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Abstract 
Nickel is a low-cost, widely available metal well suited to large-scale applications such as wastewater treatment, 
sensors, and electrosynthesis, where the electrochemically active species is a thin Ni(OH)2/NiOOH surface layer. 
Existing models are largely battery-oriented, limiting their transferability across these applications. Here, the 
Ni(OH)2/NiOOH reaction was modeled on a nickel rotating disk electrode (RDE) to simulate cyclic voltammetry, 
combining species conservation equations, Butler–Volmer kinetics, and a Nernst expression with composition-
dependent activity coefficients, with kinetic and thermodynamic parameters fitted to experimental data. Hysteresis 
between oxidation and reduction was captured by assigning distinct equilibrium-potential parameters to the forward 
and reverse scans. A kinetics-limited Surface Model was compared to a proton-diffusion-limited Layer Model using a 
block permutation test, which found no statistically significant difference in fit quality; the Surface Model was 
therefore preferred for its simpler structure and better-constrained parameters. The dominant factor in reproducing 
experimental voltammograms was the description of the activity coefficients in the equilibrium-potential expression; 
among several candidates, a Wohl expansion using four proton–proton self-interaction coefficients was selected. 
Model predictions were extended across 0.1–1.0 M NaOH by introducing an empirical correction that made the 
maximum concentration of electroactive material depend on surface OH⁻ concentration. Simulated and experimental 
voltammograms were both insensitive to rotation speed, indicating that OH⁻ transport does not limit the reaction at 
100 mV s-1. Because the RDE geometry defines mass transport unambiguously, the model provides a foundation, 
extensible to organic substrates, for mathematical modeling of organic electrooxidation on nickel electrodes.  

Keywords   

Ni(OH)₂/NiOOH electrocatalysis, Cyclic voltammetry simulation, Rotating disk electrode, Activity coefficients, 
Equilibrium potential hysteresis 
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1. Introduction 

For more than a century, nickel hydroxide has been recognized as a valuable electrode material for rechargeable 
alkaline battery systems [1], and more recently, it has been used in electrocatalysis [2], electrosynthesis [3], 
electrochemical sensors [4], supercapacitors [5], and electrochromic devices [6]. In all these applications, the 
seemingly reversible transformation from nickel hydroxide (Ni(OH)2) to nickel oxyhydroxide (NiOOH) plays a 
central role, which has driven the need to not only understand but also predict its behavior to optimize performance in 
each application. However, this reaction has proven difficult to characterize experimentally and theoretically due to 
the structural complexity of the electroactive material (including different polymorphs, structural disorder, and 
impurities), which significantly affects catalytic activity and solid-state transport properties [7].  

From a theoretical perspective, early macroscopic models of the Ni(OH)2/NiOOH reaction primarily focused on 

battery applications, where the high concentrations of OH in the cell (1 to 8 M) and the challenges posed by the 

electrode’s porous structure necessitated the use of concentrated solution theory [8–11] and porous electrode theory 

[11–14]. Micka and Rousar [15, 16], among the first to apply porous-electrode theory to nickel hydroxide electrodes, 

developed a 1-D model based on known electrochemical behavior and transport equations, which enabled only limited 

prediction of theoretical discharge characteristics because the voltage curves could not be satisfactorily fitted by 

assuming an ideal solid-phase solution. Fan and White [17, 18] refined these predictions by modifying the expression 

for the open-circuit potential of the reaction according to the non-ideal solid-phase solution theory presented by 

Barnard et al. [19], in which the activities of the oxidized and reduced nickel species are considered rather than their 

mole fractions. Still, these modifications were insufficient to accurately predict the percent utilization of the active 

material as a function of current. More details about these contributions and related work can be found in the excellent 

reviews by Srinivasan et al. [20] and Gomadam et al. [21].  

Although existing macroscopic models of Ni(OH)₂/NiOOH have been refined to accurately reproduce and explain 
charge/discharge behavior in battery systems, their reliance on concentrated-solution and porous-electrode theories 
makes them poorly suited for fundamental studies of organic oxidation on nickel electrodes, which are critical for the 

design, optimization, and scale-up of cost-effective nickel-based electrolyzers and sensors. A representative case is 

the electrochemical conversion of biosolids into circular fertilizers [22–25] and value-added products [26], in which 

the Ni(II)/Ni(III) couple mediates the oxidation of chemically complex organic substrates in dilute alkaline media. 

Because such processes are operated at low applied potentials to maximize selectivity toward the target product, the 

potential window of practical interest is precisely the one in which the Ni(OH)₂/NiOOH transformation, rather than 
oxygen evolution, governs the current. These systems instead feature lower OH- concentrations (0.1 to 1 M), mass-

transport limitations of the substrate [27–29] or of OH- [30] from the bulk solution, and, in some cases, impurities that 

may interfere with the electrochemical response [31–33]. Therefore, these distinct experimental conditions require a 

separate theoretical treatment.  

Cyclic voltammetry is particularly well suited to this task, as it resolves electron-transfer steps and distinguishes direct 
from mediated catalytic oxidation routes [34–38]. Ta and Newman [39] treated cathodically deposited Ni(OH)₂ (10–
40 nm) as a 1-D thin-film intercalation electrode including proton diffusion and oxygen evolution, reproducing the 
general electrode behavior across cyclic, potentiostatic, and galvanostatic waveforms, but only at 0.01–1 mV s⁻¹. 
Koshel' and Kostyrya [40] added proton migration, a state-of-charge-dependent diffusion coefficient, and a battery-
type activity-coefficient correction to the Nernst equation; this model is more sophisticated thermodynamically and 
transport-wise, but was developed for an idealized single crystal rather than validated against voltammograms from a 
defined electrode geometry.  

Seghiouer et al. [41] proposed a mathematical model for the Ni(OH)2/NiOOH reaction over a nickel disk based on the 
rate of phase transformation in the solid state. The authors assumed rapid proton diffusion through the bulk of the 
deposit and considered the contribution of the oxygen evolution reaction (OER) to the total current. The exchange 
current density of Ni(OH)2/NiOOH (j0) and OER (j0,O2), and the equilibrium potential of the Ni(OH)2/NiOOH reaction 
(Eeq) were adjusted to obtain the best fit with the experimental curves, resulting in only general agreement between 
the anodic and cathodic peak positions but not the shapes. Finally, Medrano-Banda et al. [42] developed a simple 
Ni(OH)2/NiOOH model to study glucose oxidation on electrodeposited nickel electrodes and to understand the effects 
of glucose concentration and scan rate on cyclic voltammetry. The authors assumed that the Ni(OH)2/NiOOH reaction 
occurs only at the nickel electrode surface and follows the Langmuir isotherm, neglecting the oxide layer's 3D nature. 
The OER was also not considered. The standard potential of the reaction (E0) and the charge-transfer kinetic constant 
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(k1) were fitted to the experimental cyclic voltammetry. Only semi-quantitative agreement was achieved since the 
simulated voltammograms showed broader peaks than the experimental ones.  

A common feature of the models proposed by Seghiouer et al. [41] and Medrano-Banda et al. [42] is that they are 

generally simpler than those proposed for nickel-based batteries or by Ta and Newman [39] and Koshel' and Kostyrya 

[40], because proton diffusion is not considered (or is assumed to be fast) and the equilibrium potential is assumed to 

be constant. Further, across all four studies, the effect of OH⁻ concentration on the kinetics and shape of the cyclic 
voltammetry remains unaddressed. These remarks raise the question of how detailed or complex the model must be 

to accurately predict Ni(OH)₂/NiOOH cyclic voltammetry, which considerations are most important, and how OH⁻ 
concentration can be included in the proposed model. 

In this work, a mathematical model was developed for the Ni(OH)2/NiOOH transformation within the oxide layer that 

forms on a nickel RDE in alkaline media. Kinetic and thermodynamic parameters were obtained by fitting simulated 

cyclic voltammograms to experimental data, with the equilibrium potential expressed using composition-dependent 

activity coefficients, and several activity-coefficient models were compared. Two mechanistic approaches were 

evaluated: one in which proton diffusion through the oxide layer limits the rate (Layer Model), and one in which 

diffusion is fast and the kinetics are set by charge transfer at the oxide/electrolyte interface (Surface Model). Under 

the conditions studied, neither model reproduces the experimental voltammograms unless the equilibrium potential is 

described by a four-coefficient Wohl expansion with distinct parameters for the oxidation and reduction sweeps. An 

empirical dependence of the active proton-vacancy fraction on surface OH⁻ concentration extends the Surface Model 
to 0.1–1.0 M NaOH. The resulting framework is deliberately tractable and constitutes a first step toward modeling 

organic electrooxidation on nickel electrodes, for which the rotating disk geometry already supplies a well-defined 

description of substrate mass transport. 

2. Model description 

Our goal is to derive well-defined, robust mathematical equations that simulate proton intercalation and deintercalation 

in the presence of OH- ions during the Ni(OH)2/NiOOH  reaction shown in equation (1), which occurs in a thin film 

at the surface of a nickel electrode. Equation (1) was considered without specifying the phases involved (-Ni(OH)2/-

NiOOH or -Ni(OH)2/-NiOOH). Thus, the estimated parameters from this model are a function of the specific phase 

distribution, hydration level, and structural disorder of the Ni(OH)2/NiOOH layer. 

NiOOH + H2O + e− ⇄ Ni(OH)2 + OH−. (1) 

The development of the mathematical models was broken down into four subsections, starting with presenting the two 
approaches to model the system: the Layer Model (LM) and Surface Model (SM); followed by the equations 
describing the material balances in each model, the kinetics considerations based on the Butler-Volmer equation, and 
finally the treatment of the system thermodynamics is discussed. 

2.1 Modelling approaches 

For the bare nickel RDE, two possible 1-D models can be proposed, as illustrated in Fig. 1. The first, called “Layer 
Model,” follows the classical view of the reaction mechanism previously developed for battery systems [43–45], in 
which the reaction rate is limited by proton diffusion through the nickel hydroxide layer of characteristic thickness ܽ. 
The second model, a simplified version of the first called “Surface Model,” assumes that ܽ  is relatively small, resulting 
in a short proton diffusion path, so the process is faster than proton/electron transfer at the nickel hydroxide/electrolyte 
interface. This approach implies that Ni(OH)2 and NiOOH exist only at the electrode/electrolyte interface as a few 
molecular layers. The solution domain extends up to 2ߜ, where ߜ is a characteristic diffusion length of the system ߜ  .1/2߱−1/2ߥ௦,௝1/3ܦ1.805=
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Fig. 1 Schematics of a nickel electrode in alkaline media for the (a) Slow proton diffusion and (b) Fast proton diffusion 
one-dimensional models. ߜ is a characteristic diffusion length of the system ߜ =  .1/6߱−1/2ߥ௦,௝1/3ܦ1.805

A common aspect of both models is that the focus will be on proton vacancies rather than on the protons themselves, 

since the vacancy mole fraction is directly proportional to the NiOOH mole fraction. This species is of special interest 
because it has been shown to mediate the electro-oxidation of organic compounds in alkaline media [2, 3, 46]. 

2.2 Transport phenomena 

The mass transport in the electrolyte is described using the theory of dilute solutions [11], and the electrolyte is 

assumed to consist solely of hydroxide ions (OH⁻), sodium ions (Na+), and water (H2O). Given the characteristics of 
the RDE system [47], only diffusion near the electrode and in the direction normal to the disk surface (y-direction) 
needs to be considered. Therefore, the material balance of species ݆ in the y-direction is defined in equation (2). ߲ ௝߲ܿݐ = − ߲ ௝߲ܰݕ + ௝ܴ, (2) 

where ௝ܿ is the concentration in mol cm-3, ௝ܰ is the molar flux in mol cm-2 s-1, and ௝ܴ is the net generation rate by 
homogeneous chemical reactions of species ݆ . The ܴ ௝ is equal to zero since there is no homogeneous reaction occurring 
in the system, while ௝ܰ is affected by ionic migration, diffusion, and convection [11], as shown in equation (3). 

௝ܰ = (݆)ݖ− ௦,௝ܦ ܨ  ௝ܴܿܶ ݕ2߲߶߲  − ௦,௝ܦ  ߲ ௝߲ܿݕ + ௬ݒ ௝ܿ , (3) 

where ݖ(݆) is the charge number, ܦ௦,௝ is the diffusion coefficient of species ݆, ܨ is the Faraday constant, ܴ is the ideal 
gas constant, ܶ is the temperature, and ߶2 is the potential in the solution. For the RDE system, the convection is 
governed by the flow velocity towards the electrode surface and in the y-direction, ݒ௬, defined in equation (4) [47]. 

௬ݒ =  (4) ,2ݕ12−ߥ0.51߱32−

where ߱ is the angular velocity of rotation, ߥ is the kinematic viscosity, and ݕ is the distance from the RDE surface. 
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The variation of the potential in the solution, ߶2, in the electrolyte can be specified by considering the electroneutrality 
condition, shown in equation (5) [11]. 

∑ ௝(݆)ݖ ௝ܿ = 0. (5) 

For the Layer Model, inside the solid nickel hydroxide layer, the mass transport of the proton vacancies (or protons) 
is assumed to be purely diffusional and only in the y-direction, illustrated in Fig. 1, obeying Fick’s second law as 
shown in equation (6). ߲ܿ௩߲ݐ = ௦,௩ܦ ߲2ܿ௩߲2ݕ , (6) 

where ܿ௩ is the concentration of proton vacancies in mol cm-3 and ܦ௦,௩ is the diffusion coefficient of proton vacancies 
in the solid phase, which is assumed to be equal to the diffusion coefficient of protons (ܦ௦,ு+) in the same phase. 

Within the solid layer, there is no distributed reaction because it is assumed that all Faradaic current enters only at the 

nickel hydroxide-electrolyte interface and flows in the y-direction, while proton diffusion and electron transfer occur 
simultaneously. Therefore, by conservation of charge, the divergence of the current density must be zero inside the 
solid layer, as shown in the 1-D case by equation (7). ߲߲݅ݕ = ݕ߲߲ ߪ) ݕ1߲߶߲ ) = 0, (7) 

where ߪ is the conductivity of the solid in S cm-1, ߶1 is the potential in the solid phase in V, and ݅ is the current density 
circulating through the system in A cm-2. The conductivity of the solid phase depends on the fractions of Ni(OH)2 and 
NiOOH present, as NiOOH has been reported to have significantly higher conductivity than Ni(OH)2 [7, 48, 49]. 
However, no single value has been reported for the conductivity of either material, given that it depends on their 

hydration level and other microstructural characteristics, details that are presumably unknown for the specific 

conditions chosen in this work. Thus, the functional relationship presented in equation (8) was chosen to describe the 

conductivity as a function of the fraction of proton vacancies (defined in equation (11)) because it has been 

successfully used in previous models of the Ni(OH)2/NiOOH system [45] and yields reasonable values for Ni(OH)2 

ߪ) = 2.51 × 10−5 S cm-1) and NiOOH (ߪ = 0.1185 S cm-1). 

ߪ = 0.1185 exp[−8.459(1 −  ௩)4], (8)ߠ

Critically, with these values for the ߪ, the ohmic drop across the solid layer would be negligible for very thin Ni(OH)2 
layers (< 10 m). However, we still consider this phenomenon, so the mathematical framework developed here is 
extensible to systems with thicker Ni(OH)2 layers. 

To facilitate calculations and the visualization of concentration profiles, dimensionless species concentrations are 
defined in equations (9)-(11) in terms of the bulk or maximum concentration of chemical species. 

ைுܥ = ܿைுܿ௕,ைு (9) 

ே௔ܥ = ܿே௔ܿ௕,ே௔ (10) 

௩ߠ = ܿ௩ܿ௩,௠௔௫  (11) 

where ܿ௕,ைு and ܿ௕,ே௔ are the bulk concentrations of OH⁻  and Na+, respectively, and ܿ௩,௠௔௫ is the maximum 
concentration of proton vacancies (or protons) available in the nickel hydroxide layer. The dimensionless 
concentration ߠ௩ can be regarded as the mole fraction of proton vacancies, and it is related to the mole fraction of 
protons (ߠு+) as shown in equation (12). 
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௩ߠ + +ுߠ = 1. (12) 

The distance, time, current density, and potential remained dimensional variables to allow direct comparison with 
experimental data. Furthermore, the range of scan rates studied and the different modeling approaches spanned many 
characteristic time and length scales, so imposing a single normalization could have obscured rather than simplified 
the simulation results. 

To solve the mass balances presented previously, the following boundary conditions are defined: 

- At the interface between the nickel metal and the nickel hydroxide (ݕ = −ܽ), the concentrations of Na+ and 
OH- are zero, there is no flux of proton vacancies (equation (13)), and the potential in the solid is equal to 
the applied potential, Vd. 

௦,௩  ܿ௩,௠௔௫ܦ ݕ௩߲ߠ߲ = 0. (13) 

- At the interface between the nickel hydroxide and the electrolyte (ݕ = 0), the molar flux of species ݆ (OH-, 
Na+, and proton vacancies) equals the rate of their consumption or production, as shown in equation (14). 
The potential in the solution is defined by the electroneutrality condition (equation (5)), while the potential 
in the solid follows Ohm’s law (equation (15)). ܨ݊(݆)ݏ ݅ + ௝ܰ = 0. (14) 

݅ = ߪ− ݕ1߲߶߲ . (15) 

where ݏ(݆) is the stoichiometric coefficient of species ݆ and ݊ is the number of electrons transferred. 
- At the bulk of the electrolyte (ݕ =  the concentrations of OH⁻ and Na+ are equal to the bulk ,(ߜ2

concentrations, and the mole fraction of proton vacancies and the potential (both in the solution and the solid) 
are equal to zero. 

In the Surface model, the system extends from the electrode surface to the solution bulk, as shown in Fig. 1. Therefore, 
only the governing equations on the electrolyte side are considered (neglecting the potential in the solid state since it 
is irrelevant in this system), and the boundary conditions at ݕ = 0 are the same except for the mole fraction of proton 
vacancies, which is now defined by equation (16). 

ܿ௩,௠௔௫ ݐ௩݀ߠ݀ = − ܨ݊(௩ߠ)ݏ ݅. (16) 

Similarly, the boundary conditions previously defined for ݕ =  apply to this approach. A summary of the model ߜ2
equations is presented in Tables S1 and S2. 

2.3 Kinetics 

The kinetics of the electrochemical reaction in equation (1) is assumed to follow the Butler-Volmer equation (equation 
(17)), which relates the current density, i, and the overpotential, . ݅ = ݅0 {exp [(1 − ܴܶܨ݊(ߚ [ߟ − exp ܴܶܨ݊ߚ−]  (17) ,{[ߟ

where ݅ 0 is the exchange current density and ߚ is the symmetry factor. The exchange current density, shown in equation 
(18), is a function of the mole fraction of proton vacancies (ߠ௩) and depends on the kinetic constants of the oxidation 
(݇௔) and reduction (݇௖) reactions, the OH- concentration at the electrode surface (ܿைு), and the maximum 
concentration of proton vacancies (ܿ௩,௠௔௫), which would be a volumetric concentration in mol cm-3 for the Layer 
Model and a surface concentration in mol cm-2 for the Surface Model. It is assumed that the maximum concentration 
of proton vacancies in NiOOH equals the maximum concentration of protons available to react within Ni(OH)2, even 
though the volumes of Ni(OH)2 and NiOOH are not necessarily the same. 
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݅0 = ௔ఉ݇௖1−ఉܿ௩,௠௔௫(ܿ௕,ைுఈ݇ܨ݊ )ఉ(ܥைுఈ )ఉ(1 − ௩1−ఉߠ௩)ఉߠ . (18) 

Since ݇௔and ݇௖ cannot be estimated separately with reasonable precision, they were consolidated into a single kinetic 
parameter (apparent kinetic constant): ݇௔ఉ݇௖1−ఉ = ݇0. Additionally, the partial order of the OH- concentration in the 
rate equation (ߙ) is initially assumed to be 1, with equation (1) treated as an elementary reaction (see Section S2 of 
the Supplementary Information). 

The overpotential is defined in equation (19). 

ߟ = ߶1 − ߶2 −  (19) ,(௩ߠ)ܷ

where ߶1 is the potential in the solid, ߶2 is the potential in the solution, and ܷ(ߠ௩) is the equilibrium potential that 
depends on the mole fraction of proton vacancies. In the Surface Model, the potential in the solid equals the applied 
potential (߶1 = ௗܸ), as the potential drop inside the solid phase is neglected. ௗܸ , ߶, and ܷ(ߠ௩) are reported in V vs. Hg/HgO reference electrode. 
Although the oxygen evolution reaction (OER) has previously been regarded as an important parasitic reaction [50], 
its contribution to the total current in the potential range of the Ni(OH)₂/NiOOH reaction has been reported to be minor 
in Fe-free electrolytes [51–53]. This is consistent with the applications motivating this work, which target potentials 
where charge is preferentially directed toward the Ni(OH)2/NiOOH couple rather than lost to oxygen evolution [22–
26]. However, we found that OER contributions to the total anodic charge might be scan-rate dependent in our own 
data, remaining small at the faster scan rates used for model calibration but more appreciable at the slowest rate 
examined (Supplementary Information, Section S11). Still, explicitly treating the OER as a competing reaction is 
beyond the scope of the present framework; the model instead describes the potential window over which the 
Ni(OH)₂/NiOOH couple is treated as the dominant current-carrying process. 

2.4 Thermodynamics 

The equilibrium potential, U, of the nickel hydroxide electrode relative to a Hg/HgO reference electrode, whose cell 
diagram is presented in equation (20): 

Pt(s)|Hg(l)|HgO(s) |NaOH(aq) in H2O(l)|Ni(OH)2(s)  and  NiOOH(s)|Ni(s)|Pt(s) (20) 

can be defined according to equation (21): 

ܷ = ܷ° + ܨܴ݊ܶ ln ( ௩1ߠ − (௩ߠ + ܨܴ݊ܶ ln (  ு+), (21)ߛ௩ߛ

where ܷ° is the standard reduction potential of the reaction in equation (1) vs. Hg/HgO and ߛ௝ is the molar activity 
coefficient of species ݆ (protons and proton vacancies). In equation (21), it was assumed that the reference electrode’s 
internal solution and the electrolyte have the same composition and concentration (liquid junction is ignored), and that 
the relative activity of water was approximately one. This assumption about solution composition holds experimentally 
since the measured potentials were post-corrected for the liquid junction potential when the external and internal 
solutions differed in composition (Section S15 of the Supplementary Information). Consequently, in this Hg/HgO 
reference scale, U is independent of OH- activity. The full derivation of equation (21) is presented in Section S3 of the 
Supplementary Information. 

Several expressions for the activity coefficients in equation (21) have been derived in the literature for intercalation 
electrodes [54, 55], which differ in how the molar excess Gibbs free energy ܩா  is defined relative to an ideal solution 
and with respect to the chosen reference state. In the case of lithium intercalation/deintercalation [54], and making an 
analogous derivation in this work, the reference states are defined to satisfy the conditions in equations (22) and (23). 

+ுߛ → 1 as  ߠு+ → 0 (22) 



 9 

௩ߛ → 1 as  ߠ௩ → 1. (23) 

Considering the reference states selected, the deviations from the ideal solution can only be due to the interactions 
between intercalated protons. If the non-vanishing  ܩா  relative to an ideal dilute proton solution is expressed by a 
series expansion in ߠு+ , as proposed by Verbrugge and Koch [54], the equilibrium potential takes the form of equation 
(24). 

ܷ = ܷ° + ܨܴ݊ܶ ln ( ௩1ߠ − (௩ߠ − ܨ1݊ ∑ Ω௞݇(1 − ௩)௞−1ேߠ
௞=2 , (24) 

where Ω௞ is the kth self-interaction coefficient characterizing proton-proton interaction. In this work, self-interaction 
coefficients from Ω2 through Ωே were considered, where N ranges from 3 to 7; an expansion truncated at Ωே is referred 
to throughout as an "N−1 coefficient" model. 

Other works [19, 55] consider Ni(OH)2 and NiOOH as distinct, non-dissociated components of a solid solution, 
analogous to mixtures of non-ionic organic liquids. In this case, ܩா  was described by the Two-Parameter Margules 
and van Laar models, resulting in the expressions for the equilibrium potential shown in equations (25) and (26) [55], 
respectively. 

ܷ = ܷ° + ܨܴ݊ܶ ln ( ௩1ߠ − (௩ߠ − ܨ2ܴ݊ܶ 0ܣ2−] + 1)0ܣ4 − (௩ߠ − 0ܤ2 + 1)0ܤ6 − (௩ߠ − 1)0ܤ3 −  ௩)2], (25)ߠ

ܷ = ܷ° + ܨܴ݊ܶ ln ( ௩1ߠ − (௩ߠ − ܨܴ݊ܶ 1)′ܤ]′ܣ} − ௩)2ߠ − 1 + 2(1 − (௩ߠ − (1 − ௩ߠ][௩)2ߠ + 1)′ܤ − ௩)]2ߠ }, (26) 

where 0ܣ and 0ܤ are the two parameters in Margules model, and ܣ′ and ܤ′ are the two parameters in van Laar model. 
The three expressions shown in equations (24), (25), and (26) were considered candidates for describing the 
equilibrium potential of the reaction. 

An important phenomenon regarding the equilibrium potential that the equations above do not capture is its robust, 

rate-independent hysteresis: its value depends on whether the potential at a given electrode composition was 

approached from higher or lower potentials. Ta and Newman [56] investigated this feature and attributed the consistent 

~95 mV separation between oxidation and reduction current-density peaks in cyclic voltammetry (independent of scan 

rate at scan rates lower than 1 mV s-1) to hysteresis in the charging and discharging cycles. The authors reproduced 

this peak separation in cyclic voltammetry using an empirical expression for the equilibrium potential that shifts by 

an offset of 46 mV, depending on whether the scan is forward (oxidation, +46 mV) or backward (reduction, -46 mV). 

However, following this approach yields cyclic voltammogram simulations with perfectly symmetrical anodic and 

cathodic peaks (see Fig. S1), whereas experimental anodic and cathodic peaks vary considerably in shape and 

intensity. 

Srinivasan et al. [57] further investigated this hysteresis behavior, explaining it with a domain model in which the 

electrode is treated as an ensemble of domains, each with a critical potential for proton extraction during oxidation 

and a distinct critical potential for proton insertion during reduction; the oxidation and reduction boundary curves arise 

from two separate distributions of these critical potentials across the domain population. Consistent with this 

framework and following the precedent of fitting distinct empirical parameter sets to the oxidation and reduction 

boundary curves [57], each adjustable coefficient in equations (24)–(26), including the activity-coefficient parameters 

and the standard equilibrium potential, was assigned separate values for the forward (oxidation) and backward 

(reduction) scans. The initial values for these adjustable parameters (except Ω4/F through Ω7/F) were obtained by 

fitting equations (24)–(26) to the charge and discharge curves at relatively low current density (See Fig. S2), which 

served as a rough approximation of how the equilibrium potential varies with the fraction of proton vacancies or state 

of charge. The initial values for Ω4/F through Ω7/F were arbitrarily set to 0.001. 
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3. Mathematical methods 

The systems of nonlinear partial differential equations were discretized numerically using the control-volume 
formulation (or finite-volume method) [58] in the spatial dimension to ensure mass conservation, with implicit time-
stepping in the temporal dimension. The volumes were centered at the node points, and dependent-variable values at 
those points were obtained assuming a piece-wise linear profile (PLP) [58]. Spatial grid independence for both models 
was confirmed via RMSE convergence analysis (see Supplementary Information, Section S6), yielding grid 
resolutions of 2,001 (Layer Model) and 1,001 (Surface Model) nodes for all simulations. Uniform spacing was 
employed within the solid oxide and electrolyte diffusion layer, but a much finer spacing was used in the oxide layer 
(1001 nodes over a = 6 nm) than in the electrolyte (1000 nodes over 2 = 61.6 µm). 

The discretized nonlinear equations were linearized using the Newton-Raphson method (the  Jacobians were computed 
via symbolic differentiation in Maple 2024), and solved using the BAND J [11, 59, 60], which employs the lower-
upper decomposition method subroutines, adapted from FORTRAN scripts developed by Botte [61, 62]. Additionally, 
a subroutine was used to post-correct the simulated current by smoothing the current spike at the transition between 
the forward and backward scans via interpolation (see Fig. S5). This spike arose from the sudden change in the 
equilibrium potential parameters (and thus the overpotential) at this transition point in the cyclic voltammogram. 
Furthermore, to prevent a mathematical singularity when ߠ௩ = 1 and ߠ௩ = 0 in equation (21), ߠ௩ was constrained 
between 1 × 10−10 and 1 − 1 × 10−10. Finally, the validity of the proposed modeling framework as well as the 
numerical solutions was tested against well-characterized systems (Section S8 of the Supplementary Information) 

The unknown parameters in each model were estimated using the PEST (“Parameter ESTimation”) software package. 
PEST adjusts model parameters to minimize the sum of squared residuals between model outputs (numerical 

simulations) and observations (experimental data) via an iterative Gauss–Levenberg–Marquardt algorithm [63]. The 
simulations were fitted simultaneously to the experimental cyclic voltammograms at 5 and 100 mV s-1 to constrain 
the adjustable parameters. This approach prevents the fitted parameters from being biased toward the dynamics 
dominant at a single timescale, since the scan rate governs the relative timescales of interfacial kinetics and mass 
transport. The values of the known parameters and transport properties are presented in Table 1 and were used for the 

simulations unless stated otherwise. The initial values for the dependent variable are presented in Table S12. 

Table 1. Fixed model parameters. 

Symbol Parameter name Value 

nj (SM) Number of nodes in the y dimension for the Surface Model 1001 

nj (LM) Number of nodes in the y dimension for the Layer Model 2001 

T Temperature (K) 298.15 

 Disk rotation speed (rpm) 1000 

nva Number of data points (dimensionless) 1000 

0.1
b Kinematic viscosity (cm2 s-1) for the 0.1 M NaOH 0.00909 

0.5
b Kinematic viscosity (cm2 s-1) for the 0.5 M NaOH 0.00967 

1.0
c Kinematic viscosity (cm2 s-1) for the 1 M NaOH 0.01054 

Ds,OH
d Diffusion coefficient of OH- (cm2 s-1) 5.27310-5 

Ds,Na
d Diffusion coefficient of Na+ (cm2 s-1) 1.33410-5 

Ds,v Diffusion coefficient of proton vacancies (cm2 s-1) 2.5410-12 

a Solid Ni(OH)2 thickness (cm) 6.010-7 

z(Na+) Charge number of Na+ (dimensionless) 1 

z(OH-) Charge number of OH- (dimensionless) -1 

s(Na+) Stoichiometric coefficient of Na+ (dimensionless) 0 

s(OH-) Stoichiometric coefficient of OH- (dimensionless) 1 

s(v) Stoichiometric coefficient of NiOOH/proton vacancies (dimensionless) -1 

sr Scan rate (V s-1) 0.005 and 0.1 

ne Number of electrons transferred (dimensionless) 1 

 e Symmetry factor (dimensionless) 0.5 
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ܿ௕,ைு and ܿ௕,ே௔ Bulk concentration of OH- and Na+ (mol cm-3) 110-4, 510-4, 
and 110-3 ܿ௩,௠௔௫ (LM)f Maximum concentration of proton vacancies in the Layer Model (mol cm-3) 5.539110-3 ܿ௩,௠௔௫ (SM)f Maximum concentration of proton vacancies in the Surface Model (mol cm-2) 3.323510-9 ߩே௜(ைு)2  d Density of Ni(OH)2 (g cm-3) 4.1 

a The number of experimental points was reduced from its original size (7299 and 9119 points at 5 and 100 mV s⁻¹, respectively) 
by linear interpolation of potential and current onto a uniformly spaced grid of scan indices spanning the original data range. This 
was done to speed up calculations while keeping the same number of data points. 
b Kinematic viscosities were calculated from dynamic viscosities, estimated using the Jones–Dole equation, ߟ 1)0ߟ= + ே௔ைுܿ√ܣ  + ܣ ே௔ைு), withܿܤ = 0.0036 dm3/2 mol-1/2 and (ܪܱܽܰ)ܤ = (+ܽܰ)ܤ + (−ܪܱ)ܤ = 0.085 + 0.122 = 0.207 
dm3 mol-1 [64]. 0ߟ = 0.8904 mPa s for water at 25 C. However, the equation is strictly valid below ~0.5 M; the estimate at 0.5 M 
is used in the absence of measured values at 25 C and is consistent with the small sensitivity of the results to ߥ (which enters ߜ as 1/6ߥ). Density values were computed using the Laliberté–Cooper model [65] with NaOH coefficients from the Supporting 
Information of [66]. Kinematic viscosity was calculated as ߥ =  .ߩ/ߟ
c Calculated from the dynamic viscosity and density reported in [67]. 
d Data obtained from [68]. Diffusion coefficients are for infinitely dilute solutions. 
e Since the experimental anodic/cathodic peak asymmetry could be produced kinetically (  0.5) rather than thermodynamically 
(different forward/backward equilibrium potential parameters), a sensitivity analysis was performed (Section S9 of the 
Supplementary Information), which established 0.5 as the optimal value. 
f See Section S10 of the Supplementary Information. 

Although the layer thickness (a) and the diffusion coefficient of proton vacancies (ܦ௦,௩) were not known a priori, they 
were treated as fixed rather than adjustable parameters because they were not identifiable from the cyclic voltammetry 
data alone. Thus, the layer thickness was chosen from the literature-reported range of 2 to 10 nm for this system [69–
75], and the diffusion coefficient was then estimated using that thickness (for more details, see Section S12 of the 
Supplementary Information). Although the specific combination of a and ܦ௦,௩ affected the values of the estimated 
kinetic parameter and, to a lesser extent, the coefficients in the activity expressions, it did not significantly affect the 
quality of the fit to the experimental data, nor the estimated standard equilibrium potentials. 

Model selection among nested formulations (i.e., Layer Model variants with different numbers of Wohl self-interaction 
coefficients) was based on the Bayesian information criterion (BIC) [76], which penalizes additional parameters that 
do not meaningfully improve the fit. Comparisons among competing, non-nested regression equations are 
conventionally assessed using the Wilks test, originally developed by Wilks [77] and described by Williams [78], 
following the presentation given by Himmelblau [79]: the method poses the comparison in terms of the homogeneity 
of the residual sums of squares among equations, coupled with a t-test on the resulting combination weights. This 
procedure assumes normally distributed, independent, and homoscedastic residuals, conditions that do not hold for 
the comparison between the Layer Model and Surface Model (Supplementary Information, Section S21). We instead 
assessed this comparison with a nonparametric block permutation test (Supplementary Information, Section S22). 
Finally, the root-mean-square error (RMSE) was also considered when initially assessing model suitability. 

4. Experimental methods 

Cyclic voltammetry (CV) measurements were conducted over a potential window of 0 to ~0.6 V vs. Hg/HgO, with 
the upper limit adjusted based on the electrolyte concentration. Measurements were performed at multiple scan rates 
(3, 5, 10, 25, 50, and 100 mV s⁻¹) and electrode rotation speeds (500, 1000, 2000, and 5000 rpm). Fresh electrolyte 
solution was used for each scan rate to ensure consistent, reproducible experimental conditions, unless otherwise 
specified (see reproducibility assessment in Section S26 of the Supplementary Information). All current densities 
in this work are reported with respect to the electrochemically active surface area (EASA), and the applied potential 
(E) was manually post-corrected for 85% of the uncompensated solution resistance (Ru) estimated by electrochemical 
impedance spectroscopy (EIS). Additionally, the applied potential was corrected for the liquid junction potential (ELJP) 
for measurements in 0.1 and 0.5 M NaOH [80]. Thus, the reported applied potential (Vd) was determined as ௗܸ = ܧ −0.85 ܴ௨݅ −  ,௅௃௉. For more details regarding the reagents and instrumentation, electrolyte purification protocolܧ
electrode activation, and calculation of the ELJP and EASA (and evaluation of the EASA uncertainty effect over the 
estimated parameters), see Sections S14-S17 of the Supplementary Information. 
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5. Results and discussion 

5.1 Activity expressions for the equilibrium potential 
The results of the Layer Model calibrations with the 5 mV s-1 and 100 mV s-1 experimental cyclic voltammograms 
using different expressions for the activity coefficients in the equilibrium potential expression (equation (21)) are 
shown in Fig. 2, along with comparisons of the RMSE, which was used to evaluate the model's goodness of fit. The 
panels (a), (b), and (c) focus on comparing activity expressions using two coefficients (Wohl expansion was truncated 
to the second term in equation (24)), while panels (d), (e), and (f) compare the same activity expression based on Wohl 
expansion with different numbers of coefficients. The Surface Model calibrations show a similar trend and are shown 
in Fig. S11.  

 

Fig. 2 Results of calibrating the Layer Model (LM) to experimental cyclic voltammograms of the nickel RDE in 0.1 
M NaOH at 1000 rpm, and scan rates of 5 mV s-1 and 100 mV s-1 using different expressions for the activity coefficients 
in the equilibrium potential equation (equation (21)), based on the two-parameter Margules, van Laar, and two-
coefficient Wohl expansion (“Wohl 2 coeff”) models ((a) and (b)). The calibration results are also shown using the 
Wohl expansion with 2, 3, and 4 coefficients (panels (d) and (e)). The Root Mean Squared Error (RMSE) of the 
calibrations is compared between the van Laar (“VL”), Margules (“M”), and two-coefficient Wohl (“W”) in (c), and 
between different numbers of coefficients in the Wohl expansion in (f).  

The calibration with the highest RMSE at both 5 mV s⁻¹ and 100 mV s⁻¹ used the activity-coefficient expression based 
on van Laar's model (equation (26)), and the major discrepancies between the corresponding simulation and the 
experimental data are evident in panels (a) and (b) of Fig. 2. The calibration results for the simulations using Margules 
and the two-coefficient Wohl expansion (with 2 and 3) had comparable RMSEs, as expected, since both are 
relatively simple, low-order descriptions of the excess Gibbs energy. Increasing the number of coefficients in Wohl's 
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activity expression (equation (24)) produces a systematic improvement in agreement between the experimental data 
and the simulation beyond that of the two-coefficient expression. Although not visible in panels (d) and (e) of Fig. 2, 
this trend is reflected in the RMSEs in panel (f). Even when the RMSE increases after three coefficients for the 5 mV 
s⁻¹ cyclic voltammograms, the difference between the lowest and highest RMSE (relative to the highest) is only 7%; 
this is small compared with the corresponding difference at 100 mV s⁻¹, where the reduction in RMSE from two to 
four coefficients is 52%. 

The BIC in Table 2 supports this choice for the Layer Model: it decreases substantially from two to four coefficients 
(−26,550 to −27,023, with the largest single improvement of −307 between three and four), then changes only 
marginally from four to five (−13) and increases from five to six (+10). Beyond four coefficients, several higher-order 
k values have standard errors comparable to or exceeding their fitted magnitude (e.g. 5/F = 0.03 ± 0.07 V for five 
coefficients, backward scan), indicating they are no longer constrained by the data. The Surface Model's BIC sequence 
is less regular and would nominally favor six coefficients (Table S15), but its additional coefficients are likewise 
unresolved from zero. Therefore, four coefficients were retained for both models, with the Surface Model BIC 
discussed further in Section S19 of the Supplementary Information. Notice, however, that the improvement is 
modest in absolute terms, since the RMSE falls from approximately 3% of the peak current density with two 
coefficients at 100 mV s⁻¹ to approximately 1.5% with four, so a two-coefficient calibration may remain a reasonable, 
more economical choice where high precision is not required. 

Table 2. Estimated parameters and Bayesian Information Criterion (BIC) for the simulation based on the Layer Model 

with the Wohl expansion (equation (24)) using different numbers of coefficients. 

Parameter 2 coefficients 3 coefficients 4 coefficients 5 coefficients 6 coefficients 

k0 (s-1 cm5/2 mol-1/2) (1.78  0.05)10-4 (1.82  0.02)10-4 (1.81  0.02)10-4 (1.81  0.02)10-4 (1.81  0.02)10-4 

Forward scan      

U (V vs. Hg/HgO) 0.4559  0.0003 0.4454  0.0004 0.4416  0.0005 0.4431  0.0006 0.4434  0.0009 

2/F (V) -0.03481  0.0004 -0.066  0.001 -0.082  0.002 -0.072  0.004 -0.070  0.008 

3/F (V) 0.0006  0.0002 -0.040  0.002 -0.073  0.004 -0.04  0.01 -0.04  0.04 

4/F (V)  0.0194  0.0009 0.053  0.005 0.004  0.03 0.004  0.09 

5/F (V)   -0.013  0.002 0.03  0.02 0.01  0.1 

6/F (V)    -0.013  0.008 0.005  0.08 

7/F (V)     -0.007  0.03 

Backward scan      

U (V vs. Hg/HgO) 0.408  0.002 0.458  0.003 0.430  0.001 0.419  0.002 0.410  0.002 

2/F (V) 0.074  0.002 0.227  0.006 0.135  0.003 0.125  0.009 0.11  0.01 

3/F (V) 0.048  0.001 0.240  0.005 0.007  0.003 0.05  0.04 0.05  0.05 

4/F (V)  -0.089  0.002 0.216  0.006 0.06  0.07 0.03  0.2 

5/F (V)   -0.151  0.004 0.03  0.07 0.02  0.2 

6/F (V)    -0.08  0.02 -0.005  0.2 

7/F (V)     -0.05  0.05 

BIC -26,550 -26,716 -27,023 -27,036 -27,026 

Having established four coefficients as the best-supported calibration, it is worth considering what this result indicates 
about the underlying thermodynamics. In the Wohl expansion, taken relative to an ideal dilute proton solution, each 
successive coefficient k characterizes interactions among a progressively larger number of protons [54, 81]; the 
improved agreement obtained once three and four coefficients are included therefore indicates that interactions beyond 
the ternary level (3) are needed to describe the non-ideal behavior of the equilibrium state of the system. However, 
the specific numerical values obtained for each coefficient should not be over-interpreted as precisely determined 
measures of self-interaction energies: with eleven adjustable parameters across both scan directions, a high correlation 
between some of the coefficients was observed (see Fig. S12), and the fitted values are better understood as jointly 
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constrained by the overall voltammogram shape than as independently resolved quantities. This non-ideality is specific 
to the solid solution of protons and vacancies; the electrolyte is treated as a dilute solution, decoupled from this 
behavior because the equilibrium potential is independent of OH⁻ activity on the Hg/HgO scale, and the surface OH⁻ 
concentration varies by less than 0.1% during a scan (Section 5.5). 

The remaining calibrated parameters in Table 2 are worth examining individually. The apparent kinetic constant lacks 

a straightforward interpretation because it combines information from both the anodic and cathodic reactions, which 

cannot be deconvoluted. The estimated standard equilibrium potentials for the forward and backward scans are close 

to the reported formal potential (U’) of 0.4428 V vs. Hg/HgO by Barnard et al. [82] for the transformation of activated 

-Ni(OH)2/-NiOOH, supporting the physical consistency of the calibrated model with independently reported 
thermodynamic data. However, a direct comparison is not possible because this formal potential depends on the 

activity of protons and proton vacancies, which vary continuously during potential cycling, highlighting the 
importance of the activity-based treatment developed in this work over a fixed formal-potential approach. 
Furthermore, the estimated parameters for this model are highly sensitive to experimental factors that can alter the 

shape of the cyclic voltammogram, such as electrode composition and history, activation method, and electrolyte 

composition. This sensitivity reflects the genuine complexity of the Ni(OH)₂/NiOOH system, and the mathematical 
framework developed here provides a consistent, physically grounded structure within which the effects of such 
conditions can be located and compared, rather than left as purely qualitative differences between voltammograms. 
This framework, which closely agrees with experimental data across scan rates, provides a foundation for 
quantitatively testing reaction mechanisms in the electrocatalytic oxidation of organic compounds on nickel 
electrodes. Work in progress applies it to the mediated oxidation of organic substrates relevant to biosolids valorization 
[22–26], where the well-defined mass transport of the rotating disk geometry allows substrate transport and 
Ni(OH)₂/NiOOH surface kinetics to be separated in the analysis. 

5.2 Model approach comparison 

Fig. 3 compares the calibration results for the Layer Model (LM) and the Surface Model (SM) at 5 mV s-1 and 100 

mV s-1. Although not apparent, the differences in agreement with the experimental data between the two model 

approaches are evident in the RMSE values at 5 mV s-1 and 100 mV s-1 in Table 3. At both scan rates, the LM RMSEs 

are lower than those of the SM.  
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Fig. 3 Results of calibrating the Layer Model (LM) and Surface Model (SM) to experimental cyclic voltammograms 
of the nickel RDE in 0.1 M NaOH at 1000 rpm and scan rates of 5 mV s-1 (a) and 100 mV s-1 (b) using four-coefficient 
Wohl expansion (“Wohl 4 coeff”) to define the activity coefficients in the equilibrium potential expression (equation 
(21)). 
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Table 3. Comparison of the Surface Model (SM) and the Layer Model (LM) performance at 5 mV s-1 and 100 mV s-

1 using RMSE and the block permutation test. 

Parameter 5 mV s-1 100 mV s-1 

RMSE for the SM (mA cm-2) 0.00147 0.01109 

RMSE for the LM (mA cm-2) 0.00138 0.00892 

Number of points (n) 1000 1000 

Block length (points)a 91 117 

Number of blocks (nblocks) 11 9 ௢ܶ௕௦ = ܴܵ ௌܵெ − ܴܵܵ௅ெ (mA2 cm-4) 2.48610-4 4.36810-2 

Unique permutations evaluated (2௡್೗೚೎ೖೞ)b 2,048 512 

p-value (two-sided)b,c 0.687 0.293 
a Block length chosen as the longer of the Layer Model's and Surface Model's residual correlation lengths, to preserve 
local autocorrelation structure during permutation. The result was stable to halving and doubling this value (p = 0.25–
0.69 and 0.24–0.63 across the range tested; Supplementary Information, Section S22.3). 
b With this small number of blocks, the null distribution of sign-flip outcomes was small enough to enumerate exactly 
rather than estimate by simulation; the p-value is therefore an exact result. See Supplementary Information, Section 
S22.2. 
c A calibration check (Supplementary Information, Section S22.6) found this test can be anti-conservative under the 
level of autocorrelation present in this data, meaning the true p-values may be even larger (i.e., even less significant) 
than reported here. 

Beyond the simple RMSE comparison, a block permutation test was used to assess whether the difference in fit quality 

between the Layer Model and the Surface Model exceeds what would be expected from the data's own variability 

[83]. The null hypothesis (H0) was that the two models fit the data equally well, so that any difference between them 

reflects only random variability; the alternative hypothesis (H1) was that one model fits systematically better than the 

other. For the test, the total difference between the residual sum of squares (RSSk) of the Surface Model and the Layer 

Model, ܶ ௢௕௦ = ܴܵ ௌܵெ − ܴܵܵ௅ெ, was compared with the range of values expected by chance if neither model fit better. 

This chance-level range was generated by randomly flipping the sign of the difference between the residuals (rk,j) 

squared of the Surface Model and the Layer Model ( ௝݀ = ௌெ,௝2ݎ − ௅ெ,௝2ݎ ) within contiguous blocks of the scan and 

computing the sum, ௣ܶ௘௥௠௨௧௔௧௜௢௡ = ∑ ௝݀௡௝=1  (see further details in Section S22 of the Supplementary Information). 

The p-value is the proportion of these permuted sums ( ௣ܶ௘௥௠௨௧௔௧௜௢௡) that are at least as extreme as the observed value 
( ௢ܶ௕௦), that is, the probability of a difference this large arising by chance alone if H0 were true.  

Table 3 shows the parameters and results of this test. At both scan rates, the observed difference in fit quality was not 

significantly different from what would be expected by chance (5 mV s⁻¹: p = 0.69; 100 mV s⁻¹: p = 0.29), indicating 
no statistically significant difference between the Layer Model's and Surface Model's ability to fit the experimental 

data at either scan rate. Furthermore, the Layer Model's and Surface Model's predicted currents are highly correlated 

at both scan rates (Pearson correlation coefficient: r = 0.9992 and 0.9984 at 5 and 100 mV s⁻¹, respectively), consistent 
with the two models producing largely indistinguishable predictions despite differing mechanistic assumptions about 

solid-layer diffusion structure. Therefore, the modestly lower RMSE observed for the Layer Model at both scan rates, 

most notably at 100 mV s⁻¹, should be interpreted as a numerical trend rather than as statistically robust evidence that 
the Layer Model outperforms the Surface Model.  

The insignificant difference in fit quality between the two models is expected given the relatively thin solid-layer 
thickness assumed here (6 nm), which does not allow a substantial concentration gradient to develop, as shown in the 
predicted proton vacancy fraction profiles in Fig. 4. This can be understood quantitatively in terms of the 
dimensionless finite-diffusion parameter, ݓ = ݊௘ܦܴܶ/ݎݏ2ܽܨ௦,௩ [84], which compares the characteristic timescale for 
proton diffusion across the solid layer (ܽ2/ܦ௦,௩) to that of the potential sweep (ܴܶ/݊௘ݎݏܨ, where “sr” is the scan rate). 
Using our calibrated ܦ௦,௩ = 2.54×10-12 cm² s⁻¹ and a = 6 nm, w = 0.028 at 5 mV s-1 and w = 0.55 at 100 mV s-1, both 
far below the value (w > 10) at which semi-infinite, strongly diffusion-limited behavior would be expected [84]. The 
predicted profiles of the proton vacancy fraction across the solid layer, which are essentially flat at 5 mV s⁻¹ (Fig. 4 
(a) and (b)), and with a barely perceptible slope at 100 mV s⁻¹ (Fig. 4 (c) and (d)), are consistent with w remaining 
well below the diffusion-dominated regime at both scan rates. 
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Fig. 4 Predicted proton vacancy fraction () profiles at different potentials during the cyclic voltammetry at 5 mV s-1 
((a) forward and (b) backward scans) and 100 mV s-1 ((c) forward and (d) backward scans). 

Although there is no statistical difference between the Layer Model’s and the Surface Model’s ability to fit the 
experimental data, the Surface Model offers a practical advantage: its single-region diffusion-layer formulation. This 
feature can be decisive when the electrocatalytic reaction of interest on the nickel electrode involves a complex 
mechanism with many participating species and intermediates: coupling such a mechanism to multiple regions 
increases computational cost and complicates parameter identifiability. This issue is already present in the Layer 
Model, given the non-identifiability of the diffusion coefficient and layer thickness for this system (Section S12, 
Supplementary Information). Accordingly, the Surface Model offers clear practical value for studying the electro-
oxidation of organic compounds and will be used for the rest of this work. 

5.3 Model evaluation at different scan rates 

The simulated cyclic voltammograms generated by the Surface Model using the four-coefficient Wohl expansion at 
different scan rates are compared with the experimental data in Fig. 5. The simulated and experimental cyclic 

voltammograms agree well at scan rates of 25 and 50 mV s-1, both within the 5 to 100 mV s-1 range over which the 
model was calibrated. The Surface Model also performs well at scan rates outside the 5 to 100 mV s-1 range, as shown 

in panel (a) of Fig. 5 for a 3 mV s-1 cyclic voltammogram. 
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Fig. 5 Comparison of the Surface Model’s simulation (using the four-coefficient Wohl expansion, labeled “SM – Wohl 
4 coeff”) with the experimental cyclic voltammograms of the nickel RDE in 0.1 M NaOH at scan rates of 3 mV s-1 

(a), 25 mV s-1 (b), and 50 mV s-1 (c), and at 1000 rpm. 

5.4 Effect of OH- concentration 

Organic electrooxidation on nickel electrodes is strongly modulated by electrolyte pH (or OH- concentration) through 

competition for substrate adsorption [85, 86] and reaction-pathway selectivity [46]. These effects are intertwined with 

the underlying Ni(OH)2/NiOOH pH-dependent electrochemistry [87, 88]. Therefore, isolating the substrate's specific 

contribution requires a model that first accurately captures how OH⁻ concentration affects the Ni(OH)2/NiOOH 

reaction in the absence of substrate. 
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Experimentally, the effect of OH⁻ concentration on the Ni(OH)2/NiOOH cyclic voltammetry has been well 

documented [88–90], with the most notable change being an increase in the intensities of the anodic and cathodic 

peaks as the hydroxyl concentration increases, while the peak potentials remain unchanged in iron-free solutions [87]. 

However, the proposed model cannot reproduce these changes, even when the partial order of OH⁻ in the rate law is 

changed from the initial assumption of ߙ = 1 (see Fig. S14). Since U is independent of OH- activity on the Hg/HgO 

reference scale, the only available handle for the OH- concentration effect on the current density is the exchange 

current density expression (equation (18)), specifically the maximum proton vacancy concentration (ܿ௩,௠௔௫). 

Therefore, we modified the model to reproduce the experimental trend by introducing an empirical correction to this 

variable. The maximum proton vacancy concentration used in this work represents only a fraction of the total proton 

vacancies available on the Ni(OH)2 layer (ܿ௩,௧௢௧௔௟௅ ), which is a property of the material and can be calculated using 

equation (27).  

ܿ௩,௧௢௧௔௟௅  = ே௜(ைு)2ܯே௜(ைு)2ߩ , (27) 

where ߩே௜(ைு)2 is the density of Ni(OH)2 in g cm-3 and ܯே௜(ைு)2  is the molecular mass of Ni(OH)2 in g mol-1. From 

equation (27), the total proton vacancy concentration is 0.0442 mol cm-3 in the Layer Model, while in the Surface 

Model it is ܿ௩,௧௢௧௔௟ௌ  = 2.65310-8 mol cm-2 (considering a layer thickness of a = 6 nm and ܿ ௩,௧௢௧௔௟ௌ = ܿ௩,௧௢௧௔௟௅ × ܽ). Based 

on the trends reported [91] and observed in our experiments (Fig. S15), we propose that only a fraction of this total 

amount (ܿ௩,௧௢௧௔௟௅  or ܿ௩,௧௢௧௔௟ௌ ) is electrochemically active during the reaction, and this fraction (Θ) increases with the 
surface OH⁻ concentration and approaches a plateau, following the saturating exponential form given in equation (28). 

Θ = ܿ௩,௠௔௫ܿ௩,௧௢௧௔௟ௌ = Κ [1 − exp ߦ−) ∙ ܿ௕,ைுܥைுܿைு,௥௘௙ )], (28) 

where ܿைு,௥௘௙ is an OH- reference concentration taken as ܿைு,௥௘௙ = 1 mol cm-3. 

The expression in equation (28) captures two limiting behaviors consistent with the trends observed experimentally: 
at low OH- concentration, only a small fraction of the total proton vacancy inventory in the film participates in the 
redox reaction, and this fraction grows with OH- concentration; at sufficiently high OH- concentration, the fraction 
approaches a plateau value Κ < 1, reflecting that only a finite fraction of the total site density in the film becomes 
electrochemically active. We selected this functional form from several candidate saturating functions of OH- 
concentration based on fit quality, as detailed in the Supplementary Information (Section S25). The parameters Κ 
and ߦ are treated as empirical parameters that set, respectively, the saturation level and the rate at which the active 
fraction approaches that level with increasing OH- concentration; both are determined by fitting to experimental cyclic 
voltammograms at two OH- concentrations (0.1 and 1.0 M) and scan rates (5 and 100 mV s-1) while keeping the rest 
of the electrochemical parameters (kinetic constant and thermodynamic parameters) estimated for the 0.1 M case 
fixed.  

The results of calibrating Κ and ߦ in the modified Surface Model (mSM) using the four-coefficient Wohl expansion 

against experimental cyclic voltammograms at 5 and 100 mV s-1 in 0.1 and 1.0 M NaOH are shown in Fig. 6. From 

this calibration,  Κ = 0.197 ± 0.001 and ߦ = 10,200 ± 100 were obtained. 
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Fig. 6 Results of calibrating the modified Surface Model (mSM) (using the four-coefficient Wohl expansion) to 
experimental cyclic voltammograms of the nickel RDE in 0.1 M NaOH ((a) and (b)) and 1.0 M NaOH ((c) and (d)) 
at scan rates of 5 mV s-1 and 100 mV s-1, and 1000 rpm. The 1.0 M NaOH cyclic voltammograms show reasonable 

agreement, with most parameters estimated from the 0.1 M NaOH experiments. 

It is worth noting that Κ and ܿ௩,௧௢௧௔௟ௌ  are not independently constrained by this calibration because both depend on the 

assumed layer thickness ܽ = 6 nm. Only their product, which is the absolute surface concentration of 
electrochemically active proton vacancies (ܿ௩,௔௕௦ௌ = Κ × ܿ௩,௧௢௧௔௟ௌ = 5.226×10⁻⁹ mol cm⁻²), is determined directly by 
fitting. Since Κ ≤ 1 by definition, this product sets a lower bound on the admissible layer thickness: ܽ௠௜௡ =ܿ௩,௔௕௦ௌ /ܿ௩,௧௢௧௔௟௅ Κ = 1.2 nm, corresponding to full utilization of the proton-vacancy inventory. This lower bound lies 
below the 2–10 nm range reported for anodically formed oxide layers on nickel [69–75], suggesting the true thickness 
is close to, though not precisely at, this bound and that the 6 nm assumption overestimates it. 

In contrast, the fraction of Κ (i.e., saturation) reached at each tested OH⁻ concentration depends only on ߦ and is 
independent of the assumed layer thickness: 63.9% of saturation is reached at 0.1 M NaOH, and 100.0% (99.996%) 
at 1.0 M, confirming that the two calibration concentrations bracket the transition from partially to fully active film. 
However, we would expect ߦ to depend on the Ni(OH)2 synthesis method and the activation protocol, given that Figure 
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8 of [91] shows peak current increasing with [OH⁻] up to roughly 2.0–2.5 M, beyond which further increases in 
concentration produce comparatively little additional change in peak current. Consequently, the NaOH concentration 
at which the electrode reaches ~100% saturation will vary with experimental conditions. 

In Fig. 6, the simulations and experimental data agree reasonably well at 1.0 M NaOH for peak shapes and positions. 

However, at 1.0 M NaOH and 5 mV s-1 (Fig. 6 (c)), the model underestimates the peak current densities by 25-30%. 

This discrepancy affects the anodic and cathodic peaks in similar proportion, suggesting it reflects the total amount of 

electroactive material accessed over the scan rather than a faradaic process acting on one branch only. One plausible 

contributor is that at slow scan rates the system has sufficient time to undergo concentration-dependent structural 

changes in the film, including changes in hydration state and oxide restructuring [7], that increase the accessible 

inventory beyond what the empirical correction predicts. Because the correction conflates all such contributions into 

a single concentration-dependent term, it cannot be expected to reproduce the full scan-rate dependence of the 

experimental response. Resolving this limitation would require explicit treatment of each concentration-dependent 

physical process, which is beyond the scope of this investigation and is left for future work. 

The robustness of the resulting modified Surface Model was tested by comparing the simulation with the experiment 

at a concentration different from those used for calibration. The comparison is shown in Fig. 7 at a concentration of 

0.5 M NaOH. The peak shapes and positions agree, but the simulation underpredicts the peak current densities, 
consistent with the scan-rate-dependent underprediction observed at 1.0 M NaOH (Fig. 6 (c)). The model therefore 
captures the qualitative behavior across concentrations but is expected to underpredict peak currents at slow scan rates, 
a limitation attributed to scan-rate-dependent structural changes in the film that the empirical correction cannot 
resolve. 

 

Fig. 7 Comparison of the modified Surface Model simulation (using the four-coefficient Wohl expansion, labeled 
“mSM – Wohl 4 coeff”) with the experimental cyclic voltammograms of the nickel RDE in 0.5 M NaOH at 5 mV s-1 
and 1000 rpm. 

5.5 Model evaluation at different rotation speeds 
Having established that the Ni(OH)2/NiOOH reaction depends on the OH⁻ concentration at the electrode surface, it is 
important to verify that this concentration is not itself limited by OH⁻ transport from the bulk solution. If the reaction 

were transport-limited, the experimental cyclic voltammograms (and thus, the simulated ones) would be expected to 

vary systematically with rotation speed. Fig. 8 compares simulated cyclic voltammograms from the modified Surface 

Model with the four-coefficient Wohl expansion to experimental data in 0.1 M NaOH at rotation speeds of 500, 1000, 

2000, and 5000 rpm and at 100 mV s-1. The shapes and peak potentials closely agree (Fig. 8 (b), (c), (e), and (f)), yet 
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the peak current densities in the experimental cyclic voltammograms are 4-9% higher. This discrepancy is consistent 
with electrode-to-electrode variability in the thickness of the electrochemically active nickel hydroxide layer arising 
from differences in polishing, activation history, and cumulative cycling time; a reproducibility study under 
comparable conditions (Fig. S17 and Table S18) found peak-current differences as large as 19% between 
independently prepared electrodes. 

In Fig. 8 (a) and (d), the simulated and experimental cyclic voltammograms are insensitive to rotation speed at 100 

mV s-1. Experimentally, this trend is consistent with what Carbonio et al. [92] reported for thin (~13 nm) Ni(OH)2 

layers deposited on Pt in a 0.01 M NaOH and 0.33 M Na2SO4 electrolyte. At the simulation level, this result reveals a 

key characteristic of the model: it predicts that the surface concentration of hydroxyl ions changes little from its bulk 

value during cyclic voltammetry (less than 0.1%). Therefore, the reaction is not even partially limited by the supply 

of hydroxyl ions to the electrode surface at 0.1 M NaOH, and changes in the convection regime do not matter. 

 

Fig. 8 Experimental (a) and simulated (d) cyclic voltammograms of the nickel RDE in 0.1 M NaOH at 100 mV s-1 

and rotation speeds of 500, 1000, 2000, and 5000 rpm. The simulations were based on the modified Surface Model 

simulation using the four-coefficient Wohl expansion. Experimental and simulated cyclic voltammograms are also 

compared at each rotation speed: 500 rpm (b), 1000 rpm (c), 2000 rpm (e), and 5000 rpm (f). 

Theoretically, if the mass transport of the hydroxyl ions were limiting the reaction, the resulting limiting current 

density can be calculated using the Levich equation (equation (29) [47]). 

݅௟௜௠  = ைு−23ܦܨ0.62݊ −16ܿைு−ߥ12߱ . (29) 

Plugging in the OH⁻ diffusion coefficient of 5.2710-5 cm2 s-1 [68], bulk NaOH concentration of 110-4 mol cm-3, 

solution kinematic viscosity of 0.00909 cm2 s-1[68], and a rotation speed of 1000 rpm (104.72 rad s-1) into equation 

(29), we obtain a current density of 188 mA cm-2. Compared to the order-of-magnitude current densities measured in 
this work (relative to the geometric surface area), around 3.54 mA cm-2 at 100 mV s-1 and 0.1 M NaOH, the measured 
current density is only 2% of the theoretical limiting current. This result supports the model’s prediction that hydroxyl-
ion transport does not limit the reaction, even at a relatively low concentration of 0.1 M NaOH. 
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6. Conclusions 

A mathematical model was developed to simulate the Ni(OH)2/NiOOH reaction on a nickel RDE, based on 

conservation equations, Butler-Volmer kinetics, and the Nernst expression with composition-dependent activity 
coefficients. Hysteresis between oxidation and reduction was captured by assigning distinct equilibrium-potential 
parameters to the forward and reverse scans. Two mechanistic approaches were evaluated: the Layer Model and the 

Surface Model, and several expressions for the activity coefficients of protons and proton vacancies were tested. The 

choice of the activity-coefficient expression was found to be critical for achieving close agreement between the 

simulated and experimental cyclic voltammograms. Among these expressions, the one based on the Wohl series 

expansion improved the fit systematically as more proton-proton self-interaction coefficients were included, up to a 

total of four; beyond that, additional coefficients were not well constrained by calibration with the experimental data. 

This result suggests that interactions among up to five protons should be considered to accurately describe the system's 

equilibrium state.  

A block permutation test, an approach not commonly applied in electrochemical model discrimination, revealed no 
statistically significant difference in how well the Layer Model and Surface Model reproduce the experimental cyclic 

voltammogram. This result is consistent with the extremely thin Ni(OH)2 solid layer (2-10 nm) reported for this system 

(Ni(OH)2/NiOOH anodically formed over Ni electrodes) [69–75], where a significant concentration gradient in the 

solid layer will not fully develop over such a short path. Although the two models performed equivalently, the simpler 

Surface Model has high practical value for simulating cyclic voltammograms of the Ni(OH)2/NiOOH reaction during 

organic electrooxidation, as it requires only one region to describe the system and is less prone to identifiability 

problems related to the proton vacancy diffusion coefficient and oxide layer thickness, which are not easily determined 

independently for the Ni(OH)2/NiOOH anodically formed over Ni electrodes. 

Regarding the effect of OH⁻ concentration, the model must include a saturating exponential dependence on the surface 

OH⁻ for the fraction of active proton vacancies to achieve reasonable agreement with experimental data for NaOH 

concentrations in the range 0.1-1.0 M. This modification changes the total amount of electroactive material 

participating in the reaction according to the surface OH- concentration. To the best of our knowledge, this is the first 
explicit relationship linking OH⁻ concentration to the electroactive proton/proton-vacancy inventory in a voltammetric 
model of the Ni(OH)2/NiOOH reaction, successfully capturing the overall changes in cyclic voltammograms across 

different NaOH concentrations and opening the door to mechanistic studies of the pH effect in the mediated electro-

oxidation of organic compounds over nickel electrodes through mathematical modeling. This modification could be 

further refined to account for the underprediction of peak current densities at slower scan rates, such as 5 mV s⁻¹. The 
deficit affects the anodic and cathodic peaks in similar proportion. Because oxygen evolution contributes anodic 
current only, it cannot account for a deficit that appears on both branches, and the symmetry of the deficit further 
suggests that OER contribution in the peak region is limited, even if it is more appreciable over the full 0.10–0.565 V 
integration window. 

In terms of OH⁻ transport limitations, it was confirmed experimentally, and then accurately simulated, that the cyclic 
voltammograms of Ni RDE in 0.1 M NaOH at 100 mV s-1 are insensitive to the rotation speed, suggesting that OH⁻ 
transport does not limit the Ni(OH)2/NiOOH reaction under these experimental conditions. This result supports using 
the RDE as a well-characterized mass-transport environment for future studies extending this model to substrate 
oxidation. 

Finally, this framework is currently being extended to the mediated electrooxidation of organic substrates on nickel, 
beginning with model compounds representative of the biosolids conversion chemistry that motivated this study [22–
26]. Because the rotating disk geometry supplies a well-defined description of substrate mass transport, and because 
the parameters governing the Ni(OH)2/NiOOH transformation itself have been established here independently of any 
substrate, the kinetics of the surface-mediated oxidation step can be isolated and tested against candidate mechanisms 
rather than inferred from the overall voltammetric response. The same approach should extend to other organic 
substrates oxidized through the Ni(II)/Ni(III) couple in alkaline media. 
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8. List of symbols ܽ  Thickness of the solid oxide layer, in cm. ܣ  Coefficient in the Jones–Dole equation, in dm3/2 mol-1/2. ܤ  Coefficient in the Jones–Dole equation, in dm3 mol-1. 0ܣ, ,′ܣ .Margules model parameters, dimensionless  0ܤ van Laar model parameters, dimensionless. ௝ܿ  Concentration of species ݆, in mol cm-3. ܿ௕,௝  ′ܤ   Bulk concentration of species ݆, in mol cm-3. ௝ܿ,௥௘௙  Reference concentration of species j, in mol cm-3. ܿ௩,௠௔௫   Maximum concentration of proton vacancies, in mol cm-2 (Surface Model) or mol cm-3 (Layer 
Model). ܿ௩,௔௕௦ௌ   Absolute surface concentration of electrochemically active proton vacancies, in mol cm-2. ܿ௩,௧௢௧௔௟௅   Total proton vacancies concentration, in mol cm-3. ܿ௩,௧௢௧௔௟ௌ   Total proton vacancies surface concentration, in mol cm-2. ܥ௝   Dimensionless concentration of species ݆. ܥௗ௟   Double-layer capacitance, in F. 

Cs Specific capacitance of a smooth planar surface, in F cm-2. ௝݀  Difference of squared residuals of the Surface Model and the Layer Model at point j, in mA2 
cm-4. ܦ௦,௝  Diffusion coefficient of species ݆, in cm2 s-1. ܧ  Raw applied potential (before iR and LJP corrections), in V. ܧ௅௃௉  Estimated liquid junction potential, in V. 

EASA Electrochemically active surface area, in cm2. ܨ  Faraday constant, in C mol-1. ܩா   Molar excess Gibbs free energy, in J mol-1. ݅  Current density, in mA cm-2. 
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݅0  Exchange current density, in mA cm-2. ݅௟௜௠   Mass transport limiting current density, in mA cm-2. 
I Current, in A. ݇0  Apparent kinetic constant, in s-1 cm5/2 mol-1/2 (Layer Model) or s-1 cm3/2 mol-1/2 (Surface Model). ݇௔  Kinetic constant of the oxidation, in cm4 mol-1 s-1 (Layer Model) or cm3 mol-1 s-1 (Surface 

Model). ݇௖   Kinetic constant of the reduction, in cm s-1 (Layer Model) or s-1 (Surface Model). ܯ௝  Molecular mass of species j, in g mol-1. ݊  Number of data points used in the statistical test. ݊௕௟௢௖௞௦  Number of blocks used in the block permutation test. ݊௘   Number of electrons transferred, dimensionless. ௝ܰ  Molar flux of species ݆, in mol cm-2 s-1. 
nj Number of nodes in the s in the y dimension, dimensionless. 
nv Number of data points, dimensionless. ܳ௔  Total anodic charge density, in mC cm-2. ܳ௖  Total cathodic charge density, in mC cm-2. 
r Pearson correlation coefficient. ݎ௞,௝  Residual (experimental data  - model prediction) at point j for a model k. ܴ  Ideal gas constant, in J mol-1 K-1. ௝ܴ  Net generation rate by homogeneous chemical reactions of species ݆, in mol cm-3 s-1. ܴ௨  Estimated uncompensated solution resistance, in . ܴܵܵ௞  Residual sum of squares for a particular modeling approach k. ݏ(݆)  Stoichiometric coefficient of species ݆, dimensionless. 
sr Scan rate, in V s-1. ݐ  Time, in s. ܶ  Temperature, in K. ௢ܶ௕௦  Observed test statistic, in mA2 cm-4. ௣ܶ௘௥௠௨௧௔௧௜௢௡  Permuted test statistic, in mA2 cm-4. ܷ  Equilibrium potential, in V. ܷ°  Standard equilibrium potential, in V vs. Hg/HgO. ݒ௬   Flow velocity towards the electrode surface, in cm s-1. ௗܸ   Applied potential, in V vs. Hg/HgO. 
w Dimensionless finite-diffusion parameter. ݕ  Spatial distance, in cm. ݖ(݆)  Charge number of species ݆, dimensionless. 

Greek letters ߙ  Partial order of OH- in the rate law of the Ni(OH)2/NiOOH reaction, dimensionless ߚ  Symmetry factor, dimensionless. ߛ௝   Activity coefficient of species ݆, dimensionless.  ߜ  Characteristic diffusion thickness, ߜ = ,Overpotential, in V. Also, dynamic viscosity, in mPa s. Κ  ߟ .in cm ,1/2߱−1/2ߥ௦,௝1/3ܦ1.805 Kinematic viscosity, in cm2 s-1. Ω௞  ߥ .Calibration empirical constants, dimensionless  ߦ   Coefficient k of the Wohl series expansion, in J mol-1. ߱  Angular velocity of rotation of the RDE, in rad s-1. ߶1  Potential in the solid, in V. ߶2  Potential in the solution, in V. ߩ௝  Density of species j, in g cm-3. ߪ  Conductivity of the solid, in S cm-1. ߠு+   Mole fraction of protons or Ni(OH)2, dimensionless. ߠ௩   Mole fraction of proton vacancies or NiOOH, dimensionless. Θ  Fraction of electrochemically active proton vacancies in the film, dimensionless. 



 26 

Subscripts and superscripts 

a Anodic. 
b Property of the bulk of the solution. 
c Cathodic. 
H+ Property of protons. 
j General chemical species. 
Na Property of sodium ion. 
OH Property of hydroxyl ion. 
v Proton vacancy. 
y In the y-direction. 
 Standard property. 
 Reference property, apparent property. 

 

9. References 

1.  Liu B, Liu X, Fan X, Ding J, Hu W, Zhong C (2020) 120 Years of nickel-based cathodes for alkaline batteries. J 
Alloys Compd 834:155185. https://doi.org/10.1016/j.jallcom.2020.155185 

2.  Sun H, Song S (2024) Nickel Hydroxide-Based Electrocatalysts for Promising Electrochemical Oxidation 
Reactions: Beyond Water Oxidation. Small 20:2401343. https://doi.org/10.1002/smll.202401343 

3.  Samanta R, Shekhawat A, Sahu P, Barman S (2024) Review and Perspective of Nickel and Its Derived Catalysts 
for Different Electrochemical Synthesis Reactions in Alkaline Media for Hydrogen Production. Energy Fuels 
38:73–104. https://doi.org/10.1021/acs.energyfuels.3c03758 

4.  Jafari B, Muthuvel M, Botte GG (2021) Nickel-based electrochemical sensor with a wide detection range for 
measuring hydroxyl ions and pH sensing. J Electroanal Chem 895:115547. 
https://doi.org/10.1016/j.jelechem.2021.115547 

5.  Sharma S, Kadyan P, Sharma RK, Kumar N, Grover S (2024) Progressive updates on nickel hydroxide and its 
nanocomposite for electrochemical electrode material in asymmetric supercapacitor device. J Energy Storage 
87:111368. https://doi.org/10.1016/j.est.2024.111368 

6.  Zhao F, Chen T, Zeng Y, Chen J, Zheng J, Liu Y, Han G (2024) Nickel oxide electrochromic films: mechanisms, 
preparation methods, and modification strategies–a review. J Mater Chem C 12:7126–7145. 
https://doi.org/10.1039/D4TC00114A 

7.  Hall DS, Lockwood DJ, Bock C, MacDougall BR (2015) Nickel hydroxides and related materials: a review of 
their structures, synthesis and properties. Proc R Soc Math Phys Eng Sci 471:20140792. 
https://doi.org/10.1098/rspa.2014.0792 

8.  Newman J, Bennion D, Tobias CW (1965) Mass Transfer in Concentrated Binary Electrolytes. Berichte 
Bunsenges Für Phys Chem 69:608–612. https://doi.org/10.1002/bbpc.19650690712 

9.  Newman J, Chapman TW (1973) Restricted diffusion in binary solutions. AIChE J 19:343–348. 
https://doi.org/10.1002/aic.690190220 

10.  Bennion D (1964) Phenomena at a Gas-Electrode-Electrolyte Interface. Doctoral dissertation, University of 
California 

11.  Newman J, Balsara NP (2021) Electrochemical Systems. John Wiley & Sons 

12.  Newman J, Tiedemann W (1975) Porous-electrode theory with battery applications. AIChE J 21:25–41. 
https://doi.org/10.1002/aic.690210103 



 27 

13.  Posey FA (1964) Methods for the Calculation of Polarization in Porous Electrodes. J Electrochem Soc 111:1173. 
https://doi.org/10.1149/1.2425944 

14.  De Levie R (1967) Electrochemical response of rough and porous electrodes. In: Advances in electrochemistry 
and electrochemical engineering. Interscience Publishers, New York, pp 329–397 

15.  Micka K, Roušar I (1980) Theory of porous electrodes—XVI. The nickel hydroxide electrode. Electrochimica 
Acta 25:1085–1090. https://doi.org/10.1016/0013-4686(80)87020-4 

16.  Micka K, Roušar I (1982) Theory of porous electrodes—XVII. Correction for anodic and cathodic reaction rates 
for nickel hydroxide electrode. Electrochimica Acta 27:765–769. https://doi.org/10.1016/0013-4686(82)85072-
X 

17.  Fan D, White RE (1991) A Mathematical Model of a Sealed Nickel‐Cadmium Battery. J Electrochem Soc 138:17. 
https://doi.org/10.1149/1.2085532 

18.  Fan D, White RE (1991) Mathematical Modeling of a Nickel‐Cadmium Battery: Effects of Intercalation and 
Oxygen Reactions. J Electrochem Soc 138:2952. https://doi.org/10.1149/1.2085347 

19.  Barnard R, Randell CF, Tye FL (1980) Studies concerning charged nickel hydroxide electrodes. II. 
Thermodynamic considerations of the reversible potentials. J Appl Electrochem 10:127–141. 
https://doi.org/10.1007/BF00937346 

20.  Srinivasan V, Weidner JW, White RE (2000) Mathematical models of the nickel hydroxide active material. J Solid 
State Electrochem 4:367–382. https://doi.org/10.1007/s100080000107 

21.  Gomadam PM, Weidner JW, Dougal RA, White RE (2002) Mathematical modeling of lithium-ion and nickel 
battery systems. J Power Sources 110:267–284. https://doi.org/10.1016/S0378-7753(02)00190-8 

22.  Botte GG, Donneys-Victoria D, Alvarez-Pugliese CE, Adjei J, Sahin S, Wilson NW, Millerick K, Hardberger A, 
Furst AL, Hu N, Medford AJ (2024) Innovative Approach to Sustainable Fertilizer Production: Leveraging 
Electrically Assisted Conversion of Sewage Sludge for Nutrient Recovery. ACS Omega 9:49692–49706. 
https://doi.org/10.1021/acsomega.4c07926 

23.  Iriawan H, Adjei J, Chipoco Haro DA, Victoria DD, Ashley AG, Medford AJ, Hatzell MC, Botte GG, Shao-Horn 
Y (2026) Unraveling electrochemical glycine conversion pathways for ammonia recovery from organic waste. 
EES Catal 4:935–953. https://doi.org/10.1039/d6ey00044d 

24.  Freer WH, O’Halloran KP, Hart Z, Alvarez-Pugliese CE, Botte GG, Kohl PA (2025) Ammonia production from 
pulsed electrolysis of amino acids. J Appl Electrochem 55:2561–2571. https://doi.org/10.1007/s10800-025-
02344-8 

25.  Ferreira-Garcia D, Haque S, Burke B, Furst AL, Botte GG (2025) Electrochemical organic waste conversion: a 
route toward food security and a circular economy. Curr Opin Chem Eng 49:101156. 
https://doi.org/10.1016/j.coche.2025.101156 

26.  Jafari M, Botte GG (2022) Electrochemical valorization of waste activated sludge for short-chain fatty acids 
production. Front Chem 10:974223. https://doi.org/10.3389/fchem.2022.974223 

27.  Hausmann JN, Menezes PV, Vijaykumar G, Laun K, Diemant T, Zebger I, Jacob T, Driess M, Menezes PW (2022) 
In-Liquid Plasma Modified Nickel Foam: NiOOH/NiFeOOH Active Site Multiplication for Electrocatalytic 
Alcohol, Aldehyde, and Water Oxidation. Adv Energy Mater 12:2202098. 
https://doi.org/10.1002/aenm.202202098 



 28 

28.  Oliveira VL, Morais C, Servat K, Napporn TW, Olivi P, Kokoh KB, Tremiliosi-Filho G (2015) Kinetic 
Investigations of Glycerol Oxidation Reaction on Ni/C. Electrocatalysis 6:447–454. 
https://doi.org/10.1007/s12678-015-0261-2 

29.  Danaee I, Jafarian M, Forouzandeh F, Gobal F, Mahjani MG (2008) Electrocatalytic oxidation of methanol on Ni 
and NiCu alloy modified glassy carbon electrode. Int J Hydrog Energy 33:4367–4376. 
https://doi.org/10.1016/j.ijhydene.2008.05.075 

30.  Robertson PM (1980) On the oxidation of alcohols and amines at nickel oxide electrodes: Mechanistic aspects. J 
Electroanal Chem Interfacial Electrochem 111:97–104. https://doi.org/10.1016/S0022-0728(80)80079-9 

31.  Santana CS, Gjonaj E, Garcia AC (2024) Effect of Iron Impurities on the Electrochemical Oxidation of Glycerol 
on Ni(OH)2/NiOOH Electrodes. ChemElectroChem 11:e202300570. https://doi.org/10.1002/celc.202300570 

32.  Gouda L, Sévery L, Moehl T, Mas-Marzá E, Adams P, Fabregat-Santiago F, Tilley SD (2021) Tuning the 
selectivity of biomass oxidation over oxygen evolution on NiO–OH electrodes. Green Chem 23:8061–8068. 
https://doi.org/10.1039/d1gc02031e 

33.  Hou S, Xu L, Mukherjee S, Zhou J, Song K-T, Zhou Z, Zhang S, Ma X, Warnan J, Bandarenka AS, Fischer RA 
(2024) Impact of Organic Anions on Metal Hydroxide Oxygen Evolution Catalysts. ACS Catal 14:12074–
12081. https://doi.org/10.1021/acscatal.4c01907 

34.  Bari B, Tyagi P, Udeochu U (2025) Cyclic voltammetry insights into Ni/Al-carbonate hydrotalcite catalysis for 
methanol oxidation. Sci Rep 15:13365. https://doi.org/10.1038/s41598-025-96933-4 

35.  Salinas MP, Crespo-Yapur DA, Videa M (2021) Study of Methanol Electro-Oxidation on Thin Nickel Films by 
Sampled Current Voltammetry. ECS Trans 101:11. https://doi.org/10.1149/10101.0011ecst 

36.  B. Perroni P, Tremiliosi-Filho G, Napporn TW, Varela H (2025) Unveiling Oscillatory Behavior in the Electro-
Oxidation of Ethanol on Nickel Electrodes. J Phys Chem C 129:18496–18502. 
https://doi.org/10.1021/acs.jpcc.5c04664 

37.  Yi Q, Zhang J, Huang W, Liu X (2007) Electrocatalytic oxidation of cyclohexanol on a nickel oxyhydroxide 
modified nickel electrode in alkaline solutions. Catal Commun 8:1017–1022. 
https://doi.org/10.1016/j.catcom.2006.10.009 

38.  Ghosh S, Bagchi D, Mondal I, Sontheimer T, Jagadeesh RV, Menezes PrashanthW (2024) Deciphering the Role 
of Nickel in Electrochemical Organic Oxidation Reactions. Adv Energy Mater 14:2400696. 
https://doi.org/10.1002/aenm.202400696 

39.  Ta KP, Newman J (1998) Mass Transfer and Kinetic Phenomena at the Nickel Hydroxide Electrode. J 
Electrochem Soc 145:3860. https://doi.org/10.1149/1.1838886 

40.  Koshel’ ND, Kostyrya MV (2012) Cyclic voltammetry of a nickel hydroxide electrode with a homogeneous two-
phase structure. Surf Eng Appl Electrochem 48:161–166. https://doi.org/10.3103/S1068375512020093 

41.  Seghiouer A, Chevalet J, Barhoun A, Lantelme F (1998) Electrochemical oxidation of nickel in alkaline solutions: 
a voltammetric study and modelling. J Electroanal Chem 442:113–123. https://doi.org/10.1016/S0022-
0728(97)00498-1 

42.  Medrano-Banda A, Guehl J, Kéranguéven G, Oshchepkov A, Savinova E, Bonnefont A (2024) Dual-path glucose 
electrooxidation reaction on Ni(OH)2/NiOOH catalysts in alkaline media. Electrochimica Acta 476:143692. 
https://doi.org/10.1016/j.electacta.2023.143692 



 29 

43.  Mao Z, Vidts PD, White RE, Newman J (1994) Theoretical Analysis of the Discharge Performance of a NiOOH 
/ H 2 Cell. J Electrochem Soc 141:54. https://doi.org/10.1149/1.2054710 

44.  Weidner JW, Timmerman P (1994) Effect of Proton Diffusion, Electron Conductivity, and Charge‐Transfer 
Resistance on Nickel Hydroxide Discharge Curves. J Electrochem Soc 141:346. 
https://doi.org/10.1149/1.2054729 

45.  Vidts PD, White RE (1995) Mathematical Modeling of a Nickel‐Cadmium Cell: Proton Diffusion in the Nickel 
Electrode. J Electrochem Soc 142:1509. https://doi.org/10.1149/1.2048605 

46.  Laan PCM, de Zwart FJ, Wilson EM, Troglia A, Lugier OCM, Geels NJ, Bliem R, Reek JNH, de Bruin B, 
Rothenberg G, Yan N (2023) Understanding the Oxidative Properties of Nickel Oxyhydroxide in Alcohol 
Oxidation Reactions. ACS Catal 13:8467–8476. https://doi.org/10.1021/acscatal.3c01120 

47.  Bard AJ, Faulkner LR, White HS (2022) Electrochemical Methods: Fundamentals and Applications, 3rd Edition. 
Wiley, New York 

48.  Motori A, Sandrolini F, Davolio G (1994) Electrical properties of nickel hydroxide for alkaline cell systems. J 
Power Sources 48:361–370. https://doi.org/10.1016/0378-7753(94)80032-4 

49.  Palencsár A, Scherson DA (2005) In Situ Resistance Measurements of Single Particle Spherical Ni ( OH ) 2 
Microelectrodes as a Function of Their State of Charge. Electrochem Solid-State Lett 8:A328. 
https://doi.org/10.1149/1.1904508 

50.  Snook GA, Duffy NW, Pandolfo AG (2007) Evaluation of the effects of oxygen evolution on the capacity and 
cycle life of nickel hydroxide electrode materials. J Power Sources 168:513–521. 
https://doi.org/10.1016/j.jpowsour.2007.02.060 

51.  Trotochaud L, Young SL, Ranney JK, Boettcher SW (2014) Nickel–Iron Oxyhydroxide Oxygen-Evolution 
Electrocatalysts: The Role of Intentional and Incidental Iron Incorporation. J Am Chem Soc 136:6744–6753. 
https://doi.org/10.1021/ja502379c 

52.  Klaus S, Cai Y, Louie MW, Trotochaud L, Bell AT (2015) Effects of Fe Electrolyte Impurities on 
Ni(OH)2/NiOOH Structure and Oxygen Evolution Activity. J Phys Chem C 119:7243–7254. 
https://doi.org/10.1021/acs.jpcc.5b00105 

53.  Watson NI, Keegan M, van den Bosch B, Yan N, Rothenberg G (2024) The Influence of Metal Impurities on 
NiOOH Electrocatalytic Activity in the Oxygen Evolution Reaction. ChemElectroChem 11:e202400223. 
https://doi.org/10.1002/celc.202400223 

54.  Verbrugge MW, Koch BJ (1996) Modeling Lithium Intercalation of Single‐Fiber Carbon Microelectrodes. J 
Electrochem Soc 143:600. https://doi.org/10.1149/1.1836486 

55.  Jain M, Elmore AL, Matthews MA, Weidner JW (1998) Thermodynamic considerations of the reversible potential 
for the nickel electrode. Electrochimica Acta 43:2649–2660. https://doi.org/10.1016/S0013-4686(97)10181-5 

56.  Ta KP, Newman J (1999) Proton Intercalation Hysteresis in Charging and Discharging Nickel Hydroxide 
Electrodes. J Electrochem Soc 146:2769. https://doi.org/10.1149/1.1392007 

57.  Srinivasan V, Weidner JW, Newman J (2001) Hysteresis during Cycling of Nickel Hydroxide Active Material. J 
Electrochem Soc 148:A969. https://doi.org/10.1149/1.1385846 

58.  Majumdar P (2021) Computational Fluid Dynamics and Heat Transfer, 2nd ed. CRC Press, Boca Raton 



 30 

59.  Newman J (1968) Numerical Solution of Coupled, Ordinary Differential Equations. Ind Eng Chem Fundam 
7:514–517. https://doi.org/10.1021/i160027a025 

60.  Newman J (1967) Numerical Solution of Coupled, Ordinary Differential Equations. Lawrence Berkeley National 
Laboratory, California 

61.  Botte GG (2005) Modeling volume changes due to lithium intercalation in a carbon fiber. Electrochimica Acta 
50:5647–5658. https://doi.org/10.1016/j.electacta.2005.03.058 

62.  Botte GG, White RE (2001) Modeling Lithium Intercalation in a Porous Carbon Electrode. J Electrochem Soc 
148:A54. https://doi.org/10.1149/1.1344517 

63.  Doherty J (2025) Calibration and Uncertainty Analysis for Complex Environmental Models, 2nd ed. Watermark 
Numerical Computing, Brisbane, Australia 

64.  Jenkins HDB, Marcus Yizhak (1995) Viscosity B-Coefficients of Ions in Solution. Chem Rev 95:2695–2724. 
https://doi.org/10.1021/cr00040a004 

65.  Laliberté M, Cooper WE (2004) Model for Calculating the Density of Aqueous Electrolyte Solutions. J Chem 
Eng Data 49:1141–1151. https://doi.org/10.1021/je0498659 

66.  Laliberté M (2009) A Model for Calculating the Heat Capacity of Aqueous Solutions, with Updated Density and 
Viscosity Data. J Chem Eng Data 54:1725–1760. https://doi.org/10.1021/je8008123 

67.  Sipos PM, Hefter G, May PM (2000) Viscosities and Densities of Highly Concentrated Aqueous MOH Solutions 
(M+ = Na+, K+, Li+, Cs+, (CH3)4N+) at 25.0 °C. J Chem Eng Data 45:613–617. 
https://doi.org/10.1021/je000019h 

68.  Haynes WM, Lide RD, Bruno TJ (2014) CRC Handbook of Chemistry and Physics, 95th ed. CRC Press 

69.  Yau S-L, Fan F-RF, Moffat TP, Bard AJ (1994) In situ Scanning Tunneling Microscopy of Ni(100) in 1 M NaOH. 
J Phys Chem 98:5493–5499. https://doi.org/10.1021/j100072a016 

70.  Wronkowska AA (1989) An ellipsometric investigation of nickel oxide films in alkaline solution: The multilayer 
film approach. Surf Sci 214:507–522. https://doi.org/10.1016/0039-6028(89)90185-4 

71.  Hoppe H-W, Strehblow H-H (1989) XPS and UPS examinations of the formation of passive layers on Ni in 1 M 
sodium hydroxide and 0.5 M sulphuric acid. Surf Interface Anal 14:121–131. 
https://doi.org/10.1002/sia.740140305 

72.  Visscher W, Barendrecht E (1983) Anodic oxide films of nickel in alkaline electrolyte. Surf Sci 135:436–452. 
https://doi.org/10.1016/0039-6028(83)90235-2 

73.  Alsabet M, Grden M, Jerkiewicz G (2014) Electrochemical Growth of Surface Oxides on Nickel. Part 2: 
Formation of β-Ni(OH)2 and NiO in Relation to the Polarization Potential, Polarization Time, and Temperature. 
Electrocatalysis 5:136–147. https://doi.org/10.1007/s12678-013-0172-z 

74.  Paik W, Szklarska-Smialowska Z (1980) Reflectance and ellipsometric study of anodic passive films formed on 
nickel in sodium hydroxide solution. Surf Sci 96:401–412. https://doi.org/10.1016/0039-6028(80)90316-7 

75.  Reddy AKN, Rao MGB, Bockris JO (1965) Ellipsometric Determination of the Film Thickness and Conductivity 
during the Passivation Process on Nickel. J Chem Phys 42:2246–2248. https://doi.org/10.1063/1.1696277 

76.  Schwarz G (1978) Estimating the Dimension of a Model. Ann Stat 6:461–464 



 31 

77.  Wilks SS (1946) Sample Criteria for Testing Equality of Means, Equality of Variances, and Equality of 
Covariances in a Normal Multivariate Distribution. Ann Math Stat 17:257–281 

78.  Williams EJ (1959) Regression Analysis. Wiley, New York 

79.  Himmelblau DM (1970) Process Analysis by Statistical Methods. John Wiley & Sons, Inc., New York 

80.  Kawashima K, Márquez RA, Son YJ, Guo C, Vaidyula RR, Smith LA, Chukwuneke CE, Mullins CB (2023) 
Accurate Potentials of Hg/HgO Electrodes: Practical Parameters for Reporting Alkaline Water Electrolysis 
Overpotentials. ACS Catal 13:1893–1898. https://doi.org/10.1021/acscatal.2c05655 

81.  Prausnitz JM, Lichtenthaler RN, de Azevedo EG (1998) Molecular Thermodynamics of Fluid-Phase Equilibria. 
Pearson Education 

82.  Barnard R, Randell CF, Tye FL (1980) Studies concerning charged nickel hydroxide electrodes I. Measurement 
of reversible potentials. J Appl Electrochem 10:109–125. https://doi.org/10.1007/BF00937345 

83.  Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE (2014) Permutation inference for the general 
linear model. NeuroImage 92:381–397. https://doi.org/10.1016/j.neuroimage.2014.01.060 

84.  Aoki K, Tokuda K, Matsuda H (1984) Theory of linear sweep voltammetry with finite diffusion space: Part II. 
Totally irreversible and quasi-reversible cases. J Electroanal Chem Interfacial Electrochem 160:33–45. 
https://doi.org/10.1016/S0022-0728(84)80113-8 

85.  Lee E, Hwang J, Yoo S, Choi J, An HJ, Han SH, Kim T, Han JW, Hwang YJ (2026) *OH Adsorption-Mediated 
Electrochemical Oxidation of 5-Hydroxymethylfurfural to Selective 2,5-Furandicarboxylic Acid at pH 12. Adv 
Sci 13:e18349. https://doi.org/10.1002/advs.202518349 

86.  Offen-Polak I, Ayali Aviram H, Hijaze A, Slot TK, Eisenberg D (2025) Ammonia electro-oxidation on nickel 
hydroxide: phases, pH and poisoning. Phys Chem Chem Phys 27:10949–10961. 
https://doi.org/10.1039/d4cp02950j 

87.  Diaz-Morales O, Ferrus-Suspedra D, M. Koper MT (2016) The importance of nickel oxyhydroxide deprotonation 
on its activity towards electrochemical water oxidation. Chem Sci 7:2639–2645. 
https://doi.org/10.1039/C5SC04486C 

88.  Hu C-C, Chang K-H, Hsu T-Y (2008) The Synergistic Influences of OH − Concentration and Electrolyte 
Conductivity on the Redox Behavior of Ni ( OH ) 2 / NiOOH. J Electrochem Soc 155:F196. 
https://doi.org/10.1149/1.2945911 

89.  Abd El Haleem SM, Abd El Wanees S (2018) Passivation of Nickel in NaOH Solutions. Prot Met Phys Chem 
Surf 54:859–865. https://doi.org/10.1134/S2070205118050088 

90.  Lyons MEG, Doyle RL, Godwin I, O’Brien M, Russell L (2012) Hydrous Nickel Oxide: Redox Switching and 
the Oxygen Evolution Reaction in Aqueous Alkaline Solution. J Electrochem Soc 159:H932. 
https://doi.org/10.1149/2.078212jes 

91.  Lyons MEG, Russell L, O’Brien M, Doyle RL, Godwin I, Brandon MP (2012) Redox Switching and Oxygen 
Evolution at Hydrous Oxyhydroxide Modified Nickel Electrodes in Aqueous Alkaline Solution: Effect of 
Hydrous Oxide Thickness and Base Concentration. Int J Electrochem Sci 7:2710–2763. 
https://doi.org/10.1016/S1452-3981(23)13913-7 

92.  Carbonio RE, Macagno VA, Giordano MC, Vilche JR, Arvía AJ (1982) A Transition in the Kinetics of the Ni ( 
OH ) 2 / NiOOH Electrode Reaction. J Electrochem Soc 129:983. https://doi.org/10.1149/1.2124077 



 32 

 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

NiOH2NiOOHSupplementaryInformation.pdf

GraphicalAbstractNiOOH.png

https://assets-eu.researchsquare.com/files/rs-10943146/v1/fd3ace682159fbb0f38ca7ee.pdf
https://assets-eu.researchsquare.com/files/rs-10943146/v1/876d1ff1cfa69ca7db8770f8.png


  NiOOH +  H 2 O +  e − ⇄ Ni    ( OH ) 2 + O  H − .


    𝜕   c  j  𝜕 t = −   𝜕   N  j  𝜕 y +   R  j ,


   Ω 2


   Ω  N


   Ω  N


    G  E


  U = U ° +   R T  n F  ln ⁡   (     𝜃  v  1 −   𝜃  v ) −   R T  2 n F  [ − 2   A 0 + 4   A 0  ( 1 −   𝜃  v ) − 2   B 0 + 6   B 0  ( 1 −   𝜃  v ) − 3   B 0    ( 1 −   𝜃  v ) 2 ] ,


  U = U ° +   R T  n F  ln ⁡   (     𝜃  v  1 −   𝜃  v ) −   R T  n F  {     A ′  [   B ′    ( 1 −   𝜃  v ) 2 − 1 + 2  ( 1 −   𝜃  v ) −    ( 1 −   𝜃  v ) 2 ]     [   𝜃  v + B ′ ( 1 −   𝜃  v ) ] 2 } ,


    A 0


    B 0


    A ′


  B ′


    c  j


   Ω 4


   Ω 7


   Ω 4


   Ω 7


    𝜃  v = 1


    𝜃  v = 0


    𝜃  v


  1 ×  10  − 10


  1 − 1 ×  10  − 10


    c  b , O H


    N  j


    c  b , N a


    c  v , m a x


    c  v , m a x


    𝜌  N i    ( O H ) 2


  𝜂 =   𝜂 0  ( 1 +   A    c  N a O H + B   c  N a O H )


  A = 0 . 0036


  B  ( N a O H ) = B  ( N   a + ) + B  ( O   H − ) = 0 . 085 + 0 . 122 = 0 . 207


    𝜂 0 = 0 . 8904


  𝜈


  𝛿


    R  j


    𝜈  1 / 6


  𝜈 = 𝜂 / 𝜌


    D  s , v


    D  s , v


    V  d = E − 0 . 85     R  u i −   E  L J P


    T  o b s = R S   S  S M − R S   S  L M


   2    n  b l o c k s


    T  o b s = R S   S  S M − R S   S  L M


    d  j =   r  S M , j 2 −   r  L M , j 2


    T  p e r m u t a t i o n =   ∑  j = 1  n    d  j


  j


    T  p e r m u t a t i o n


    T  o b s


  w =   n  e F   a 2 s r / R T   D  s , v


    a 2 /   


  R T /   n  e F s r


    D  s , v =


  𝛼 = 1


    c  v , m a x


    c  v , t o t a l  L


    c  v , t o t a l  L   =     𝜌  N i    ( O H ) 2    M  N i    ( O H ) 2 ,


    R  j


    𝜌  N i    ( O H ) 2


    M  N i    ( O H ) 2


    c  v , t o t a l  S


    c  v , t o t a l  S =   c  v , t o t a l  L × a


    c  v , t o t a l  L


    c  v , t o t a l  S


  Θ


  Θ   =     c  v , m a x    c  v , t o t a l  S = Κ  [ 1 −  exp ⁡   ( − 𝜉 ∙     c  b , O H   C  O H    c  O H , r e f ) ] ,


    c  O H , r e f


    c  O H , r e f = 1


    N  j


  Κ


  Κ


  𝜉


  Κ


  𝜉


  Κ = 0 . 197   ± 0 . 001


  𝜉 = 10 , 200 ± 100


  Κ


    c  v , t o t a l  S


  a = 6


    N  j = − z  ( j )     D  s , j   F   c  j  R T     𝜕   𝜙 2  𝜕 y −   D  s , j     𝜕   c  j  𝜕 y +   v  y   c  j ,


    c  v , a b s  S = Κ ×   c  v , t o t a l  S


  Κ ≤ 1


    a  m i n =   c  v , a b s  S /   c  v , t o t a l  L Κ = 1 . 2


  Κ


 


  𝜉


    i  l i m   = 0 . 62 n F   D  O   H −   2 3   𝜔   1 2   𝜈  −  1 6   c  O   H − .


  a


  A


  B


  z  ( j )


    A 0 ,     B 0


    A ′ ,   B ′


    c  j


  j


    c  b , j


  j


    c  j , r e f


    c  v , m a x


    c  v , a b s  S


    c  v , t o t a l  L


    D  s , j


    c  v , t o t a l  S


    C  j


  j


    C  d l


    d  j


    D  s , j


  j


  E


    E  L J P


  F


  a


  j


    G  E


  i


    i 0


    i  l i m


    k 0


    k  a


    k  c


    M  j


  n


    n  b l o c k s


  F


    n  e


    N  j


  j


    Q  a


    Q  c


    r  k , j


  R


    R  j


  j


    R  u


  R


  R S   S  k


  s  ( j )


  j


  t


  T


    T  o b s


    T  p e r m u t a t i o n


  U


  U °


    v  y


  T


    V  d


  y


  z  ( j )


  j


  𝛼


  𝛽


    𝛾  j


  j


  𝛿


  𝛿 = 1 . 805   D  s , j  1 / 3   𝜈  1 / 2   𝜔  − 1 / 2


    𝜙 2


  𝜂


  Κ , 𝜉


  𝜈


   Ω  k


  𝜔


    𝜙 1


    𝜙 2


    𝜌  j


  𝜎


    𝜃    H +


    v  y


    𝜃  v


  Θ


    v  y = − 0 . 51   𝜔   3 2   𝜈  −  1 2   y 2


  𝜔


  𝜈


  y


  a


    𝜙 2


    ∑  j  z ( j )   c  j = 0 .


    𝜕   c  v  𝜕 t =   D  s , v     𝜕 2   c  v  𝜕   y 2 ,


    c  v


    D  s , v


    D  s ,   H +


    𝜕 i  𝜕 y =   𝜕  𝜕 y  ( 𝜎   𝜕   𝜙 1  𝜕 y ) = 0 ,


  𝜎


    𝜙 1


  i


  2 𝛿


  𝜎 = 2 . 51 ×  10  − 5


  𝜎 = 0 . 1185


  𝜎 = 0 . 1185  exp ⁡   [ − 8 . 459    ( 1 −   𝜃  v ) 4 ] ,


  𝜎


  < 10


    C  O H =     c  O H    c  b , O H


    C  N a =     c  N a    c  b , N a


    𝜃  v =     c  v    c  v , m a x


    c  b , O H


    c  b , N a


  𝛿


    c  v , m a x


    𝜃  v


    𝜃    H + )


    𝜃  v +   𝜃    H + = 1 .


  y = − a


    D  s , v       c  v , m a x   𝜕   𝜃  v  𝜕 y = 0 .


  y = 0


  j


    s  ( j )  n F i +   N  j = 0 .


  i = − 𝜎   𝜕   𝜙 1  𝜕 y .


  𝛿 = 1 . 805   D  s , j  1 / 3   𝜈  1 / 2   𝜔  − 1 / 2


  s  ( j )


  j


  n


  y = 2 𝛿


  y = 0


    c  v , m a x   d   𝜃  v  d t = −   s  (   𝜃  v )  n F i .


  y = 2 𝛿


  i =   i 0  {  exp ⁡   [    ( 1 − 𝛽 ) n F  R T 𝜂 ] −  exp ⁡   [   − 𝛽 n F  R T 𝜂 ] } ,


    i 0


  𝛽


  𝛿


    𝜃  v


    k  a


    k  c


    c  O H


    c  v , m a x


    i 0 = n F   k  a  𝛽   k  c  1 − 𝛽   c  v , m a x    (   c  b , O H  𝛼 )  𝛽    (   C  O H  𝛼 )  𝛽    ( 1 −   𝜃  v )  𝛽   𝜃  v  1 − 𝛽 .


    k  a


    k  c


    k  a  𝛽   k  c  1 − 𝛽 =   k 0


  𝛼


  𝛿 = 1 . 805   D  s , j  1 / 3   𝜈  1 / 6   𝜔  − 1 / 2


  𝜂 =   


    𝜙 1


    𝜙 2


  U (   𝜃  v )


    𝜙 1 =   V  d


    V  d


  𝜙


  U  (   𝜃  v )


  Pt  ( s )  | Hg  ( l ) | HgO ( s )    | NaOH ( aq )   in    H 2 O ( l ) | Ni    ( OH ) 2  ( s )     and     NiOOH  ( s )  | Ni ( s ) | Pt ( s )


  U = U ° +   R T  n F  ln ⁡   (     𝜃  v  1 −   𝜃  v ) +   R T  n F  ln ⁡   (     𝛾  v    𝛾    H + ) ,


  j


  U °


    𝛾  j


  j


    G  E


    𝛾    H + → 1   as       𝜃    H + → 0


    𝛾  v → 1   as       𝜃  v → 1


    G  E


    𝜃    H +


  U = U ° +   R T  n F  ln ⁡   (     𝜃  v  1 −   𝜃  v ) −  1  n F   ∑  k = 2  N   Ω  k k    ( 1 −   𝜃  v )  k − 1 ,


   Ω  k

