thus, it was important to ensure that measurements were not influ‐
enced directly by glycemia itself. Thus, measurements were performed with a set of ten pa‐
tients when their glycemia was greater than 18 mM/L and compared with measurements
performed in the same patients when glycemia was below 6 mM/L. Coefficient of variation
from a Bland and Altman plot with or without hyperglycemia was 10% for foot ESC.

e. Diagnosis of diabetes complications

• Screening of peripheral neuropathy

Perturbation of pain sensation is considered as one of the major initiating risk factors for di‐
abetic foot ulcer. Sweat dysfunction leading to abnormal skin conditions including dryness
and fissures could increase the risk of foot ulcers. The aim of this study was to evaluate SU‐
DOSCAN as co-indicator of severity of diabetic polyneuropathy. 142 patients with diabetes
(age 62 ± 18 years, diabetes duration 13 ± 14 years, HbA1c 8.9 ± 2.5%) were measured for vi‐
bration perception threshold (VPT) using a biothesiometer and for sudomotor dysfunction
by measuring ESC. Feet ESC showed a descending trend from 66 ± 17 μS to 43 ± 39 μS corre‐
sponding to an ascending trend of VPT threshold from < 15 V to > 25 V (p = 0.001). Correla‐
tion between VPT and ESC was -0.45 (p < 0.0001). Foot ESC was lower in patients with
fissures while VPT was comparable. Both VPT and foot ESC were correlated with retinop‐
athy status [10].

• Screening of cardiovascular autonomic neuropathy

Cardiovascular Autonomic Neuropathy (CAN) is a common but overlooked complication of
diabetes. SUDOSCAN was compared to Heart Rate Variability (HRV) and to Ewing tests,
known to be reliable methods for the investigation of CAN.

232 patients with diabetes were measured for HRV at rest and during moderate activity
(stair climbing). Time and frequency domain analysis techniques, including measurement of
Standard Deviation of the average beat to beat intervals (SDNN) over 5 minutes, High Fre‐
quency domain component (HF) and Low Frequency domain component (LF), were as‐
sessed during HRV testing. Heart rate variations during deep breathing and heart rate and
blood pressure responses while standing, as described by Ewing according to the recom‐
mendations of the French Health Authority were also assessed. ESC was measured on the
hands and feet, and a risk score was calculated. Patients were classified according to their
risk score. The classifications were as follow: no sweat dysfunction, moderate sweat dys‐
function and high sweat dysfunction. All results are means ± SD.

The highest correlation was observed between the risk score based on sudomotor function
and the LF component during moderate activity (r = 0.47, p < 0.001). The risk score was high‐
er in patients with a LF component value during moderate activity of < 90 ms2 (1st quartile)
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Cardiovascular Autonomic Neuropathy (CAN) is a common but overlooked complication of
diabetes. SUDOSCAN was compared to Heart Rate Variability (HRV) and to Ewing tests,
known to be reliable methods for the investigation of CAN.

232 patients with diabetes were measured for HRV at rest and during moderate activity
(stair climbing). Time and frequency domain analysis techniques, including measurement of
Standard Deviation of the average beat to beat intervals (SDNN) over 5 minutes, High Fre‐
quency domain component (HF) and Low Frequency domain component (LF), were as‐
sessed during HRV testing. Heart rate variations during deep breathing and heart rate and
blood pressure responses while standing, as described by Ewing according to the recom‐
mendations of the French Health Authority were also assessed. ESC was measured on the
hands and feet, and a risk score was calculated. Patients were classified according to their
risk score. The classifications were as follow: no sweat dysfunction, moderate sweat dys‐
function and high sweat dysfunction. All results are means ± SD.

The highest correlation was observed between the risk score based on sudomotor function
and the LF component during moderate activity (r = 0.47, p < 0.001). The risk score was high‐
er in patients with a LF component value during moderate activity of < 90 ms2 (1st quartile)
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when compared to LF > 405 ms2 (3rd quartile) (46 ± 13 vs. 30 ± 13, p < 0.001). The risk score
based on sweat function was higher in patients with 2 abnormal Ewing tests when com‐
pared to patients with all tests normal (47 ± 12 vs. 34 ± 14, p < 0.001). When taking two ab‐
normal Ewing tests as reference the AUC (air under curve) of the Receiver Operating
Characteristic (ROC) curve for this risk score was 0.74 with a sensitivity of 92% and a specif‐
icity of 49% for a risk score cut-off value of 35%. Regarding ROC curve analysis when choos‐
ing LF power component during moderate activity at a threshold of 90 ms2 (1st quartile) as
reference, the AUC was higher for SUDOSCAN risk score (0.77) compared to standards Ew‐
ing tests : E/I ratio (0.62), 30:15 ratio (0.76) and blood pressure change to standing (0.65). Us‐
ing a cut-off of 35%, for SUDOSCAN risk score sensitivity and specificity were respectively
88% and 54% [11].

• Screening of diabetic nephropathy

Given the inter-relationships between dysglycemia, vasculopathy and neuropathy, it was
hypothesized that SUDOSCAN may detect diabetic kidney disease (DKD).

In a case-control cohort consisting of 50 Chinese type 2 diabetic patients without DKD (ACR
< 2.5mg/mM in men or ACR < 3.5mg/mM in women and eGFR > 90 ml/min/1.73 m2) and 50
with DKD (ACR ≥ 25 mg/mM and eGFR < 60ml/min/1.73 m2), we used spline analysis to de‐
termine the threshold value of SUDOSCAN score to predict DKD and its sensitivity and
specificity.

SUDOSCAN scores were highly correlated with log values of eGFR (r = 0.67, p < 0.0001, see
Figure 2) and ACR (r = −0.66, p < 0.0001). Using a cutoff value of 55 on the risk score scale,
the score had 94% sensitivity and 78% specificity to predict DKD with a likelihood ratio of
4.2, positive predictive value of 81% and negative predictive value of 93%. In patients with‐
out DKD, those with low SUDOSCAN score (n = 10) had longer disease duration [median
(IQR): 13 (9-17) vs. 8 (4-16) years, p=0.017] and were more likely to have retinopathy (36.7%
vs. 5.1%, p=0.02), lower eGFR [98 (95.00-103) vs. 106 (98.5-115), p = 0.036] and more treated
with RAS blockers (81.8% vs. 25.6%, p = 0.002) than those with normal score. On multivaria‐
ble analysis, SUDOSCAN score remained an independent predictor for DKD (1= yes, no = 0)
(β = −0.72, p = 0.02) along with smoking (β = −2.37, p = 0.02), retinopathy (β = 3.019, p = 0.01),
triglyceride (β = 2.56, p = 0.013) and blood hemoglobin (β = −0.613, p = 0.04) [12].

f. Proof of concept study

As sweat chloride movements in sweat ducts are likely to be impaired in cystic fibrosis (CF),
SUDOSCAN results were compared in CF patients and control subjects. ESC, measured
when a very low voltage is applied, and dESC, difference between ESC at very low voltage
and ESC at low voltage, were assessed in 41 adult patients with classical CF and 20 healthy
control subjects.

ESC measurements on hands and feet were significantly higher in CF patients as compared
to control subjects. dESC was significantly lower in CF patients and more discriminative (9 ±
18 μS vs. 49 ± 31 μS, p < 0.0001 on hands and 34 ± 24 μS vs. 93 ± 24 μS, p < 0.0001 on feet) (see
Figure 3 for an individual comparison). dESC measurement provided a diagnostic specifici‐
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ty of 1 and a sensitivity of 0.93. Correlation between feet ESC and sweat chloride concentra‐
tion as measured by sweat test was -0.70 (p < 0.0001). Precision for the measurements was
6% for hands ESC, 4% for feet ESC, 9% for hands dESC and 3% for feet dESC [13].
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Figure 2. A scatter plot and grid analysis showing the correlations between estimated glomerular filtration rate
(eGFR) and EZSCAN scores [adapted from 12].

Figure 3. Individual current-voltage current curves for a control subject and a patient with cystic fibrosis showing
dESC, the difference between ESC at low voltage and at high voltage dESC is shown by the up down arrow.
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g. Identification of subjects at high risk of diabetes

A longitudinal study was performed in subjects with an initial normal glucose tolerance
(NGT) to assess the ability of EZSCAN to predict future abnormalities in glucose tolerance.

South Asian (Indian) subjects (n = 69, 48% male, mean age 42 ± 9 years, mean BMI 28 ± 5
kg/m2) diagnosed as NGT with a previous oral glucose tolerance test (OGTT, T0) underwent
a frequently sampled OGTT (FSOGTT), 8 months later (T8) with calculation of the area un‐
der the curve (AUC) for glucose and insulin. At both times EZSCAN tests were done. Using
AUCglucose and AUCinsulin measured by the FSOGTT, subjects were categorised as normal,
high AUCinsulin or isolated high AUCglucose. Odds ratio (OR) for having high AUCinsulin or iso‐
lated high AUCglucose vs. normal was computed by logistic regression analysis using EZS‐
CAN risk classification at T0 as independent variable (< 50% = normal, no risk, 50-65% =
intermediate risk and > 65% = high risk).

At T8, 11 and 5 subjects developed impaired glucose tolerance and diabetes respectively.
OR of having high AUCinsulin  or isolated high AUCglucose  in the different risk groups was
6.19 (CI 95% 1.50– 25.48, p = 0.0116) for high risk vs. no risk and 3.0 (CI 95% 0.98–9.19, p
= 0.0545)  for  intermediate risk vs.  no risk.  Sensitivity of  EZSCAN for early detection of
these  abnormalities  in  glucose  tolerance  was  77%  while  it  was  14%  for  fasting  plasma
glucose and 66% for HbA1C [14].

h. Conclusion on clinical studies

All these clinical studies that have been published in international peer reviewed journals
evidenced that sweating status as assessed by EZSCAN/SUDOSCAN:

• is a robustness method with good reproducibility

• is a sensitive method when compared with the conventional methods may be very useful
to identify and manage subjects at risk for developing glucose intolerance

• may be a quantitative indicator on the severity of polyneuropathy that may be useful for
the early prevention of foot skin lesions

• may be used for the early screening of cardiovascular autonomic neuropathy in daily clin‐
ical practice before more sophisticated, specific, and time-consuming tests

• may be used to detect high risk subjects for diabetic kidney diseases

This quick and simple method is well accepted by the subject, does not require specific prep‐
aration and does not need high training allowing its performance by non specialized teams.

4. In-vitro study

Experiments were performed in-vitro to improve the method and to understand: i) the role
of the components of the sweat in electrochemical reaction with nickel; ii) the onsets of cur‐
rents observed in clinical studies and the influencing factors; iii) the electrochemical kinetics
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of reactions; iv) the effect of ageing of electrodes; v) the consequences on electrochemical re‐
action of the use of stainless-steel electrodes generally recommended for medical use.

4.1. Electrochemical characterization of nickel electrodes in phosphate and carbonate
electrolytes

Although the electrochemical properties of nickel have been widely examined, through the
analysis of its corrosion in aqueous acid or alkaline solution, very few studies have been
dedicated to the specific assessment of its behavior in physiological solutions. In a prelimi‐
nary study, we thoroughly explored the electrochemical behavior of nickel electrode (i) in a
three-electrode set-up combining a nickel counter electrode and a nickel pseudo-reference
electrode in order to mimic the whole Ni electrode configuration of the SUDOSCANTM de‐
vice; (ii) and in synthetic buffered phosphate and carbonate solutions (PBS and CBS) in
which the pH and the concentrations of chloride, lactate and urea were varied to mimic the
behavior of the electrodes in contact with sweat.

This approach provides insight into the origin of the onset of responses measured upon the
application of low voltage potential with variable amplitudes to Ni electrodes. This study
also constitutes a sound approach aimed at understanding the chemical key parameters con‐
trolling the electrochemical currents.

• Anodically: for low voltage amplitude, the electrochemical reactions measured at the
electrodes are mainly those related to the oxidation of Ni leading to the formation of an
oxy-hydroxide film [15]. The following reactions have been proposed for Ni oxidation in
presence of Cl- [16,17]:

Ni + H2O = Ni(H2O)ad = Ni(OH)ad + Haq
+ + e−

Ni(H2O)ad + Cl- = Ni(ClOH)-
ad + H+ + e-

Ni(OH)ad + H+ = Ni2+
aq + (H2O)ad + e- = Ni(OH)2

At high potentials, the breakdown of the oxy-hydroxide film becomes the main anodic reac‐
tion [15]. This is mainly due to the competitive adsorption between Cl-, oxygen containing
species, carbonate anions and the formation of soluble species as Ni-Cl- and/or NiO(H)-Cl-
leading to the breakdown of the oxy-hydroxide film. This could also be due to the direct
penetration of chloride ions through the oxy-hydroxide film. Therefore, the increase in the
concentration ratios [Cl-]/[OH-] acts in favor of the adsorption of Cl- and, thus, the weakness
of the passive layer occurs, leading to its breakdown at low potential values.

• Cathodically: for low voltage amplitude, the electrochemical reactions are mainly related
to the reduction of the oxy-hydroxide film. The following reactions have been proposed:

NiO + 2H+ + 2e- → Ni + H2O

And/or

Ni(OH)2 + 2H+ + 2e- → Ni + 2H2O
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At high voltage potential, the reduction of the oxy-hydroxide film and the electrolytic solu‐
tion govern the cathode reactions [15].

In the particular case of CBS (36 mM, pH 6.4) containing different concentrations of chloride
ions, within the expected range of Cl- concentration in sweat, the positive potential going di‐
rection of the cyclic voltammograms (Figure 4) show that in all cases, an anodic plateau ap‐
pears at ca. 0.3 V, indicating the formation of a passive film composed probably by Ni(OH)2

and/or NiO.

In this examined range of potentials, the voltammograms show also a large anodic current
at high potentials due to the localized dissolution of the nickel following Cl- attack. The in‐
crease in the concentration of Cl- initiates earlier the localized dissolution of Ni. Indeed, the
breakdown potential “Eb” shifts towards lower anodic potentials when increasing the con‐
centration of Cl-.
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Figure 4. Cyclic voltammograms of Ni electrode in aerated CBS (36 mM; pH 6.4) in presence of different concentration
of NaCl. Scan rate: 100 mV/s [adapted from 15].

Moreover, the variation of buffer, urea and lactate concentrations does not have a significant
effect on the electrochemical anodic behavior of Ni and notably on the breakdown potential
“Eb”. Therefore, the anodic currents are likely to be controlled by the variation of Cl- concen‐
tration [15,18].

The obtained results (data not show) indicate that the cathodic currents are less affected by
the variation of the electrolyte concentrations and they are likely to be controlled by the var‐
iation of pH value.

4.2. Comparison of in-vitro results and clinical observations

In order to establish a parallel between the in-vitro observations and those obtained during
the clinical tests to further understand the origin of the onsets of currents and their evolu‐
tion with chloride ion concentrations, linear anodic voltammograms were performed. The
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induced potentials on the counter electrode (playing the role of cathode in this case) were
measured simultaneously. The results are then expressed, as in the medical technology (Fig‐
ure 5), as follows: (1) I vs. E, (2) I vs. V and (3) I vs. U (= E+V) where I is the current.
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Figure 5. Example of the electrochemical results obtained by the SUDOSCAN technology (1: I vs. E; 2: I vs. V; and 3: I vs.
U = E+V).

As shown above, the variation of chloride concentration is the main sweat parameter affect‐
ing the anodic electrochemical behavior of Ni. This led us to study the influence of the con‐
centrations of Cl- on the measured variation of current-voltage outputs. Linear anodic
voltammograms were performed in (I) -0.3 V to 0.9 V vs. SCE potential range and the in‐
duced potentials on the counter electrode (playing the role of cathode in this case) were
measured simultaneously. The results are then expressed, as in SUDOSCANTM technology.
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Moreover, the variation of buffer, urea and lactate concentrations does not have a significant
effect on the electrochemical anodic behavior of Ni and notably on the breakdown potential
“Eb”. Therefore, the anodic currents are likely to be controlled by the variation of Cl- concen‐
tration [15,18].

The obtained results (data not show) indicate that the cathodic currents are less affected by
the variation of the electrolyte concentrations and they are likely to be controlled by the var‐
iation of pH value.

4.2. Comparison of in-vitro results and clinical observations

In order to establish a parallel between the in-vitro observations and those obtained during
the clinical tests to further understand the origin of the onsets of currents and their evolu‐
tion with chloride ion concentrations, linear anodic voltammograms were performed. The
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induced potentials on the counter electrode (playing the role of cathode in this case) were
measured simultaneously. The results are then expressed, as in the medical technology (Fig‐
ure 5), as follows: (1) I vs. E, (2) I vs. V and (3) I vs. U (= E+V) where I is the current.
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As shown above, the variation of chloride concentration is the main sweat parameter affect‐
ing the anodic electrochemical behavior of Ni. This led us to study the influence of the con‐
centrations of Cl- on the measured variation of current-voltage outputs. Linear anodic
voltammograms were performed in (I) -0.3 V to 0.9 V vs. SCE potential range and the in‐
duced potentials on the counter electrode (playing the role of cathode in this case) were
measured simultaneously. The results are then expressed, as in SUDOSCANTM technology.
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Figure 6. a) (I) j vs. E, (II) j vs. V, and (III) j vs. U (= E+V), where j is the current density, after sweeping the potential
between -0.3 V → 0.8 V vs. SCE in CBS (36 mM, pH 7) and in presence of NaCl (curves 1: 30 mM, curves 2: 60 mM,
curves 3: 90 mM, and curves 4: 120 mM). (b) Evolution of Eb, Vb and Ub as a function of Log[Cl-] (data from Figure 6a)
[adapted from 19].

In the particular case of pH 7, Figure 6a depicts the results obtained in CBS (36 mM, pH 7),
containing different concentrations of NaCl (30, 60, 90, and 120 mM). It clearly appears that
the concentration of Cl- affects the variation of the current as a function of E, V and U. In
fact, the increase in the concentration of Cl- shifts linearly the breakdown potential, Eb, to‐
wards more cathodic values, as it can be seen in Figure 6b. According to the same way than
Eb, Vb and Ub can be also evaluated as the potentials associated to the point of deviation of j-
V and j-U curves. Figure 6b shows that the increase in the concentration of Cl- shifts linearly
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Eb and Vb towards lower V values and the slope value of Vb vs. Log[Cl-] is close to that of Eb

vs. Log[Cl-]. Consequently, the increase in Cl- concentration shifts linearly Ub towards lower
U values and the slope of Ub vs. Log[Cl-] is about twice the value found for Eb or Vb vs.
Log[Cl-]. It should be noted that the results obtained at pH 6 provided the same features as
in the present case. This implies that the evolution of the current-voltage curves reported in
Figures 6a and 6b are not very sensitive to the variation of pH values.

Furthermore, curves obtained for generated current as a function of E, V, U during clinical
tests are quite comparable (Figure 5 and 6a). These results led us to conclude that the deter‐
mination of the current curve as a function of the potential (anode, cathode or their differ‐
ence) provides a very efficient way to detect the deviation in the ion balance and notably the
deviation in Cl- concentration at the level of the electrodes.

4.3. Electrochemical kinetics of anodic nickel dissolution

As shown above, the variation of chloride ion concentration plays a key role in predict‐
ing  sudomotor  dysfunction  by  controlling  the  generated  current  at  high  anodic  poten‐
tials,  notably  the  currents  related to  the  localized anodic  dissolution of  nickel.  This  led
us to study the kinetics of the different electrochemical reactions related to the localized
dissolution  of  nickel  in  carbonate  buffer  solutions  (CBS)  at  different  physiological  pH
values  and in  presence of  different  concentrations  of  chloride ions,  within the  expected
range  of  concentrations  in  sweat  at  rest.  This  aims  at  studying  the  mechanisms  of  the
electrochemical reactions and completing a theoretical model on the basis of the electrical
signals registered during the clinical tests. Our results show that in a pH range between
5-7,  the  rate  determining step appears  to  be  the  transfer  of  a  first  one-electron,  as  sug‐
gested by Tafel  slopes close to  0.120 V/decade.  However,  the reaction order  in  chloride
ions changes from around 2, for pH 7, to around 1, for pH values between 6 and 5 with‐
out a change in the rate-determining step [20].

At pH 7, the following mechanism has been proposed for the reactions taking place before
and during the rate determining step (rds):

1. Ni + 2Cl- ⇆ [NiCl2]2-
ads

2. [NiCl2]2-
ads ⇆ [NiCl2]- + e- rds

And at pH 5-6, the following mechanism has been proposed:

1. Ni + Cl- (aq) ⇆ Ni(Cl-)ads

2. Ni(Cl-)ads⇆ Ni(I)Cl + e- rds

4.4. Effect of electrode ageing on measurements

The nickel electrodes play alternately the role of anode and cathode, which do not undergo
any specific pretreatment before each measurement. Thus, the analysis of the temporal evo‐
lution of the physico-chemical properties of nickel is of prime importance to ensure the good
performance of the medical device. The objectives of the present work are to study both the
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Figure 6. a) (I) j vs. E, (II) j vs. V, and (III) j vs. U (= E+V), where j is the current density, after sweeping the potential
between -0.3 V → 0.8 V vs. SCE in CBS (36 mM, pH 7) and in presence of NaCl (curves 1: 30 mM, curves 2: 60 mM,
curves 3: 90 mM, and curves 4: 120 mM). (b) Evolution of Eb, Vb and Ub as a function of Log[Cl-] (data from Figure 6a)
[adapted from 19].

In the particular case of pH 7, Figure 6a depicts the results obtained in CBS (36 mM, pH 7),
containing different concentrations of NaCl (30, 60, 90, and 120 mM). It clearly appears that
the concentration of Cl- affects the variation of the current as a function of E, V and U. In
fact, the increase in the concentration of Cl- shifts linearly the breakdown potential, Eb, to‐
wards more cathodic values, as it can be seen in Figure 6b. According to the same way than
Eb, Vb and Ub can be also evaluated as the potentials associated to the point of deviation of j-
V and j-U curves. Figure 6b shows that the increase in the concentration of Cl- shifts linearly
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Eb and Vb towards lower V values and the slope value of Vb vs. Log[Cl-] is close to that of Eb

vs. Log[Cl-]. Consequently, the increase in Cl- concentration shifts linearly Ub towards lower
U values and the slope of Ub vs. Log[Cl-] is about twice the value found for Eb or Vb vs.
Log[Cl-]. It should be noted that the results obtained at pH 6 provided the same features as
in the present case. This implies that the evolution of the current-voltage curves reported in
Figures 6a and 6b are not very sensitive to the variation of pH values.

Furthermore, curves obtained for generated current as a function of E, V, U during clinical
tests are quite comparable (Figure 5 and 6a). These results led us to conclude that the deter‐
mination of the current curve as a function of the potential (anode, cathode or their differ‐
ence) provides a very efficient way to detect the deviation in the ion balance and notably the
deviation in Cl- concentration at the level of the electrodes.

4.3. Electrochemical kinetics of anodic nickel dissolution

As shown above, the variation of chloride ion concentration plays a key role in predict‐
ing  sudomotor  dysfunction  by  controlling  the  generated  current  at  high  anodic  poten‐
tials,  notably  the  currents  related to  the  localized anodic  dissolution of  nickel.  This  led
us to study the kinetics of the different electrochemical reactions related to the localized
dissolution  of  nickel  in  carbonate  buffer  solutions  (CBS)  at  different  physiological  pH
values  and in  presence of  different  concentrations  of  chloride ions,  within the  expected
range  of  concentrations  in  sweat  at  rest.  This  aims  at  studying  the  mechanisms  of  the
electrochemical reactions and completing a theoretical model on the basis of the electrical
signals registered during the clinical tests. Our results show that in a pH range between
5-7,  the  rate  determining step appears  to  be  the  transfer  of  a  first  one-electron,  as  sug‐
gested by Tafel  slopes close to  0.120 V/decade.  However,  the reaction order  in  chloride
ions changes from around 2, for pH 7, to around 1, for pH values between 6 and 5 with‐
out a change in the rate-determining step [20].

At pH 7, the following mechanism has been proposed for the reactions taking place before
and during the rate determining step (rds):

1. Ni + 2Cl- ⇆ [NiCl2]2-
ads

2. [NiCl2]2-
ads ⇆ [NiCl2]- + e- rds

And at pH 5-6, the following mechanism has been proposed:

1. Ni + Cl- (aq) ⇆ Ni(Cl-)ads

2. Ni(Cl-)ads⇆ Ni(I)Cl + e- rds

4.4. Effect of electrode ageing on measurements

The nickel electrodes play alternately the role of anode and cathode, which do not undergo
any specific pretreatment before each measurement. Thus, the analysis of the temporal evo‐
lution of the physico-chemical properties of nickel is of prime importance to ensure the good
performance of the medical device. The objectives of the present work are to study both the
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electrochemical behavior and the surface chemical composition of nickel electrodes after
ageing under repeated cyclic voltammograms in different potential windows. Surface chem‐
ical characterizations by XPS (X-ray photoelectron spectroscopy) and ToF-SIMS (Time of
Flight-Secondary Ion Mass Spectrometry) were performed on nickel electrodes after ageing
with repeated cyclic voltammograms in carbonate buffer solutions containing the main com‐
ponents of sweat, at different potential ranges, in: (i) a restricted anodic potential range; (ii) a
negative extended potential range.

The electrochemical behavior of Ni electrodes was first studied after ageing with repeated
cyclic voltammograms in a potential range of -0.3 V to 0.5 V and return to -0.3 V (anodic
region only). Then, in order to assess the influence of alternating the polarity of the electro‐
des during the clinical tests on the Ni ageing behavior (each electrode playing alternately the
role of anode or cathode), successive cyclic voltammograms were performed in a potential
range of -0.3 V → 0.5 V → -1 V (cathodic region). All the experiments were conducted in aer‐
ated CBS solutions, with a concentration of 120 mM of NaCl.
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Figure 7. Successive cyclic voltammograms of Ni electrode in CBS (pH 6.4) in presence of 120 mM NaCl. Scan rate: 100
mV/s. (a) potential range: -0.3 V → 0.5 V → -0.3 V and (b) potential range: -0.3 V → 0.5 V → -1.0 V [adapted from 21].

Figure 7a shows cyclic voltammograms after 1, 4 and 8 cycles in aerated CBS (36 mM) in
presence of Cl- (120 mM) in the potential range [-0.3 V → 0.5 V → -0.3 V]. It clearly appears
that the first potential sweep strongly affects the subsequent cyclic voltammograms. The
anodic plateau of the first cycle, attributed to Ni oxidation, is no longer observed in the fol‐
lowing cycles (see, for example, the voltammograms of the fourth cycle and eighth cycles in
Figure 7a). These changes in the voltammograms are mainly attributed to the formation of
an oxide layer firmly attached to the metal and forming a compact barrier between the metal
and the solution with a very low electronic conductivity during the first cycle [22].
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Figure 7b shows the obtained cyclic voltammograms after 1, 6 and 12 cycles when the poten‐
tial on the return cycle is extended to -1 V (potential range [-0.3 V → 0.5 V → -1 V → -0.3 V]).
Contrarily to the results presented in Figure 7a, there are two new observations: (i) the Ni
oxidation process is still observed during the subsequent cycles around -0.4 V and 0.4 V, (ii)
the high intensities of the anodic current remain with the subsequent cycles. This is mainly
due to a partial reduction or re-activation [22,23] of the compact oxide film when the poten‐
tial scan is extended down to -1 V. The re-activation of the oxide film, in the cathodic reduc‐
tion step, is probably due to a surface modification or post-electrochemical re-organization
of the initial deposited species [24] leading to an increase in the electronic conductivity of
the surface of the Ni electrode.

It should be noted here that additional experiments, performed in the absence of Cl-, dis‐
played the same features as in the present case (data not shown). This implies that the vol‐
tammograms reported in Figure 7 are poorly sensitive towards the presence of Cl-, as the
potential range is well below the pitting corrosion one.

XPS  characterizations  were  performed on  the  series  of  samples  shown in  Figures  7a-b.
The Ni 2p3/2  core levels were systematically decomposed into the spectroscopic contribu‐
tions characteristic of metallic nickel (main peak located at a BE of 852.8 ± 0.2 eV, nickel
plasmon at 856.3 ± 0.2 eV and satellite at 858.8 ± 0.2 eV [25-27]), nickel oxide NiO (main
peak located at 854.7 ± 0.2 eV and two satellites located at 856.4 ± 0.2 eV and 861.7 ± 0.2
eV  [25-27])  and  Ni(OH)2  (main  peak  at  856.7  ±  0.2  eV  and  satellite  at  862.6  ±  0.2  eV
[26,27]).  Figure 8 displays these core levels and their decomposition into individual con‐
tributions of Ni, NiO, and Ni(OH)2.

Based on previously published data, a simple layer model of the passive film can be sug‐
gested. It is composed of an homogeneous continuous outermost layer of Ni(OH)2 and an
homogeneous continuous inner NiO oxide layer, in contact with the metal [28,29].

It was possible to calculate the equivalent thicknesses of the Ni(OH)2 and NiO layers, as well
as the total oxidized surface layer (as the arithmetic sum of the two former ones), from the
peak intensities of the fitted Ni 2p3/2 core levels, taking into account such two-layer model
for the description of the Ni oxide film (see Equations 1 and 2) in all experiments. The values
are reported in Table 1.
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Where d  is the layer thickness, β is the take-off angle of the photoelectrons with respect
to  the  sample  surface,  λM

N is  the  inelastic  mean  free  path  of  the  photoelectrons  coming
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electrochemical behavior and the surface chemical composition of nickel electrodes after
ageing under repeated cyclic voltammograms in different potential windows. Surface chem‐
ical characterizations by XPS (X-ray photoelectron spectroscopy) and ToF-SIMS (Time of
Flight-Secondary Ion Mass Spectrometry) were performed on nickel electrodes after ageing
with repeated cyclic voltammograms in carbonate buffer solutions containing the main com‐
ponents of sweat, at different potential ranges, in: (i) a restricted anodic potential range; (ii) a
negative extended potential range.

The electrochemical behavior of Ni electrodes was first studied after ageing with repeated
cyclic voltammograms in a potential range of -0.3 V to 0.5 V and return to -0.3 V (anodic
region only). Then, in order to assess the influence of alternating the polarity of the electro‐
des during the clinical tests on the Ni ageing behavior (each electrode playing alternately the
role of anode or cathode), successive cyclic voltammograms were performed in a potential
range of -0.3 V → 0.5 V → -1 V (cathodic region). All the experiments were conducted in aer‐
ated CBS solutions, with a concentration of 120 mM of NaCl.

(a) (b) 

C
u

rr
e

n
t
d

e
n

s
it

y
, 
m

A
/c

m
2

E, mV (Ni)

1
2
3

1st cycle
6th cycle
12th cycle

1

2

3

C
u

rr
e

n
t
d

e
n

s
it

y,
 m

A
/c

m
2

E, mV (Ni)

1st cycle

4th cycle

8th cycle

Figure 7. Successive cyclic voltammograms of Ni electrode in CBS (pH 6.4) in presence of 120 mM NaCl. Scan rate: 100
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Figure 7a shows cyclic voltammograms after 1, 4 and 8 cycles in aerated CBS (36 mM) in
presence of Cl- (120 mM) in the potential range [-0.3 V → 0.5 V → -0.3 V]. It clearly appears
that the first potential sweep strongly affects the subsequent cyclic voltammograms. The
anodic plateau of the first cycle, attributed to Ni oxidation, is no longer observed in the fol‐
lowing cycles (see, for example, the voltammograms of the fourth cycle and eighth cycles in
Figure 7a). These changes in the voltammograms are mainly attributed to the formation of
an oxide layer firmly attached to the metal and forming a compact barrier between the metal
and the solution with a very low electronic conductivity during the first cycle [22].
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Figure 7b shows the obtained cyclic voltammograms after 1, 6 and 12 cycles when the poten‐
tial on the return cycle is extended to -1 V (potential range [-0.3 V → 0.5 V → -1 V → -0.3 V]).
Contrarily to the results presented in Figure 7a, there are two new observations: (i) the Ni
oxidation process is still observed during the subsequent cycles around -0.4 V and 0.4 V, (ii)
the high intensities of the anodic current remain with the subsequent cycles. This is mainly
due to a partial reduction or re-activation [22,23] of the compact oxide film when the poten‐
tial scan is extended down to -1 V. The re-activation of the oxide film, in the cathodic reduc‐
tion step, is probably due to a surface modification or post-electrochemical re-organization
of the initial deposited species [24] leading to an increase in the electronic conductivity of
the surface of the Ni electrode.

It should be noted here that additional experiments, performed in the absence of Cl-, dis‐
played the same features as in the present case (data not shown). This implies that the vol‐
tammograms reported in Figure 7 are poorly sensitive towards the presence of Cl-, as the
potential range is well below the pitting corrosion one.

XPS  characterizations  were  performed on  the  series  of  samples  shown in  Figures  7a-b.
The Ni 2p3/2  core levels were systematically decomposed into the spectroscopic contribu‐
tions characteristic of metallic nickel (main peak located at a BE of 852.8 ± 0.2 eV, nickel
plasmon at 856.3 ± 0.2 eV and satellite at 858.8 ± 0.2 eV [25-27]), nickel oxide NiO (main
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[26,27]).  Figure 8 displays these core levels and their decomposition into individual con‐
tributions of Ni, NiO, and Ni(OH)2.

Based on previously published data, a simple layer model of the passive film can be sug‐
gested. It is composed of an homogeneous continuous outermost layer of Ni(OH)2 and an
homogeneous continuous inner NiO oxide layer, in contact with the metal [28,29].

It was possible to calculate the equivalent thicknesses of the Ni(OH)2 and NiO layers, as well
as the total oxidized surface layer (as the arithmetic sum of the two former ones), from the
peak intensities of the fitted Ni 2p3/2 core levels, taking into account such two-layer model
for the description of the Ni oxide film (see Equations 1 and 2) in all experiments. The values
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Where d  is the layer thickness, β is the take-off angle of the photoelectrons with respect
to  the  sample  surface,  λM

N is  the  inelastic  mean  free  path  of  the  photoelectrons  coming

Electrochemical Basis for EZSCAN/SUDOSCAN: A Quick, Simple, and Non-Invasive Method to Evaluate Sudomotor
Dysfunctions

http://dx.doi.org/10.5772/53965

69



from M in the matrix N, I Ni
Niis  the nickel  intensity for NiO in the bulk metal,  I Ni

Ni(OH )2is

the  nickel  intensity  for  Ni(OH)2, DM
N  is  the  density  of  M  in  the  matrix  N,  the  inelastic

mean free paths used in this  work are the following:  1.41 nm for λNi
Ni  [26],  1.43 nm for

λNi
NiO  [26] and 1.19 nm for λNi

Ni(OH )2 [26].

Cycle: -0.3 V  0.5 V 0.3 V Cycle: -0.3 V  0.5 V  -1 V

 

 

 

(a) 

(b) 

(c) 

(f) 

(e) 

(d) 

Figure 8. XPS Ni 2p3/2 core level peak decompositions of a Ni electrode immersed in carbonate buffer saline solution
(pH 6.4), in presence of 120 mM NaCl, for different numbers of cycles in different potential range [adapted from 21].

In a restricted anodic potential range, XPS results indicate that the surface was passivated by
a 1 nm-thick duplex layer composed of nickel hydroxide (outermost layers) and nickel oxide
(inner layers). In a negative extended potential range, though the electrochemical behavior
of electrodes did not change, the inner nickel oxide layer was thickening, indicating a sur‐
face degradation of the nickel electrode in these conditions.
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Sample treatment
NiO equivalent thickness

(nm)

Ni(OH)2 equivalent

thickness (nm)
Passive layer thickness (nm)

-0.3 V→ 0.5 V→ -0.3V with 120 mM NaCl

1 cycle 0.7 ± 0.1 0.5 ± 0.1 1.2 ± 0.2

4 cycles 0.7 ± 0.1 0.7 ± 0.1 1.4 ± 0.2

8 cycles 0.9 ± 0.1 0.7 ± 0.1 1.6 ± 0.2

-0.3V→ 0.5 V→ -1.0 V with 120 mM NaCl

1 cycle 0.5 ± 0.1 0.8 ± 0.1 1.3 ± 0.2

6 cycles 1.4 ± 0.1 1.3 ± 0.1 2.7 ± 0.2

12 cycles 2.6 ± 0.1 1.4 ± 0.1 4.0 ± 0.2

-0.3V→ 0.5 V→ -1.0 V without 120 mM NaCl

1 cycle 0.7 ± 0.1 1.0 ± 0.1 1.7 ± 0.2

6 cycles 1.8 ± 0.1 1.1 ± 0.1 2.9 ± 0.2

12 cycles 2.3 ± 0.1 1.8 ± 0.1 4.1 ± 0.2

Table 1. NiO and Ni(OH)2 layer thicknesses estimated from the XPS Ni 2p3/2 core level peak decompositions (two-layer
model) [adapted from 21].

These systematic observations, in different potential ranges, show that alternating the polar‐
ity of the electrodes ensures the reproducibility of measurements for a large number of clini‐
cal tests and explain why, during routine use of the medical device, the metal/sweat
interaction may reduce the lifetime of the anodic and/or cathodic electrodes.

4.5. Stainless-steel electrodes behavior: Comparison with nickel

Although the contact duration of nickel with skin is only about 2 minutes, the risk of allergic
reactions cannot be discarded. In order to improve the device, a new electrode material,
stainless steel 304L (SS 304L), with lower Ni content, was tested in carbonate buffer solu‐
tions in the presence of various concentrations of chloride, lactate and urea to mimic the
chemical composition of the sweat.

Stainless steel 304L (SS 304L), already used in surgical instruments for example, was select‐
ed as a potential substitute material. Thus, the electrochemical behavior of SS 304L was ana‐
lyzed and, more particularly, its sensitivity to the variation of different parameters in sweat.
This work is aimed at understanding the adequacy of stainless steel 304L to the clinical test‐
ing application. The electrochemical measurements were performed in a three-electrode set
up combining a stainless steel 304 L counter electrode in order to mimic the 2 active electro‐
des configuration (the same material is used for the anode and the cathode) of the SUDO‐
SCANTM device.

As for nickel, the influence of the variation of electrolyte concentrations on the electrochemi‐
cal behavior of SS 304L, mainly appears by a deviation of the generated currents at high
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anodic voltage potential and notably the deviation of the breakdown potential, Eb, towards
less or higher anodic potentials.

The obtained results show that SS 304L is more sensitive than Ni to the variation of Cl- con‐
centration. Figure 9 shows the cyclic voltammograms recorded on SS 304L in carbonate buf‐
fer solutions (36 mM, pH 7) without Cl- and with increasing concentrations of Cl- within the
expected range of concentrations in sweat at rest. In all cases, the concentration of Cl- is high
enough to cause the destruction of the passive film. Furthermore, Eb decreases with increas‐
ing chloride concentration. A high shift of about 0.42 V was observed by varying chloride
concentration from 30 to 120 mM at pH 7.

As for nickel,  a linear variation between Eb and Log([Cl-])  was also observed. However,
SS 304L is  more sensitive than Ni to the variation of  Cl-  concentration.  The slope value
of the linear variation of Eb as a function of Log([Cl-]) was ≈ 0.2 for Ni and ≈ 0.67 for SS
304L (Figure 10).

Cu
rr

en
td

en
si

ty
, m

A
/c

m
2

E, V (SCE)

1

2

3467 5

[Cl-] 

Figure 9. Cyclic voltammograms of SS 304L electrode in aerated CBS (36 mM, pH 7) in presence of NaCl (curve 1: 0
mM; curve 2: 30 mM; curve 3: 45 mM; curve 4: 60 mM; curve 5: 75 mM; curve 6: 90 mM and curve 7: 120 mM). Only
the forward scans are shown. Scan rate: 100 mV/s [adapted from 30].
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Figure 10. Eb vs. Log [Cl-]. Data obtained from cyclic voltammograms on (1 : SS 304L electrode; 2 : nickel electrode) in
carbonate buffer solutions (36 mM, pH 7) in presence of different concentrations of Cl- (between 30 and 120 mM).

The effect of adding increasing amounts of Cl- on Eb of SS 304L in CBS (36 mM) at pH 5, 5.5
and 6 was also examined. Table 2 presents the Eb values deduced from cyclic voltammo‐
grams recorded (data not shown) at different pH and chloride ions concentration. It clearly
appears that, at pH 5 and 5.5, the localized dissolution occurs only when Cl- concentration
exceeds 40 mM, whilst at pH 6, Cl- concentration should exceed 30 mM.

[NaCl](mM) Eb, VSCE (pH 5) Eb, VSCE (pH 5.5) Eb, VSCE (pH 6) Eb, VSCE (pH 7)

0 1.38 1.38 1.34 1.30

30 1.38 1.38 1.31 1.06

40 1.38 1.38 1.15 0.90

60 1.07 1.03 0.92 0.805

90 0.88 0.83 0.79 0.70

120 0.77 0.76 0.73 0.64

Table 2. Eb values deduced from cyclic voltammograms recorded on SS 304L in CBS of different pH and containing
various chloride ions concentration [30].
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The effect  of  pH, buffer  concentration,  urea concentration and lactate concentration was
also  studied.  The  obtained  results  show that  variation  of  pH,  buffer  concentration  and
lactate concentration also affect, but to a less extent than chloride, the electrochemical be‐
havior  of  SS  304L  by  displacing  Eb  towards  lower  or  higher  anodic  potentials  [30].  As
the variation range of these parameters in sweat is  low compared to that of Cl-,  and as
the breakdown potential  (Eb)  is  highly shifted by varying Cl-  concentration, the currents
obtained during the clinical  tests  are likely to be controlled by the variation of  Cl-  con‐
centration.  These  results  tend  to  prove  that  SS  304L  is  suitable  for  use  in  the  SUDO‐
SCANTM application due to its high capacity to detect the deviation in the ionic balance
and notably the deviation in Cl- concentration.

5. Conclusion

The study of the electrochemical behavior of nickel was carried out in sweat-mimic solu‐
tions and using a set-up similar to that of the medical device. This study allowed us to de‐
fine the origin of the onset of responses measured upon the application of low voltage
potential with variable amplitudes to Ni electrodes. This study also clearly indicates that the
variation of chloride concentration is the main sweat parameter controlling the electrochem‐
ical currents.

The comparisons between in-vitro study and clinical observations clearly indicate that the
electrochemical in-vitro measurements on the behavior of nickel electrodes are close enough
to those obtained through the clinical tests and prove that the determination of the current
curve as a function of the potential (anode, cathode or their difference) provides a very effi‐
cient way to detect the deviation in Cl- concentration, at the level of the electrodes.

The influence of chloride concentrations on the kinetics of the electrochemical reactions was
also studied. The proposed mechanisms and the obtained kinetic parameters were then used
by Impeto Medical to complete a theoretical model.

An evaluation of the ageing of electrodes on their performance was conducted by realizing
surface analyzes, such as XPS and SIMS spectroscopies. Our results have highlighted the im‐
portance of alternating the polarity of electrodes to ensure their sensitivity and the reprodu‐
cibility of measurements. However, after frequent uses, the metal/sweat interaction can lead
to a slight deterioration of the electrodes surface.

Finally, in order to reduce the allergic risk, the electrochemical studies were extended to the
stainless steel 304L as a replacement material of nickel. The electrochemical study shows
that stainless steel 304L is very sensitive to the deviation of sweat ionic balance and notably
to the variation of chloride concentrations at the level of electrodes. This makes stainless
steel 304L a very promising material for the medical device application.

Results obtained from in-vitro studies have been used to improve the development of EZS‐
CAN/SUDOSCAN.
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In perspective, it could be interesting to compare the electrochemical behavior and surface
modification between electrodes aged in-vivo and electrodes aged in-vitro and to study the
electrochemical behavior of different compositions of stainless steel. It could be also interest‐
ing to study the electrochemical kinetics of anodic reactions taking place at the surface of
stainless steel electrode in physiological solutions.
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1. Introduction

Organic chemistry research comprises three fundamental elements, including synthesis, sep‐
aration, and analysis. The long and untiring efforts of synthetic chemists have established
countless useful reactions to enable the preparation of nearly anything. Beneficial and com‐
plex structures can be elaborated from abundant and simple starting materials. For example,
several elegant synthetic strategies for Oseltamivir (commonly known as “Tamiflu“), an ef‐
fective antiviral drug for the flu virus, have been proposed (Fig. 1) [1-6]. With concerns
about the environmental aspects of these syntheses, various green processes, e.g., transition-
metal-free transformations or the use of water as a reaction solvent, have been studied inten‐
sively. In addition, outstanding technological advances have been achieved in the field of
analysis, realizing numerous powerful methods. Spectroscopy in particular can yield much
information about the structure of both naturally-occurring and artificial compounds.

In these contexts, separation has assumed a key role in organic chemistry. It is generally
meaningless if the desired compound cannot be isolated from the reaction mixture even
though it was prepared and characterized in a precise manner. Typically, recrystallization
and silica gel column chromatography are employed as isolation methodologies in industri‐
al and academic fields. While these separation techniques offer high-performance com‐
pound isolation, time-consuming preliminary experiments and the use of large amounts of
silica gel are required. Solid-phase techniques are one solution to provide great advantages
with respect to compound separation and have also proven to be effective for automated
synthesis and combinatorial chemistry. Reaction substrates are generally bound to a solid-
phase, enabling their separation from the reaction mixture merely through filtration and
washing with solvents. Based on this strategy, efficient multistep chemical transformations,
especially for peptide synthesis, can be accomplished. Additionally, the immobilization of

© 2012 Okada and Chiba; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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distribution, and reproduction in any medium, provided the original work is properly cited.
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reaction catalysts on a solid-phase is efficient for their consecutive recycling, and can also
serve as a promising application in combination with a flow strategy.
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Figure 1. Synthetic strategies for Oseltamivir

In addition to the solid-phase technique, the liquid-biphasic technique can also provide a
facile separation of compounds by simple liquid-liquid extraction. A representative liquid-
biphasic technique is based on the insolubility of perfluorinated hydrocarbons with both po‐
lar and less-polar organic solvents, known as fluorous systems [7-11]. In these systems,
fluorous compounds, including substrates, products, and catalysts, or designed fluorous
platforms, are preferentially dissolved into the fluorous phase to enable their rapid separa‐
tion. Moreover, “thermomorphic” systems have been developed to offer unique liquid-bi‐
phasic separation techniques that change thermally from biphasic conditions to monophasic
conditions [12-19].

In organic electrochemistry, electrodes have been utilized as solid-phase redox reagents to
trigger either one- or two-electron transfers that afford various functional group transforma‐
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tions and a wide variety of carbon-carbon bond formations in a controlled manner [20-25].
In particular, there is good chemistry between electrochemical approaches and cyclic com‐
pounds to produce complex ring systems in one step. For example, five-, six-, and seven-
membered rings can be constructed through ring rearrangement or intramolecular
cycloaddition (Fig. 2) [26-28]. We have also been developing a series of electrochemical in‐
termolecular cycloadditions initiated by anodic oxidation to give four-, five, and six-mem‐
bered rings (Fig. 3) [29-31].
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Figure 2. Electrochemical intramolecular five-, six-, and seven-membered ring formations

Although electrodes can be rapidly removed from the reaction mixtures after the completion
of electrochemical transformations, the separation of products from supporting electrolytes
that are necessary for imparting electrical conductivity to polar organic solvents is still re‐
quired. In order to address this problem, various ingeniously designed electrochemical reac‐
tion systems have been developed [32-36]. In this chapter, we describe cyclohexane-based
liquid-biphasic systems as unique separation techniques that are well-combined with organ‐
ic electrochemistry. The combination of electrodes as solid-phase redox reagents and cyclo‐
hexane-based liquid-biphasic systems has paved the way for organic electrochemistry.
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Figure 3. Electrochemical intermolecular four-, five-, and six-membered ring formations

2. Cyclohexane-based liquid-biphasic systems

Cyclohexane-based liquid-biphasic systems have their roots in the initial discovery that cy‐
clohexane has unique thermomorphic properties [37]. Numerous investigations aimed at
constructing new liquid-biphasic systems have led to the finding that cyclohexane can be
used to successfully form thermomorphic biphasic solutions with typical polar organic sol‐
vents and that the regulation of their separation and mixing can be achieved by moderate
control in a practical temperature range. A 1:4 (v/v) mixture of cyclohexane and nitrome‐
thane, for example, exhibits biphasic conditions at 25 °C, then forms a monophasic condition
at ca. 60 °C and higher (Fig. 4). In this system, the thermally-mixed monophasic condition
can serve as an effective homogeneous reaction field between a less polar substrate that dis‐
solves selectively into the cyclohexane phase and a polar substrate that dissolves selectively
into the nitromethane phase. This monophasic solution is cooled to reform the biphasic con‐
dition after completion of the reaction, and the hydrophobic products or designed hydro‐
phobic platforms dominantly partition into the cyclohexane phase, which can be recovered
rapidly [38-41].
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Figure 4. Thermomorphic property of cyclohexane in combination with nitromethane

Moreover, several other polar organic solvents can be introduced into the cyclohexane-
based liquid-biphasic system and their phase switching temperatures are tunable based on
the choice of polar organic solvents and their ratio to cyclohexane. For instance, a 1:3 (v/v)
mixture of cyclohexane and acetonitrile is heated to form a monophasic condition at ca. 53
°C and higher, whereas heating to ca. 40 °C and higher is enough for a 1:1 (v/v) mixture of
cyclohexane and methanol to be thermally mixed into a monophasic condition. In light of
these studies, organic electrochemistry will benefit from cyclohexane-based liquid-biphasic
systems, especially over the issue of separation.

3. Kolbe-coupling assisted by cyclohexane-based liquid-biphasic systems

In order to apply cyclohexane-based liquid-biphasic techniques to organic electrochemistry,
we initially investigated a wide variety of compositions of electrolyte solutions composed of
polar organic solvents and supporting electrolytes that showed practical thermomorphic
properties in combination with cyclohexane. Through numerous trials, we found that a
1:1:2:4 (v/v/v/v) mixture of pyridine, methanol, acetonitrile, and cyclohexane could be ther‐
mally mixed to form a monophasic condition even in the presence of saturated potassium
hydroxide as a supporting electrolyte. Heating to ca. 48 °C and higher was sufficient to cre‐
ate monophasic conditions, while biphasic conditions were reformed when the solvent mix‐
ture was cooled to 25 °C [42]. Furthermore, a 0.10 M concentration of lithium perchlorate
could be employed as a supporting electrolyte to show reversible thermal phase switching
(Fig. 5).
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With these results in hand, Kolbe-coupling, known as a representative electrochemical reac‐
tion in organic chemistry, was then carried out in the cyclohexane-based liquid-biphasic sys‐
tem (Fig. 6). Essentially, electrochemical approaches have the requirement that both substrates
and products should be soluble in polar electrolyte solutions. This is due to the following rea‐
sons. First, electron transfer events take place only at the surface of the electrodes such that in‐
soluble compounds are unable to access their neighborhood, which means that the use of
hydrophobic compounds is generally restricted. Second, the formation of insoluble hydropho‐
bic products during the electrochemical transformations might result in electrode passivation
in which the surface of the electrodes is covered with polymeric films that severely suppress
electric current. In this regard, the thermally-mixed monophasic conditions in the cyclohexane-
based liquid-biphasic system can be deemed as a “less-polar” electrolyte solution because it
contains an equal volume of less-polar cyclohexane as the polar electrolyte solution.

Figure 5. Reversible thermal phase switching of the cyclohexane-based liquid-biphasic system
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Figure 6. Kolbe-coupling including its proposed reaction mechanism

To test this idea, octanoic acid (1) was chosen as a simple model for Kolbe-coupling. Not
surprisingly, the reaction proceeded nicely to give the coupled product (2) in excellent yield
using conventional conditions, i.e., the electrolysis was carried out without cyclohexane
(Fig. 7). As expected, the Kolbe-coupling also took place effectively in the cyclohexane-based
liquid-biphasic system to suggest its possibility for applications to organic electrochemistry.
In this case, the electrochemical reaction was carried out in the thermally-mixed monophasic
condition, which was cooled to reform the biphasic condition, realizing rapid separation of
the product (2) simply through liquid-liquid extraction (Fig. 8). The coupled product (2) was
so hydrophobic that it was dissolved selectively in the cyclohexane phase.
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Figure 8. Overall reaction procedure of the Kolbe-coupling

Several carboxylic acids (3-6) were subsequently used for the Kolbe-coupling in the cyclo‐
hexane-based liquid-biphasic system to give the corresponding coupled products (7-10) ef‐
fectively (Fig. 9). These coupled products were poorly soluble in polar electrolyte solution,
generally causing electrode passivation to decrease the reaction yield. In contrast, the reac‐
tion yields were significantly improved when the cyclohexane-based liquid-biphasic system
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was used. After the electrochemical reaction, the biphasic condition was reformed through
cooling to enable the facile separation of the coupled products (7-10). These results show the
possibility of using cyclohexane-based liquid-biphasic systems in organic electrochemistry.
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4. Five-membered ring formation assisted by cyclohexane-based liquid-
biphasic systems

Undesired overoxidation also becomes problematic in organic electrochemistry. While this
is not a concern for the Kolbe-coupling because the oxidation potential of the product is gen‐
erally lower than that of the substrate, it might severely decrease the reaction yield in some
instances. For example, a creative solution to the electrochemical five-membered ring forma‐
tion between 4-methoxyphenol (11) and 2-methylbut-2-ene (12) must be developed to avoid
this problem (Fig. 10) [43]. The oxidation potential of the five-membered ring product (13) is
lower than that of 4-methoxyphenol (11), thus, undesired overoxidation is possible. As de‐
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scribed above, the electron transfer events in organic electrochemistry occur only at the sur‐
face of the electrodes. Using this situation to its best advantage can be a great aid for
problematic overoxidation, namely, if the products can be rapidly removed from the electro‐
des, their overoxidation could be avoided. For this purpose, the cyclohexane-based liquid-
biphasic system is promising because the less-polar cyclohexane phase does not have
dissolving power for supporting electrolytes, thus there is no electrical conductivity. In oth‐
er words, the cyclohexane phase is isolated from the electron transfer events.
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On the basis of this concept, the electrochemical five-membered ring formation between 4-
methoxyphenol (11) and 2-methylbut-2-ene (12) was carried out in the cyclohexane-based
liquid-biphasic system (Fig. 11) [44]. This time, the interfacial surface between the cyclohex‐
ane phase and the electrolyte solution was partially heated in order to maintain a certain
amount of the cyclohexane phase, which was expected to remove the five-membered ring
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product (13) from the electrodes. Less-polar 2-methylbut-2-ene (12) was selectively dis‐
solved into the cyclohexane phase, while relatively polar 4-methoxyphenol (11) preferred
the electrolyte solution phase. The overoxidation of the product (13) was effectively avoided
to improve the reaction yield significantly (Fig. 12). In addition to 2-methylbut-2-ene (12),
various olefin nucleophiles (14-16) could be introduced into this system to construct the cor‐
responding five-membered ring products (17-19), which were recovered into the cyclohex‐
ane phase such that their separation required only liquid-liquid extraction. These results
have also highlighted the power of cyclohexane-based liquid-biphasic systems in organic
electrochemistry. In addition to facile separation of the products, this system protects the
products from their overoxidation.
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5. Four-membered ring formation assisted by cyclohexane-based liquid-
biphasic systems

From the environmental viewpoint, the separation process of products and supporting elec‐
trolytes is not the only problem in organic electrochemistry. The use of a large amount of
supporting electrolytes, which are essential to impart electrical conductivity to polar organic
solvents, also causes disposal issues. As described above, although various ingeniously de‐
signed electrochemical reaction systems have been reported so far that avoid the use of sup‐
porting electrolytes, there are also many electrochemical reactions that are dependent on the
presence of a high concentration of supporting electrolytes. We have been developing sever‐
al electrochemical four-membered ring formations between enol ethers and olefins in nitro‐
methane using high concentrations of lithium perchlorate [45-51]. Because a high
concentration of lithium perchlorate in nitromethane can effectively stabilize carbocations
and enhance nucleophilicity of olefins, these reactions only take place under such condi‐
tions. Therefore, not only organic electrochemistry without supporting electrolytes but also
the possibility of their reuse should be considered. For this purpose, cyclohexane-based liq‐
uid-biphasic systems are powerful. The less-polar cyclohexane phase does not have dissolv‐
ing power for supporting electrolytes, thus, they can be confined in the polar electrolyte
solution phase, which can be reused for the next reaction (Fig. 13).
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Okada, Y.; Chiba, K. Electrochim. Acta 2010, 55, 4112-4119.

Figure 13. Reuse of supporting electrolytes based on the cyclohexane-based liquid-biphasic system

Based on this concept, the electrochemical four-membered ring formation between 1-
(prop-1-en-1-yloxy)-4-propylbenzene (20) and hex-1-ene (21) was carried out in the cyclo‐
hexane-based liquid-biphasic system (Fig. 14) [52]. In this case, the reaction was found to
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product (13) from the electrodes. Less-polar 2-methylbut-2-ene (12) was selectively dis‐
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take place even under biphasic conditions without heating to construct the corresponding
four-membered ring product (22) nicely. The product (22) was dominantly partitioned into
the cyclohexane phase, where it could be isolated rapidly and purely simply through liquid-
liquid extraction. To examine the reusability of the supporting electrolyte, additional
amounts of 1-(prop-1-en-1-yloxy)-4-propylbenzene (20) and hex-1-ene (21) in cyclohexane
were introduced to the residual electrolyte solution to find that the yield of the four-mem‐
bered ring product (22) was excellent for at least five cycles. This indicated that the support‐
ing electrolytes could be reused in the cyclohexane-based liquid-biphasic system at least five
times in the absence of their degradation, also meaning that the productivity of the product
was improved five times. In other words, the required amount of the supporting electrolyte
for the reaction was reduced significantly through this system. In addition to hex-1-ene (21),
several olefin nucleophiles (23-25) were then introduced to this system (Fig. 15). This time,
too, the four-membered ring product was recovered simply by liquid-liquid extraction at the
end of each reaction, and the residual supporting electrolyte was reused five times. Even in
this situation, several types of four-membered ring products (22, 26-28) could be completely
separated from the electrolyte solution to give the corresponding products with high selec‐
tivity by simple liquid-liquid extraction. Low productivity, which is one of the weak points
of organic electrochemistry, was improved significantly by using the cyclohexane-based liq‐
uid-biphasic system.
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Figure 14. Reusability of supporting electrolyte in the cyclohexane-based liquid-biphasic system

6. Continuous flow electrochemical synthesis assisted by cyclohexane-
based liquid-biphasic systems

Cyclohexane-based liquid biphasic systems have been well combined with three types of or‐
ganic electrochemistry, including Kolbe-couplings, five-, and four-membered ring forma‐
tions, to realize rapid separation of the resulting products. In all cases, the products were
selectively dissolved in the cyclohexane phase and could be isolated by simple liquid-liquid
extraction to give the desired compounds in almost pure fashion without additional separa‐
tion steps. Moreover, cyclohexane-based liquid-biphasic systems also offer many valuable
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functions as follows. In Kolbe-couplings, the biphasic condition was thermally mixed to a
monophasic condition to form a less-polar electrolyte solution, which avoided electrode pas‐
sivation effectively to improve the reaction efficiency. In electrochemical five-membered
ring formations, the cyclohexane phase selectively dissolved the products to protect them
from undesired overoxidation. High reusability of the supporting electrolyte was also dem‐
onstrated and improvement of productivity was achieved in electrochemical four-mem‐
bered ring formations. Here we have set an ultimate aim to accomplish flow electrochemical
synthesis assisted by cyclohexane-based liquid-biphasic systems.
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Figure 15. Electrochemical four-membered ring formations in the cyclohexane-based liquid-biphasic system

For the construction of a flow electrochemical synthetic device, the composition of several
cyclohexane-based liquid-biphasic systems was studied in detail (Fig. 16). Three electrolyte
solutions were prepared using 1.0 M lithium perchlorate as a supporting electrolyte in meth‐
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For the construction of a flow electrochemical synthetic device, the composition of several
cyclohexane-based liquid-biphasic systems was studied in detail (Fig. 16). Three electrolyte
solutions were prepared using 1.0 M lithium perchlorate as a supporting electrolyte in meth‐
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anol, acetonitrile, or nitromethane. The same volume of cyclohexane was then added to in‐
vestigate the compositions of both upper and lower phases.
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Electrolyte
solution

c-Hex:MeOH = 96:4 (<0.3 mM)

c-Hex:MeCN = 97:3 (<0.4 mM)

c-Hex:MeNO2 = 98:2 (<0.5 mM)

c-Hex:MeOH = 5:95 (ca. 1.0 M)

c-Hex:MeCN = 3:97 (ca. 1.0 M)

c-Hex:MeNO2 = 2:98 (ca. 1.0 M)

ratio compositions (upper phase) compositions (lower phase)

c-Hex:MeOH = 1:1

c-Hex:MeCN = 1:1

c-Hex:MeNO2 = 1:1

Okada, Y.; Yoshioka, T.; Koike, M.; Chiba, K. T etrahedron Let t. 2011, 52, 4690-4693.
Concentrations of LiClO4 are shown in parenthesis.

Figure 16. Compositions of cyclohexane-based liquid-biphasic systems

Remarkably, although cyclohexane and these polar solvents were partially miscible even at
ambient temperature, only a trace amount of lithium perchlorate was recovered from the cy‐
clohexane phase. This meant that the supporting electrolyte could be confined in polar sol‐
vents. As described, electrodes function as solid-phase redox reagents; therefore, they
should be well combined with a flow strategy (Fig. 17) [53]. Substrates in cyclohexane are
injected into an electrochemical reactor, which is equipped with electrodes and a filter that is
selectively permeable to cyclohexane. In this system, the outlet ejected from the reactor
might be almost pure product in cyclohexane.

Based on these preliminary experiments, we designed and prepared a new flow electro‐
chemical synthetic device (Fig. 18). The device was built with three compartments, which
are mainly made of polytetrafluoroethylene, and could contain 5.0 mL of electrolyte solu‐
tion. The third compartment was filled with polytetrafluoroethylene fiber that is known to
be permeable for less-polar cyclohexane rather than polar electrolyte solutions. Substrates
could be pumped into the reactor as a cyclohexane solution from the inlet, which would
then emerge from the outlet after the electrochemical reaction.
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Figure 17. Outline of flow electrochemical synthesis based on the cyclohexane-based liquid-biphasic system
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With this device in hand, initially, electrochemical methoxylation, another representative
electrochemical reaction in organic chemistry, was attempted (Fig. 19). The methoxylation of
hydrophobic furan (29) nicely took place in the reactor to afford the methoxylated product
(30) in a selective maanner (Fig. 20). Vacuum concentration of the outlet cyclohexane solu‐
tion ejected from the reactor was all that was required to give nearly pure product.
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O
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Figure 19. Electrochemical methoxylation

Figure 20. NMR spectrum of the methoxylated product (30)

Finally, electrochemical four-, five-, and six-membered ring formations were carried out in
this flow system (Fig. 21). All reactions took place selectively in the reactor and it should be
noted that only vacuum concentration of the outlet cyclohexane solution was required. The
corresponding ring products could be obtained in almost pure fashion without any addi‐
tional separation processes. It is perhaps fair to say that the desired products emerge auto‐
matically from the flow electrochemical synthetic device assisted by the cyclohexane-based
liquid-biphasic system.
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by this system. Cyclohexane-based liquid-biphasic systems offer not only effective separa‐
tion but also several additional functions of value, including suppressing electrode passiva‐
tion, protecting products from overoxidation, and enabling reuse of supporting electrolytes.

Desired compounds can be synthesized precisely, and then characterized carefully. Organic
chemists have made significant advances in these techniques to realize the preparation of al‐
most anything with detailed structural information. In this context, the development of ef‐
fective separation methodologies should maximize their vitality. For this purpose, the
cyclohexane-based biphasic-system is one of the most promising techniques, especially in
organic electrochemistry.
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Chapter 5

Electrochemical Transformation of White Phosphorus
as a Way to Compounds With Phosphorus-Hydrogen
and Phosphorus-Carbon Bonds

Yu. G. Budnikova and S. A. Krasnov

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53886

1. Introduction

Organophosphorus compounds (OPC) have gained huge importance in modern manufac‐
turing of bulk and fine chemicals and, apart the classic applications as fertilizers, detergents
and pesticides, they represent the basic compounds for the development of intriguing mate‐
rials for micro- and optoelectronics, coherent and nonlinear optics, selective extractors for
rare-earths and transuranic elements, additives for plastic materials (flame retardants, plasti‐
cizers, softeners, etc.), additives to lubricant oils and liquid fuels, flotation agents, emulsifi‐
ers, etc. More recent OPC applications have come out in the field of biologically active
compounds for medicine (chemotherapics, antiviral agents, biocompatible materials for
bone and dental reparations, etc.) and in agrochemistry.

The interest in the direct synthesis of OPC from elemental phosphorus, escaping the tradi‐
tional stages of its chlorination, stems from the increasing needs to reorient the chemical
technology towards the strategic target of combining increased ecological safety with low-
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dimers by electrochemical oxidative decarboxylation of carboxylic acid salts [1,2]. During
the sixties electrochemical methods were used to produce tetraethyl lead and adiponitrile,
but such applications in large commodities manufacturing may be considered rather atypi‐
cal. In spite of the shortage of industrial applications, electrochemical reactions have a num‐
ber of advantages, such as the generally mild and controllable working conditions and the
easy control of process rate. Additionally, the selectivity of the process may be easily con‐
trolled by a judicious choice of parameters, such as the density current and the potential
[3-6].

In this short report we intend reviewing the use of electrochemical methods to generate
OPC from the direct transformation of elemental phosphorus. Particular attention will be
paid to illustrate the electrocatalytic processes where the use of a metal catalyst would allow
for the highly desirable functionalization of white phosphorus. Homogeneous reactions cat‐
alyzed by transition metals proceed through reaction cycles involving the metal in different
oxidation states readily detectable by a variety of electrochemical methods (voltammetry,
amperometry, chronoamperometry, etc.) [3-7].

2. Experimental

Preparative electrolyses were performed using the direct current source B5-49 in thermostat‐
ically controlled cylindrical divided electrolyser (a three-electrode cell) with 40 cm3 volume.
Silver Ag/AgNO3 electrode (10 mM solution in MeCN) served as a reference one. Lead cylin‐
der with surface area of 20 cm2 was used as a cathode. During electrolysis the electrolyte
was stirred with a magnetic stirrer. The aqueous acetate buffer was used as catholyte. The
saturated potassium acetate aqueous solution was used as anolyte, and the ceramic mem‐
brane divided cathodic and anodic spaces. Platinum wire served as an anode. All manipula‐
tions and reactions were carried out under dry Ar atmosphere.

The images of the films were obtained on a HITACHI TM-1000 scanning electron micro‐
scope.

NMR-spectroscopy of 1H, 31P, IR-spectroscopy, chromatographic analysis, elemental analy‐
sis were used to establish the structure and yields of electrosynthesis products. The obtained
physical characteristics of the products correspond to the data available in literature.

The NMR 31P spectra were recorded using CXP-100 Brucker spectrometer (85% H3PO4 as
an external standard). The NMR 1H spectra were recorded using MSL-400 Brucker spec‐
trometer.

Alkenes were used without any purification (Acros).

2.1. Electrochemical measurements

A cyclic voltammetry (CVA) was carried out with potentiostat Е2Р Epsilon (BASi, USA) con‐
sisting of detector, personal computer Dell Optiplex 320 with software EpsilonEС-USB-
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V200, and electrochemical cell С3 having three-electrode scheme. A linear potential
scanning speed was 100 mV/s. Stationary glassy carbon electrode (d = 3.0 mm), platinum
electrode (d = 1.5 mm), and DSA (Dimensionally Stable Anode) electrode (d = 1.0 mm) were
used as working electrodes. Saturated calomel electrode (SCE) was used as reference elec‐
trode in voltammetric measurements. Platinum wire (d = 0.5 mm) was used as auxiliary
electrode. Tetrabutylammonium tetrafluorborate with concentration 0.1 M was used as a
background salt in voltammetric studies. The method of cyclic voltammetry was used to
evaluate of the reduction potentials of alkenes. The tetrabutylammonium tetrafluoroborate
(Bu4NBF4) (0.1 M) solution in dymethylformamide (DMF) served as electrolyte. The lead
electrode (S = 3.14 mm2) was used as the working electrode. Saturated calomel electrode
served as a reference one, Pt wire being the auxiliary electrode.

Electron spin resonance (ESR) measurements were carried out using the program-apparatus
complex [8] mounted on the basis of an analog-electrochemical setup with a PI-50-1 poten‐
tiostat, a Pr-8 programmer, an X-range ESR spectrometer (Radiopan), and Е14-440 analog-
to-digital and digital-to-analog converter (L-Card), and a computer.

The WinSim 0.96 program (NIEHS) was used for ESR spectra processing.

2.2. Preparation of solutions

Benzene was dehydrated by distillation over sodium. α-phenyl-N-tert-butylnitrone (1) and
Еt4NBF4 (Fluka) were used without additional purification. Acetonitrile was purified by tri‐
ple distillation over KMnO4 and P2O5, and Еt4NBF4 was dried in vacuo for 2 days at 100 °С.
Dimethylformamide was distilled, kept for 12 h over calcined K2CO3, then distilled repeat‐
edly over CaH2, and stored over molecular sieves 3A calcined at 300 °С.

A solution of white phosphorus in benzene (~16 mM) was purged with helium through a
capillary immersed to the bottom of the cell. The material of the working and auxiliary elec‐
trodes was platinum, and Ag/AgNO3 (10 mM) was a reference electrode.

The saturated aqueous potassium acetate solution was prepared by addition of 56 g (1 M)
KOH to the stirred solution of 60 g (1 M) acetic acid in 20 ml H2O and further solvation of
the formed precipitate in minimal quantity of distilled water. The acetate buffer solution
was prepared using 30 ml acetic acid and 10 g of KOH in 30 ml of H2O.

2.3. Electrochemical reduction of alkenes in the presence of white phosphorus

The solution for electrolysis was prepared by mixing 16 mM (0.5 g) of white phosphorus, 48
mM of appropriate alkene and 20 ml of aqueous acetic buffer solution, as supporting elec‐
trolyte, in 20 ml of H2O. White phosphorus was emulsified under argon when heated to 50
°C before the initiation of electrolysis. The electrolysis was carried out at 10-20 mA cm-2

cathodic current density in the galvanostatic mode (about -2.00 V). The amount of electricity
passed through the electrolyte was 3e per atom of phosphorus. After completing the elec‐
trolysis the organic phase was isolated, washed by water and the residuary initial alkene
was evaporated in vacuum. Gaseous phosphine in trace amount was directed to exhaust
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tube and captured in the adjacent vessel filled with a 1.5% aqueous solution of HgCl2. Inor‐
ganic hypophosphorus acid was product in an aqueous part of electrolyte (δP 14 ppm, JH-P-H

= 580 Hz ).

The resulting colorless oil was analyzed by NMR and IR spectroscopy.

1. C6H5-CH2-CH2-PH2. Yield: 0.69 g, 31% on phosphorus;
31P-NMR (CDCl3): -141.5 ppm (JH-P-H = 193.9 Hz); (lit.: –139.7 ppm (198 Hz) [9]);

IR, cm-1: 2281 (P-H); (lit.: 2280 [9]);

nd
20 = 1.5568; (lit.: 1.5532 [2]; 1.5494 [10]);

b.p.: 72ºC (7 Torr); (lit.: 46-48ºC (1 Torr) [10]; 75ºC (8 Torr) [11]);

Anal. Found:, %: C, 69.90; H, 8.67; P, 21.43;

Calc. for С8H11Р1, %: C, 69.55; H, 8.03; P, 22.42;

2. C6H13PH2. Yield: 0.45 g, 23% on phosphorus;
31P-NMR (CDCl3): -140.8 ppm (JH-P-H = 190.0 Hz);

IR, cm-1: 2284 (P-H);

b.p.: 127ºC; (lit.: 127.5-128ºC [12]);

Anal. Found:, %: C, 60.96; H, 12.91; P, 26.13;

Calc. for С6H15Р1, %: C, 61.02; H, 12.71; P, 26.27;

3. C6H5-CH(CH3)-CH2-PH2. Yield: 1.12 g, 46% on phosphorus;
31P-NMR (CDCl3): -148.7 ppm (JH-P-H = 190.3 Hz); (lit.: –148.6 ppm (198 Hz) [9]);

IR, cm-1: 2278 (P-H); (lit.: 2280 [9]);

nd
20 = 1.5498; (lit.: 1.5482 [9]);

b.p.: 83-85ºC (7 Torr); (lit.: 65-67ºC (2 Torr) [9]);

Anal. Found:, %: C, 70.89; H, 8.73; P, 20.38;

Calc. for С8H11Р1, %: C, 71.04; H, 8.61; P, 20.35;

4. CH3-C(O)-O-CH2-CH2- PH2. Yield: 0.43 g, 22 % on phosphorus;
31P-NMR (CDCl3): -155.6 ppm (JH-P-H = 195.7 Hz);

IR, cm-1: 2285 (P-H);

nd
20=1.453; (lit.: 1.462 [13]);

b.p.: 34ºC (7 Torr); (lit.: 37-38ºC (9-10 Torr) [13]).
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3. Result and discussion

3.1. Electrode reactions of elemental phosphorus

The electrochemical reduction of white phosphorus on a mercury dropping electrode in
aprotic solvents is irreversible (Е1/2 = -1.55V in DMF) with the number of running electrons
depending on the Р4 concentration. The formation of a radical-anion likely occurs at the very
beginning of the electroreduction via one-electron transfer (Sch. 1):

Scheme 1. The electroreduction of white phosphorus.

Rupture of one or more P-P bonds followed by formation of P-C bonds, may then take place
in the presence of proton donors via fast protonation of the electrogenerated anions. The
electrochemical hydrogenation of elemental phosphorus and the synthesis of phosphine de‐
rivatives were studied in detail using various types of cathodes [14, 15]. The electrochemical
reduction of red phosphorus in alkali solutions has received much less attention [16]. By
these methods, PH3 was synthesized in high yield using a water solution of NaOH (15-25%)
and high temperature (70-100ºС). The yield of phosphine ranges between 60-83% at the lead
cathode [16]. The application of a turbulent flow of the catholyte during the addition of a
white phosphorus emulsion in a vertical electrolysis cell resulted in an improved efficiency
in the electroproduction of PH3 [17].

The electrochemical oxidation of white phosphorus coated on porous conductive matrices in
neutral and acidic media was applied to produce stoichiometrically both phosphoric and
phosphorous acids [18]. The indirect electrochemical formation of phosphorous oxyacids
from P4 took place in aqueous HX solutions (X = Cl, Br, I) [19, 20], but addition of non-aque‐
ous solvents, such as benzene or chloroform, was sometimes necessary [19]. The oxidation of
phosphorus by free halogen, previously liberated at the anode, is probably the first stage of
the reaction to yield phosphorus halide derivatives, which are then hydrolysed to H3PO3.

The electrosynthesis of phosphorus and hypophosphorus acids was also reported from a
suspension of red phosphorus in water in the presence of ethylenediamine and triethyla‐
mine [20]. The yields depended on the consumed electricity, although after ca. 9 F the con‐
tent of phosphites and hypophosphites increased insignificantly. Nonetheless, the overall
conversion to phosphorus species never exceeded 40-45 % with poor selectivity in either
products.

3.2. Spin-adduct of the radical anion P4
·-

The problem of the selective cleavage of the Р-Р bonds in a white phosphorus molecule is
very important in the chemistry of phosphorus-containing compounds [21, 22]. The radical
character of the cathodic reduction of white phosphorus has been assumed earlier [23].
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from P4 took place in aqueous HX solutions (X = Cl, Br, I) [19, 20], but addition of non-aque‐
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mine [20]. The yields depended on the consumed electricity, although after ca. 9 F the con‐
tent of phosphites and hypophosphites increased insignificantly. Nonetheless, the overall
conversion to phosphorus species never exceeded 40-45 % with poor selectivity in either
products.
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However, such products of activation of Р4 have not yet been detected. The purpose of the
present study was to observe the primary products of cathodic reduction of a Р4 molecule.
To create a necessary concentration of paramagnetic species in the resonator of an ESR spec‐
trometer, we used a special cell with the helical working electrode [24]. The method of spin
traps [25, 26] based on the reaction of electrochemically inactive α-phenyl-N-tert-butylni‐
trone (1), resulting in the stable nitroxyl radical (Sch. 2), was used to detect radical anion
species. The stable nitroxyl radical can be identified by ESR spectroscopy.

Scheme 2. Stable nitroxyl radical of α-phenyl-N-tert-butylnitrone.

The curves obtained by CVA at the Pt electrode for a solution of compound 1 in MeCN (0.01
M) and a solution of white phosphorus in a benzene-MeCN (1:1) mixture vs. 0.1 M solution
of Et4NBF4. To exclude the formation of products of phosphorus oxidation and hydrolysis,
all procedures were carried out in a thoroughly dehydrated solvent. It should be mentioned
that the compounds containing the mobile hydrogen atom give no pronounced reduction
peaks on Pt down to potentials of the supporting electrolyte discharge. The CV curves of a
solution of white phosphorus at a potential of -1.5 V contain the irreversible peak corre‐
sponding to its reduction. Thus, the reduction peak close to the one-electron peak (estimated
by the comparison with benzophenone used as standard) relates to the electron transfer to a
white phosphorus molecule to form radical anions Р4

•–.

There is a large data bank on the ESR spectra and magnetic resonance characteristics of spin-
adducts of compounds belonging to various classes [27]. In particular, the spin-adduct of the
short-lived phosphorus-centered radical •РНО

2

– and nitrone 1 was obtained [28] by the elec‐
trochemical oxidation of hypophosphite on the nickel electrode. The following magnetic res‐
onance parameters of the spin-adduct were detected: а
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The reduction peak of nitrone 1 is by ~1 V more positive than the reduction peak of Р4

(-2.1V). Therefore, this trap was used for the detection of white phosphorus radical anions.
The experimental ESR spectrum of the spin-adduct (Sch. 3) detected upon the reduction of
white phosphorus (~16 mM) in the potentiostatic mode at a potential of -1.5 V and a 1 М
solution of nitrone 1 in a benzene -MeCN (1:1) mixture at the Pt electrode vs. 0.1 М solution
of Et4NBF4 is shown in Fig. 1.

Figure 1. Experimental (1) and simulated overall (2) ESR spectra of the spin-adducts detected upon the reduction of
white phosphorus and a 1 М solution of nitrone 1 in a benzene-МeCN(1:1) mixture vs. 0.1 М solution of Et

4
NBF
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 after

helium purging for 10 min and the ESR spectra of their constituent spin-adducts: 1 1· (3), 1 1’· (4), and 1 P
4
·– (5).

The ESR spectrum also exhibits two spin-adducts of free radicals of the spin trap 1 1 with
the hyperfine coupling constants (HFC) аN = 13.59 G, аН = 2.22 G and аN = 18.60 G, аН = 4.00 G
for the first and second adducts, respectively, with the ESR line widths δН = 0.65 G. The ESR
spectrum of spin adduct 1•Р4•– has the following parameters: aN = 14.10 G, aβ-P = 14.6 G, аН =
0.80 G, aγ-P = 0.78 G, and δН = 0.65 G. The HFC constants aβ-P and aγ-P were attributed to the
phosphorus atom in the c-position and two equivalent phosphorus atom nuclei in the β-po‐
sitions to the radical center, respectively. During several first minutes after the beginning of
electrolysis, the lines of the experimental spectrum begin to broaden and the pattern
changes gradually, indicating the formation of polymer products. Thus, the radical anion Р4

.-

has been fixed and identified for the first time as spin-adduct with a α-phenyl-N-tert-butyl
nitrone during electrochemical reduction of P4.

3.3. The formation of polymer products upon the electrochemical reduction of white
phosphorus

In the following conditions: DMF vs. 0.1 М solution of Et4NBF4 at Е = -2.1 V and СP4 = 50 mM
is confirmed by the microscopic images of the electrode surface (Figs. 2 and 3). The view of
the polyphosphorus films depends on the electrolysis conditions and duration. The poly‐
phosphorus products formed at the Pt electrode in DMF are rapidly dissolved and desorbed
to the electrolyte volume. At the same time, on the lead cathode in DMF they form a black
sponge nanoporous film (see Figs. 2 and 3). In a water containing electrolyte, a black poly‐
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phosphorus conducting film is also formed, but the structure of polyphosphides is filamen‐
tous and needle-like in this case (see Fig. 3). The thickness of the polymer filaments is ~1 μm.

Figure 2. View of the polyphosphorus films upon the electrochemical reduction of P4 in DMF vs. 0.1 М solution of
Et4NBF4 detected with a HITACHI TM-1000 microscope with a magnify cation of 200 (a), 2000 (b), and 10000 times (c).

Figure 3. View of the polyphosphorus films upon the electrochemical reduction of P4 in an aqueous solution of HCl
detected with a HITACHI TM-1000 microscope with a magnification of 2000 (a), 4000 (b), and 10000 times (c).

3.4. CVA of white phosphorus

The electrochemical reduction of white phosphorus was not studied in details up to now,
the mechanism of its activation and transformation with P-P bond cleavage under electron
transfer on electrodes of the various nature was not clear. The data on potentials of Р4 reduc‐
tion on glassy carbon and mercury were published earlier [23], the ways of transformation
of white phosphorus under the complexes of nickel, including generated electrochemically
were described [29-31].

Research of an opportunity and a mechanism of heterogeneous activation of white phospho‐
rus on various electrodes, finding-out of the factors determining ways of transformation of
white phosphorus in polyphosphoric cycles, detection of short-living intermediates with the
purpose of management of capture processes of highly reactive phosphoric oligomer forms
[Pn]m- by various substrata for example, olefins, at their joint reduction, represent a special
interest. Simultaneous voltammetry (with linear or cyclic potential scan) and ESR allow to
throw light on details of the mechanism of electron transfer processes.

Developments in Electrochemistry108

The purpose of the present work is the establishment of laws of reduction of white phospho‐
rus on various electrodes (platinum (Pt), glassy carbon (GC), lead (Pb)), the mechanism of
electron transfer and the nature of intermediates with application of methods of simultane‐
ous voltammetry and ESR-spectroscopy.

It was revealed that potentials of Р4 reduction and also currents and accordingly number of
transferable electrons differ a little on various electrodes (Figs. 4-6 and Table 1). So, on
glassy carbon electrode (Fig. 4) the reduction wave of white phosphorus is close to one-elec‐
tronic, and on platinum (Fig. 5) and lead ones (Fig. 6) it is a little bit more one-electronic at
use of benzophenon as the standard. The current of reduction is directly proportional to
concentration of a substratum. Potentials of reduction settle down in the following se‐
quence-the least negative is on a lead electrode, then on glassy carbon electrode, and the
most negative-on platinum one.

Figure 4. CVAs of white phosphorus solutions (10 mM) in DMF on GC electrode. Potential: V vs. SCE. Scan rate (bot‐
tom-up): 1 – 50 mV/s, 2 – 100 mV/s, 3 – 300 mV/s, 4 – 1000 mV/s, 5 – 10000 mV/s, 6 – 25000 mV/s.

Figure 5. CVAs of white phosphorus solutions (10 mM) in DMF on Pt electrode. Potential: V vs. SCE. Scan rate (bottom-
up): 1 – 100 mV/s, 2 – 300 mV/s, 3 – 1000 mV/s, 4 – 10000 mV/s, 5 – 25000 mV/s.
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Figure 5. CVAs of white phosphorus solutions (10 mM) in DMF on Pt electrode. Potential: V vs. SCE. Scan rate (bottom-
up): 1 – 100 mV/s, 2 – 300 mV/s, 3 – 1000 mV/s, 4 – 10000 mV/s, 5 – 25000 mV/s.
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Figure 6. CVAs of white phosphorus solutions (10 mM) in DMF on Pb electrode. Potential: V vs. SCE. Scan rate (bot‐
tom-up): 1 – 50 mV/s, 2 – 100 mV/s, 3 – 300 mV/s, 4 – 1000 mV/s, 5 – 10000 mV/s, 6 – 25000 mV/s.

Electrode ne -E, V

GC 1.01 2.16

Pt 1.30 2.30

Pb 1.27 2.12

Table 1. Characteristics of reduction pics of white phosphorus. DMF, 10 mM P4, 0.1 M Et4NBF4, Scan rate: 100 mV/s.
Potential: V vs. SCE, standard-benzophenone.

An anodic component of wave is observed on the glassy carbon electrode at high potential
scan at return scanning that can testify to some stability of a product of primary carry of an

electron on a molecule of white phosphorus [P4] . The process is completely irreversible
on other electrodes. However it is visible by detailed consideration of character of voltam‐
metric curves, that the peak has the complex form on GC at record of several cycles (Figs. 7a
and 7b). Last is shown more distinctly at record of curves in coordinates «semi derivative of
a current-potential» (Fig. 7b). The form of peak can be connected to polymerization of phos‐
phorus on the electrode.

Coefficient of diffusion of white phosphorus and coefficient of transfer have been estimated
(Table 2) on the basis of received voltammetric curves. Calculation was carried out on Dela‐
hey equation for irreversible processes [32]:

( ) ( )
1 115 2 222,99 10p a oi n n S D Ca n= × × × × × × × (1)

where

ip - current, A;
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n - number of electrons;

α - electron transfer coefficient;

S - electrode surface, cm2;

D - coefficient of diffusion, cm2/s;

v - scan rate, V/s;

Co - concentration, mol/cm3.

Figure 7. CVAs of white phosphorus solutions (5 mM) in DMF on GC electrode. Potential: V vs. SCE. Scan rate: 100
mV/s. a – CVA from 0 to -2.8 V, b – dependence of semi-derivative of a current from potential.

Linear dependences of white phosphorus reduction current from √v (v – scan rate) on all
electrodes are observed. That process is diffusion controllable (Fig. 8).

Figure 8. White phosphorus reduction peak current dependences on √v (v – scan rate) on various electrodes: GC, Pt,
and Pb.

The values of the transfer coefficient according Eq. (1):
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Electrode Co, mM
Scan rate,

mV/s
ΔEp, mV α D, cm2/s

GC 5 100 -156 0.304 1.82 × 10-5

Pb 5 100 -52 0.879 6.01 × 10-6

GC 10 100 -123 0.386 2.06 × 10-5

Pb 10 100 -43 0.931 1.39 × 10-6

Pt 10 100 -112 0.424 2.67 × 10-5

Table 2. Calculation of coefficient of diffusion on various electrodes.

The average value of the coefficient of diffusion of white phosphorus calculated in DMF is 2
× 10-5 cm2/s.

3.5. Electrosynthesis of primary phosphines from alkenes and white phosphorus

Primary phosphines are valuable starting materials in many chemical reactions. Because of
their importance as precursors or active intermediates in many reactions, there is a growing
interest in a new preparation method from an available raw material such as elemental
phosphorus. Replacement of the present-day processes for preparation of basic organophos‐
phorus compounds now based on reactions of phosphorus chlorides is becoming increas‐
ingly important. The existing processes are environmentally dangerous, energy-demanding
and cause problematic waste streams. The creation of chlorine- and waste-free processes
aimed at the obtaining of some starting compounds, namely, phosphites, phosphates,
amides and tertiary phosphines, etc., based on elemental phosphorus is an alternative of the
organophosphorus compounds synthesis.

The syntheses of primary phosphines usually involve expensive, multi-step and long-term
procedures, such as: the use of reduction of phosphorus dihalides with LiAlH4, preparation
from metal phosphides and alkyl or aryl halides, hydrolysis of alkyl and arylphosphorus di‐
halides, reaction under Friedel-Crafts conditions, pyrolysis of biphosphines and triphos‐
phines, etc. [10,33,34]. Selective method of primary phosphine preparation directly from
white phosphorus escaping, traditional stages of its chlorination, with formation of unique
phosphorus compounds with phosphorus-carbon bond is not known up to now.
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Reactions of olefines with phosphorylating agents are not selective as a rule. It is known
[11], that styrene reacts with РН3 at 70ºС and a pressure of 28-30 atmospheres under the ac‐
tion of radical initiators. This reaction results in the formation of the mixture of primary, sec‐
ondary, and tertiary phosphines with the yields of 6-36%. The way of primary phosphines
preparation from styrene or α-methylstyrene and РН3 in superbasic medium (KOH/DMSO)
with the yield of 20-30% are also well known [9].

Electrochemical methods of action on white phosphorus are found to be very promising in
many cases, since they allowed elaborating the procedures of selective synthesis of phos‐
phorus acid esters, triphenylphosphines and other products [35-37].

However up to now one failed to elaborate an approach to synthesize from P4 phosphine deriv‐
atives with one or two P-H bonds, e.g. primary or secondary phosphines R2PH, RPH2, tertiary
phosphines other than triphenylphosphine, phosphorus acids H3PO3, H3PO2 and others, be‐
ing important precursors in phosphorus chemistry. The main problem of all known reactions
concerns either low yield of a product due to the formation of nonreactive polyphosphides and
consequently low phosphorus conversion, or the use of expensive reagents, such as rhodium
complexes [38-40]. Our attention was attracted by rather old publications on phosphine elec‐
trolytic production, which were carried out already in the sixties 20th centuries and for some
reason did not receive further progression. Thus, the cathodic reduction of white phosphorus
in aqueous solutions on metals with high hydrogen overvoltage was shown to result in the for‐
mation of PH3 with yield up to 95%; these results were patented in Germany, USA, and Great
Britain [41-47]. Recently, some technological refinement for this process was suggested by Jap‐
anese researchers, who patented a turbulent generating process of PH3 [48]. In the sixties 20th
centuries and at the beginning of the seventies 20th centuries several attempts were undertak‐
en to use electrochemically generated PH3 for subsequent synthesis on the base of its reactions
in situ, however, the obtained results were not encouraging as they resulted in complex mix‐
tures of products (e.g. with styrene) [14-16] and/or low yields.

It is worth noting that the direction of white phosphorus conversion into phosphine is suffi‐
ciently well worked out by patents, and the present task consists in creation of such condi‐
tions, which would allow instant (as formed) conversion of PH3 and other phosphine
intermediates into the derivatives with P-H bonds, e.g. organic phosphines. This will allow
avoiding the accumulation of intermediate toxic and dangerously explosive phosphine, con‐
verting it into undetectable “conventional intermediate”:

Scheme 4. Electrolysis P4 in aqueous solution.
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Joint electrolysis of white phosphorus emulsion and alkene in the aqueous acetic buffer sol‐
ution results in the formation of just primary phosphine in these conditions (Table 3):

Scheme 5. Formation primary phosphine from P4 in aqueosu acetic buffer solution.

The mechanism of phosphine with P-C bond formation is not quite clear. It should be as‐
sumed as follows, that phosphorus centered radicals and radical-anions are generated from
white phosphorus under conditions of electrochemical reduction. Radicals and radical-
anions can add to weakly electrophilic alkenes (e.g. styrene) by the nucleophilic mechanism,
and to nucleophilic alkenes (alkyl ethene, phenyl ethers)-by the radical mechanism.

Electrochemical reduction of P4 molecule in protogenic conditions is known to take place at
the cathode with high hydrogen overvoltage, for example, at the lead cathode [35-37]. The
electrochemical rupture of the P-P bonds, resulting in the formation of phosphine, is provid‐
ed by the presence of active proton donors through the protonation of intermediates:

Scheme 6. Electrochemical reduction of P4 molecule.

But on the other hand, phosphine does not react with alkene without catalyst. Phosphine
can be added to С=С bonds both by ionic and radical mechanisms in the presence of initia‐
tors. Alkenes of different structure react with phosphine under rather rigid conditions
(60-90ºC, 30-47 atm, acid catalyst; or in the superbasic medium such as КОН/DMF) [34]. Ap‐
parently, under electrolysis conditions the reaction under investigation is initiated by phos‐
phine reduction to -PH2, occurring at the electrode, or proceeds through the intermediate
phosphides or radical and radical-anions formed at white phosphorus reduction. Generally,
it is impossible to exclude proceeding of several competitive reactions of phosphide-anion
formation, both its protonation in solution and reduction of P-H bond at the electrode, and
target addition of phosphide-anion to alkene.

Voltammetric (coulometric) studies of white phosphorus reduction were performed at mer‐
cury electrode in alcohol medium [49] and have shown the process to proceed at substantial
negative potentials, the calculation of a number of electrons through the peak height giving
the value of n close to unity in the concentration range from 0.05 to 1.6 mM, what practically
coincides with white phosphorus solubility limit in these media. At glass carbonic electrode
in aprotic media (DMFA, CH3CN) with modest addition of benzene the process proceeds at
-2.20 V (Ag/AgNO3), at concentration 5 mM a number of electrons being even slightly small‐
er than unity-0.7 with benzophenone standard [30]. At lead electrode white phosphorus re‐
duces at similar values of potential (-2.20 V vs. Ag/AgNO3; -1.86 V vs. SCE) and current. To
understand the mechanism of white phosphorus reduction one may consider the variation
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of phosphorus concentration with the amount of transmitted current according to the A.P.
Tomilov procedure [14,50]. In doing so the methanol solution admixed with benzene and
styrene, which is not indifferent to phosphorus in conditions of reduction, is changed for in‐
ert solvent, e.g. dimethylformamide admixed with benzene or toluene to improve solubility.
According to the calculation, the loss of phosphorus at the beginning of electrolysis corre‐
sponds to the one-electron process, and then phosphorus concentration becomes so low, that
the voltammetry does not provide reliable results. Visual observation demonstrates after
nearly 0.5 F/R the formation of dark oily liquid not solidifying (hardening) at room tempera‐
ture, insoluble in aqueous media and instantly flaring up in the air; this liquid is to a large
measure adsorbed at a leaden cathode and disappears after transmitting of 3 F/R. In aprotic
media a considerable amount of white phosphorus converts into insoluble yellow polyphos‐
phides frequently observed at P4 exposure to nucleophilic reagents. In that way the loss of
white phosphorus in a solution occurs much faster than it is required for three-electron
process (Fig. 9).

Figure 9. Measurement of phosphorus concentration in KAc/HAc solution in DMF with a mixture of benzene (1) and
toluene (2) in the process of cathodic reduction at lead electrode.

Thus, one may conclude that first two of three possible reactions do not occur at the initial
stage of electrolysis:

Scheme 7. Stage of electrolysis of P4.
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Phosphorus one-electron reduction results in the formation of phosphorus hydride P4H4.
Cyclic P4H4 is not available in literature, though its existence is supposed in the series of
hydrides of the (PH)x type [10,51].  P4H4  is  insoluble in water;  it  is  known to have melt‐
ing  temperature  99ºC,  boiling  temperature  56ºC  [51].  Evidently,  at  the  early  stages  of
electrolysis  there  occurs  the  formation  of  hydrides,  which  are  water-insoluble,  but  are
well  soluble  in  phosphorus,  with  the  curing  temperature  being  decreased  and  coloring
being  darkened.  Liquid  phosphorus  hydride,  withdrawn  from  the  electrolyzer,  decom‐
poses at light under water with solid yellow polyphosphoric products being formed. It is
interesting,  that  in the considered aqueous solutions white phosphorus is  practically in‐
soluble, and however, nevertheless it efficiently reduces at leaden cathode at P4  emulsifi‐
cation. This phenomenon is explained by the so-called “wick effect”: molten phosphorus
lifts  vertically  along  the  cathode  similarly  to  the  liquid  along  the  wick,  moistening  its
whole surface [51].

The formation of secondary or tertiary phosphines was not observed even at  significant
alkene  excess  in  initial  mixture.  According to  NMR 31P  spectrum,  the  only  by-products
discovered in the reaction mixture in aqueous part of electrolyte were inorganic acids of
phosphorus.  The  proposed  method  is  characterized  by  the  following  advantages:  mild
conditions  (room  temperature)  of  the  process  and  the  one-step  way  of  primary  phos‐
phine  preparation  directly  from  white  phosphorus  escaping  all  traditional  stages  of  its
functioning.

Scheme 8. Products of electrolysis of white phosphorus in water-phosphines and its derivatives (organic and inorganic).

It should be noted that the use of some alkenes does not afford an opportunity of the desired
phosphines formation (Table 3).

The results, obtained in the course of electrosynthesis, are explained on the basis of the vol‐
tammetric data for substrates. According to cyclic voltammetry data, reduction potentials of
alkene, successfully reacting with P4 in joint electrolysis (first four lines in Table 3), are more
negative, than the potential of white phosphorus reduction (Е = -2.2V). Therefore, the proc‐
ess proceeds through P4 reduction to the desired products. Other alkenes (last four lines in
Table 3) are reduced more easily than phosphorus, what hinders the primary phosphines
formation. Limitation of the process is caused by obtaining only phosphines with H2P-
(CH2)2-bonds.
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Substrat
Reduction potential, Ered, V

Product Yield (%)
GC cathode Lead cathode

Styrene

No reduction -2.95

2-phenylethylphosphine

31

α-methylstyrene

No reduction -3.05

2-phenylpropylphosphine

H2P 46

vinylacetate

O

O No reduction -2.90

2-acetoxyethylphosphine

H2O
P

O 22

hexane-1

No reduction No reduction

n-hexylphosphine

H2P 23

2-vinylpyridine -2.10 - - 0

acrylamide -2.05 - - 0

phenylacetylene -2.17 - - 0

vinylnaphtalene -1.96 - - 0

Table 3. Reduction potentials of initial alkenes and yields of their phosphorylation products.

3.6. Electrocatalyzed functionalization of white phosphorus in the presence of nickel
complexes

The electrocatalytic functionalization of white phosphorus has been also accomplished us‐
ing transition metal complexes as catalysts [52-55].The activation of P4 takes place under
mild conditions promoted by the electrogeneration of a carbanion in the presence of P4

[30,53-55]. The reaction has been documented for Ni(0) species stabilised by 2.2’-bpyridine
(bpy) electrogenerated from Ni(II) complexes. The reduced Ni(0) species react with organic
halides to give σ-organonickel complexes which may further participate in several organic
elaborations of different substrates, including phosphorus [22,35,53-55].In such a case, the
electrolysis is carried out using a soluble electrode (Al, Mg, Zn) in an undivided cell with a
phosphorus emulsion in DMF or acetonitrile containing an organic halide and a Ni(II) com‐
plex, [Ni(bpy)3](BF4)2, as catalyst. Under these experimental conditions, white phosphorus
may be efficiently converted to phosphines and phosphine oxides [53-55].

Mechanistic studies were carried in the specific case of electrocatalytic arylation of white
phosphorus [53-55]. From these investigations, it was determined that the Ni(0) complex, in‐
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itially obtained via reduction of Ni(II), oxidatively adds the organic halide to give [NiX(Ar)
(bpy)] species, which mediate the catalytic formation of P-C bonds.

Scheme 9. Representation of the nickel electrocatalyzed arylation of white phosphorus.

The nature of the soluble anode drastically influences the final product although such a be‐
haviour denies any simple interpretation (Sch. 10). Then, the use of a zinc anode leads to
complete conversion of P4 to soluble OPCs, mainly, tertiary phosphines, while an alumini‐
um anode electrogenerates the phosphine oxide. Cyclic polyphosphorus compounds, such
as (PhP)5, are produced when a magnesium anode is used [35,53-55].

Scheme 10. Electrode dependence of the product resulting from the electrocatalyzed arylation of white phosphorus
with bromobenzene.

These processes are intriguing because they underpin the high potentiality of metal electro‐
catalysis in bringing about the alkylation and arylation of white phosphorus under mild
conditions. Remarkably, these processes combine a high efficiency in OPC formation with a
total control of the product selectivity depending on the careful choice of the metal anode.

We have developed essentially new approach to triphenyl- or perfluoroalkylphosphine
preparation from white phosphorus, using not divided electrolyzer and activation of white
phosphorus under the action of zinc compounds:
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Cyclic regeneration of Zn-catalyst takes place at the cathode, reactive sigma-complex forms
in the bulk of the solution. The σ-complex attacks the P4 molecule resulting in tertiary phos‐
phines as target product.

4. Conclusions

Combining electrochemistry with homogeneous catalysis offers many interesting opportuni‐
ties for the direct application to the synthesis of organophosphorus derivatives. As the elec‐
trochemical equipment and the adopted procedures become more and more simple, it is
expected that electrochemical methods will successfully compete with the conventional syn‐
thetic methods. The former allow carrying out the wished synthesis avoiding the use of
chlorine and under mild conditions with high reaction rates and good productivities. They
also permit a fine-tunable control of the process resulting therefore in high or sometimes
complete selectivity. Thus, electrosynthesis allows single-stage converting of white phos‐
phorus and alkenes under mild conditions into primary products, being the single products
with phosphorus-carbon bond. Inorganic hypophosphorus acid is found to be a by-product.
The choice of alkenes is defined by their smaller electrochemical activity at glass-carbon
electrode they are not reduced in the accessible region, while at leaden electrode they reduce
at lower negative potentials.

The Р4•– radical anion was detected for the first time in the potentiostatic mode by the ESR
method as the spin-adduct with α-phenyl-N-tert-butylnitrone in the electrochemical reduc‐
tion of white phosphorus in the electrolysis cell with the helical platinum working electrode.
The present study confirms the radical character of the intermediates of white phosphorus.

The base to realization of the developed processes of organophosphorus compounds prepa‐
ration from elemental phosphorus at the technological level was incorporated as a result.
Scientific bases highly effective, resource saving and ecologically safe technology of electro‐
synthesis of the major classes of OPC were created. The block diagram of synthesis and sep‐

Scheme 11. Representation of the Zn catalyzed arylation of white phosphorus.
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aration of a target product was made. The technological instruction of process was
developed.

There are many interesting promising synthetic applications combining electrochemistry
with homogeneous catalysis.

The interest to the organophosphorus compounds electrosynthesis on the basis of white
phosphorus is also caused by a number of advantages compared to common chemical meth‐
ods:

• No additional chemicals; a possibility to carry out the reaction in practically closed sys‐
tem with minimum amount of cyclically regenerated reagents;

• Greater product selectivity and yield

• Reduced or no disposal cost

• Recovery, recycling of astes/pollutants

• Low capital costs/low operating costs.

Essentially, new approach to OPC synthesis, having practical value, from white phosphorus
in electrocatalytic conditions, first of all with P-C or P-H bonds based on effective universal
technology of electrosynthesis of lines of OPC compounds were created.

The electrochemistry is a powerful synthetic method for preparing a wide range of phos‐
phorus compounds.
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technology of electrosynthesis of lines of OPC compounds were created.

The electrochemistry is a powerful synthetic method for preparing a wide range of phos‐
phorus compounds.
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