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Abstrak

Persamaan Nernst untuk tegangan sirkuit terbuka, yang pertama kali dikembangkan oleh Walther Nernst lebih dari
seabad yang lalu, sangat penting dalam studi sistem elektrokimia. Sayangnya, ketika diterapkan pada sistem yang
kompleks (seperti yang menggunakan membran pertukaran ion atau melibatkan potensial campuran), persamaan ini
dapat mengambil bentuk yang salah karena asumsi yang mendasari derivasi persamaan tersebut sering diabaikan
dalam literatur. Terlepas dari cara proses elektrokimia diekspresikan, kesalahan-kesalahan ini dapat dicegah dengan
menggunakan derivasi termodinamika yang akurat. Misalnya, pemodelan baterai aliran redoks vanadium dan baterai
zinc-air memerlukan derivasi yang benar dari persamaan Nernst. Termodinamika non-kesetimbangan adalah titik awal
yang ketat untuk derivasi persamaan Nernst.

Kata kunci: Baterai Aliran Redoks, Tegangan Sirkuit Terbuka, Termodinamika, Baterai Aliran Redoks Vanadium,
Baterai Zn-Udara

Abstract

The open circuit voltage's Nernst equation, which was first developed Walther Nernst more than a hundred years
carlier, is essential to the study of electrochemical systems. Regretfully, adapted to complex methods (such as
interactions with mixed potentials or ion-exchange membranes), the equation takes on erroneous forms due to the
assumptions that underlie its derivation being frequently ignored in the literature. Regardless of how the
electrochemical processes are expressed, these errors may be prevented by using an accurate thermodynamic
derivation. In particular, the Nernst equation must be correctly derived in order to describe zinc-air batteries and

vanadium redox flow batteries. Non-equilibrium thermodynamics is where the rigorous route where the Nernst
equation's formulation starts.

Keywords: Redox Flow Batteries, Open-Circuit Voltage, Thermodynamics, Vanadium Redox Flow Batteries, Zn-Air
Battery

1. Introduction

When there could be no current flowing through an electrochemical cell, voltage between its terminals could be
commonly referred to as the open-circuit voltage, or OCV. It is employed as a control tool on the electrochemical
energy storage systems because it is immediately measurable (for example, as a state-of-charge estimator (Skyllas-
Kazacos & Kazacos, 2011) and (Vlasov et al., 2025) or to detect undesirable processes occurring in the system (J.
Zhang, Tang, Song, Zhang, & Wang, 2006) and (Wang et al., 2025)). However, a formula known as the Nernst
equation that links the observed value to the cell parameters is necessary in order to interpret it correctly. The whole
thermodynamic equilibrium of the cell does not match the OCV (or at least its usually detectable value). Consider an
electrochemical cell with its electrodes suddenly cut off. Open Circuit Voltage (OCV) is the first value at which the
voltage between the electrodes stabilizes, as indicated by first plateau on voltage versus time graph (Pavelka,
Wandschneider, & Mazur, 2015). However, if one waits, other effects (include species crossover or parasite
interactions) may cause the voltage to fluctuate even more. A different number, which typically would not match the
observed OCV, would define the entire equilibrium provided by the global minimum of Gibbs energy (Vagner,
Kodym, & Bouzek, 2019). We only take into account the easing of the most important processes since we are
concentrating on the practical description of on OCV, which is provided by the initial plateau on the voltage/time
curve. Either equilibrium as well as non-equilibrium thermodynamics must be used in this kind of study.

This article provides a comprehensive review of how equation of Nernst is derived from the basic thermodynamics.
We also demonstrate how the OCV for complicated systems might be
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in modern thermodynamic terms and the methodical implementation of such concepts to particular systems, including
non-equilibrium occurrences, like zinc-air and all-vanadium. For example, it is demonstrated how the thermodynamic
derivation from the Nernst equation yields superior results to the simpler one in vanadium as well as zinc-air redox
flow batteries.

2. Method
2.1. Potential Electric

In general, the sum of the molar electrostatic potential energy can be used to express potential of species a's
electrochemistry in a solution. (Gnutt, Heyden, & Ebbinghaus, 2016) and the chemical potential pa.

b
=iy +z,F@ = p3 + RTIn (yab—f,‘> +z,F@ (M

The Poisson equation in electrostatics holds for species a (on aqueous solution here), where {iJ remains the
standard chemical potential, b, remains the molality (b° standard molality), v, is the activity coefficient, (Y b—g)

remains its activity, z, is charge number, also ¢ remains potential of electrostatic Maxwell.
The voltage which a potentiometer measures is determined by the disparity of electron electrochemical potential
across terminals (measuring electrodes). Electrochemical potential of electrons is defined as

fle- = —Fo 2

It is electric potential description @; for further information, look at (Kjelstrup & Bedeaux, 2008), (Pavelka, Klika,
Vagner, & Marsik, 2015), (Pavelka, Wandschneider, et al., 2015) (Mor, 2025). Remember that ® as well as ¢ are
often different potentials. There may be a difference when two metals that have distinct Fermi energies come within
contact. Although the Maxwell (also called the electrostatic) potentials of the two metals, o, differ, compensating for
the difference at Fermi energy, @ is the same in both metals due to electrochemical potentials of their electrons are

equal at equilibrium. Furthermore, the Poisson equation applies to electrostatic potential ¢ rather than ®.
2.2. Electrochemical Processes

Electrochemical affinities vary, which drives electrochemical processes.

A= Z Vra fa 3)

a

When the electrode surfaces are in close proximity to the electrochemical potentials {iy; see, for example, (Dreyer,
Guhlke, & Miiller, 2016), (Guggenheim, 1985). Vanishing electrochemical affinity is a characteristic of an
electrochemical reaction's equilibrium.

Z Vig g =0 4)

04

2.3. Mobility

Usually, gradient of the species' electrochemical potential is proportional to species a flow.

ja = Do Viig Q)

For example, this link is developed from microscopic theory in (De Groot & Mazur, 2013), (Pavelka, Klika, &
Grmela, 2018). Da is the diffusion coefficient, and for infinitely diluted liquids, Dy = Dy, - ¢o/RT.

If the species being carried has the same electrochemical potential on both sides of the membrane when transport
takes place, (ignoring potential coupling and crossover effects), there is no net flow.

g = g (6)

where the positive and negative sides are denoted by P and N, respectively.

Now let's talk about battery electrolyte transfer. Equation (1) states that gradient of {i, may be divided through
two parts: gradient of the Maxwell potential ¢ and chemical potential po gradien, which is dependent upon molalities

of species a within mixture. Zero-flux condition turns into a zero gradient of Maxwell electrostatic potential condition
if complete mixing (homogeneous concentrations, i.e., Vc = 0) is assumed.

Vo =0 (7
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2.4. The Open-Circuit Voltage (OCYV)

Although it lacks a straightforward, universal definition, the OCV is a crucial metric that describes batteries and
electrochemical cells. Since there is no flux passing through the cell, a potentiometer usually monitors the voltage.
This definition might not be apparent as the cell's condition is not mentioned. From a theoretical perspective, the most
appealing definition is perhaps the notion because the cell of electrochemical was actually left uninterrupted long
enough to reach thermodynamic equilibrium. This kind of balance would be defined by a decrease in the Gibbs free
energy of all possible electrochemical reactions taking place inside cell (Vagner et al., 2019).

Yet the cell is usually not allowed to relax for full equilibrium when measuring OCV in practice. Two factors are
at play: (i) it would require an excessive amount of time, and (ii) parasitic processes (such as corrosion or cross-over
effects) would occur. Once a plateau emerges on voltage vs. time display, OCV is instead monitored as the voltage.
In order for the observed plateau to match to the equilibrium of these processes, it is required to take into account
quickest processes influencing practical OCV in theoretical calculation.

The difference between electrons' electric potentials at positive as well as negative electrodes, corresponding to
their respective electrochemical potentials, will subsequently be known as the OCV.

E=oP—oN (8)

Once activity coefficients are given, the OCV dependency on species' activities may constitute changed to a
dependence on the species' molalities as well as concentrations. However, there is typically a paucity of data on activity
coefficients, which results in the simplification of perfect mixing assumptions (activity coefficients equal to unity).
Water requires a little more cautious use due to equation of Gibbs—Duhem, that connects derivative of its chemical
potential to variants of its chemical potential with that of each of the other species. This is how the molalities of the
other species represent water action (Pavelka, Wandschneider, et al., 2015).

Into further express the OCV in a function of a state of charge (SOC), the molalities (also known as concentrations)
of each species in a cell must first be established as functions of the SOC. In order to determine the relationship
between charge flowing across membrane and changes in molalities of all pertinent species on both electrolytes, one
must first select a specific reaction pathway. Now let's show how the formula representing the OCV on a vanadium
flow cell battery is derived thermodynamically.

3. Result and Discussion
3.1. The Vanadium Redox Flow Battery (VRFB)

Onto (Pavelka, Wandschneider, et al., 2015) as well as (Mufioz, Dewage, Yufit, & Brandon, 2017), the vanadium
redox flow battery (VRFB) was examined. Let's quickly review the computation in a simplified format and see how
it varies from the standard formula found in (Mufoz et al., 2017),

P N P \2
RT  Cyof Cy2+ (ci+)
E* =F°+ —In———"—
F

usual

(€))

P N
Cyoz+ Cy3+

We will be looking at the following two situations: An anion-exchange (anex) membrane-equipped VRFB and a
cation-exchange (catex) membrane-equipped VRFB. In the two situations, the OCV calculation will be different.
Primary electrochemical processes occurring in VRFBs may be summed up in order

VO3 +e” +2H' 2V02%* + H,0 (10a)
and in side of positive
V2t 2 V3* 4 em (10b)

on the negative side. Additionally, we must take into account ionic transport across the membrane, specifically H" in
the catex case and HSO in the anex case. Now, let's talk about these two casess independently.

3.1.1. Membrane of Cation-Exchange (catex)
Formulas that represent electrochemical processes' equilibrium are
iyos — FOF + 2fige = fiyges + M0 (11a)
and
fiyesr = fias — FON (11b)

If the ionic transport across the membrane is in equilibrium, then
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fige = fig (12)
which is rewriteable as
RT aY,
P_oN=—In4 (13)
¢ ¢ F aﬁ+

where the positive and negative electrolytes' Maxwell potentials are shown by @PN, respectively. It is thus possible
to express the OCV as

E =P — N
1/ p ~P ~P ~P 1. N ~N
E zf(uvogr + 2+ — flyger — uHZO) +§(“V2+ — fiya+) (14)
P P \2_N
1 RT aVO+(aH+) aV2+
E == (100 — Wozr — M0 + Ho2s — 1Gss) + I 2 2 T 4 P — N
(407 ~ o — o ¥ #ar —ae )+ inp e e 07 0

Take note of the final line, where the Maxwell electrostatic potential difference is still present. The version of
equations (11), where the left-side charge is not zero but is equal to the right-side charge, is the source of this.
membrane equilibrium equation (13) must be applied in order to eliminate Maxwell potential difference, which results
in

P _N _P _N
RT Ayt dyz+ g+ dg+
E=F°+—In—pt— 1T (15)
F o ayger ap,o ays+
where standard cell potential is
1
E® = (Woy — Myoz+ — Hit,o + Hyze — Hyar = 1.256V (16)

3.1.2. Anion-Exchange (anex) Membrane

We will now talk about VRFB that has anex membranes that allow the movement of HSO} ions. Equations for
equilibrium (11) are identical to those in the anex situation. The ion transit differs as eq. (13) transforms to

fiiso; = fikso; (17)
which is rewriteable as
RT  apso:
@F — @ = In——= (18)
HSO;

After that, the OCV equation (14) shifts to

P N P \2
E Eo 4 RTl aVO;— aV2+ (aH+) al;lSOZ
= —1In
F

(19)

P __N
ayo2+ Al,0 AHs0;

Once more, one must express the activities, such as (Lenihan et al., 2018), on terms of molalities in order to
properly compare it alongside experimental dependency of OCV in SOC. Comparison, which uses data from (Pavelka,
Wandschneider, et al., 2015), is displayed in Figure 1 on the assumption that the activity coefficients are equal.
Specifically, take note of the fact that the OCV formulas in the anex and catex situations differ. The Nernst equation's
simplified construction does not show this discrepancy. The OCV's thermodynamic formula differs from the standard
one found in the literature (Sukkar & Skyllas-Kazacos, 2003), (Knehr & Kumbur, 2011), (Huynh et al., 2025), and
(B. Zhang & Lei, 2025). Figure 1 is compared with the naive equation (9) and the catex and anex equations ((15) and
(19), correspondingly). It is evident that naive and catex formulas, which are similar for standard Nernst equation for
VREFB, are flawed. See (Pavelka, Wandschneider, et al., 2015) for a similarity of catex membrane formula alongside
experimental data.

Furthermore, the species that is carried via the membrane—more specifically, the membrane choice—determines
the OCV formula (Pavelka, Wandschneider, et al., 2015). The transport through the membrane equilibrium equation
and the consequent Nernst equation diverge, despite the electrochemical equations being identical.
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Figure 1. The testing data for an anex membrane (the data re-used via (Pavelka, Wandschneider, et al., 2015))

3.2. The Zn-Air Redox Flow Battery

Literature on Zn-air battery (ZAB) has a variety of OCV equations (Schréder & Krewer, 2014), (Stamm, Varzi,
Latz, & Horstmann, 2017), (Zelger, SiiBenbacher, Laskos, & Gollas, 2019). Some writers develop half-cell potentials
and/or apply them into Butler—Volmer equation, even if they do not specifically provide an OCV formula. Here, we
address various shortcomings of equations reported onto literature and provide proper thermodynamic derivation of
OCYV formulation to the Zn-air battery alongside an anion-exchange membrane (Abbasi, Hosseini, Somwangthanaroj,
Mohamad, & Kheawhom, 2019), (Dewi, Oyaizu, Nishide, & Tsuchida, 2003), (Fujiwara et al., 2011), (Tsehaye,
Alloin, & lojoiu, 2019).

3.2.1. Electrochemical Processes
At a zinc-air battery, the electrochemical process occurring onto negative electrode is

Zn + 40H™ 2 Zn(OH)2™ + 2e~ (20a)

[\
g

Zn0O

\zn(()n)‘-,’

aA1ISOd

N
o
&

Negative

electrolyte =

Figure 2. A simplified zinc-air battery design

this is followed by Zn oxide precipitation.

Zn (OH)2~ 2 ZnO + 20H™ + H,0 (20b)

The electrochemical reaction in positive half-cell is as follows:

1
EOZ +H,0+ 2e™ 2 20H™ (20c)
One side produces water as well as ions of hydroxide, while the other side consumes them. In a perfect anion-
exchange membrane, the sole ion that passes through it is OH".

3.2.2. Situations for Equilibrium

Similar to the last case, we must ascertain the proper equilibrium condition at the membrane and electrodes. The
reaction between the negative electrodes is at equilibrium when
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0 = fiy + 4A0u- — Ayncome- — 2 1
which is rewriteable as
0 = pz, + 4o~ + 4RTIn ady- — 4FQN =y ppya- — RTInay, o2- + 2F@N + 2FON (22)
the positive electrode half-reaction's equilibrium, on the other hand, indicates
1
0= Ellgz + Wi,0 + 2ie- — 2[8y-
1. 1 P ° P P ° P P 23
membrane mobility equilibrium can be represented using
fion- = flon- (24)
3.2.3. Open-Circuit Voltage (OCV)
Battery's OCV remains then obtained via combining (22) and (23)
E =¢F —oV (25)
1 ( . . . 1, . / /aOZaHZO(aOH ) \ o
= o= (Hzn + 2Hon- — K -+ 5 Ho, t+ Bi,0 +o'—¢ (26)
oF n Zn(OH)% 272 20 \(aOH )? aZn(OH)Z' /

electrolyte potentials term can be replaced by equilibrium of OH" transport across membrane (24) this way

2

RT [aby-

p N OH

- = 1n< ) (27)
2F a'(‘)]H_

final version of generic equation to OCV may be obtained by plugging this connection back into equation (25).

’agzaﬁzo(agﬂ—)z o8

N
Azn(0H)2~

E=E +—1
+2Fn

where

i le (uzn + 2Upn- H;n(omz— + % Mo, + u;20> =1.60V (29)
use typical chemical potential ideals that have been provided on the Appendix A.
3.2.4. Comparing standard OCV
In literature, the most widely used formulation to Zn-air battery OCV (e.g., [18]) has become

af aP (o)
L fao(coi) (30)

E+—1
+2Fn

— RP
Eysual = E" — Concom2- (cFy-)?
4

From transport equilibrium of the OH-through membrane (29), formula (30) deviates from the standard formula
(32). One name for these concepts is the Donnan (or membrane) potential. They make formula (30) more accurate
than it would be otherwise. The Nernst equation's thermodynamic foundations must thus be revisited in the context of
zinc-air batteries. Keep in mind, too, that practically any species that is tiny enough to fit through the pore scan may
be transported across the positive and negative chambers if the battery's ion-exchange membrane is replaced with a
porous separator. One must identify the electrochemical mechanism that equilibrates across the separator first in order
to derive a relation for ¢f — @M. In the event that a different charged species equilibrates first, for example, eq. (26)
must be substituted by the species' analogical equilibrium equation.

6
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Many of the equations found in the literature (Schroder & Krewer, 2014), (Stamm et al., 2017), (Zelger et al.,
2019) contain flaws that might have been avoided with the thermodynamic derivation shown here, despite the fact
that the majority of modeling studies on the Zn-air systems examine cells alongside porous separators rather than
membranes. For instance, activity term on formula shown in (Zelger et al., 2019) has the opposite sign. (Schroder &
Krewer, 2014) and (Sun et al., 2025) uses the O, and H>O concentrations rather than their activities. The relationship
between activities and concentrations necessitates a separate method for determining the reference concentration over
flawless liquids (or on the result of example, solvents) and dissolved gases. Henry's law provides the reference state
under standard conditions, and the correct method for dissolved gas concentration was determined in (Stamm et al.,
2017).

Furthermore, the majority of recent studies (Deiss, Holzer, & Haas, 2002), (Stamm et al., 2017), (Zelger et al.,
2019) similarly depend on inaccurate values for the zinc electrode's standard potential. Based on the Gibbs energy of
production of Zn(OH)5~ provided first time by (Gubeli & Ste-Marie, 1967) then (Kobets, Pshynko, Yatsyk, &
Demutska, 2025), the value utilized, Eg; =—1.286 V (vs. SHE), is the one that was published in (Bard, Parsons, &
Jordan, 1985), (Dean & Lange, 1999), and (Jinnouchi, Karsai, & Kresse, 2024). However, a number of publications
(Baes & Mesmer, 1976), (Powell et al., 2009), (Y. Zhang & Muhammed, 2001), and (Kim et al., 2025) have questioned
the measurements made in (Gubeli & Ste-Marie, 1967) and (Kobets et al., 2025) because they were insufficient for
measuring pH. E2,= —1.20 V (vs. SHE) is obtained in this study using the value of A;G° Zn(OH)3~ suggested by (Y.
Zhang & Muhammed, 2001), which is compatible with the ones given in (Baes & Mesmer, 1976) and (Reed, 2020)
and on useful accord with experimental potentiometric measurements published by (C. Zhang, Wang, Zhang, Zhang,
& Cao, 2001), (Isaacson, McLarnon, & Cairns, 1990), and (Sellathurai, Khademi, Zhang, Al-Hamdani, & Barz, 2025).
OCYV as well as kinetic constants for Zn reaction are assessed incorrectly when an erroneous standard potential is used.
The standard potentials might be critically evaluated by finding the specific compounds (in this example, Zn(OH)%™)
to which values of AG° are not adequately stabilized using correct thermodynamic calculation of Nernst equation
given below.

3.2.5. The impact of mixed potentials

The side reactions occurring on the electrodes are not taken into consideration in the reaction schemes (20a) and
(20c¢). In actuality, the hydrogen evolution process (HER) can also occur at the zinc electrode's equilibrium potential.

2H,0 + 2e” 2 H, + 20H" 31)

The corrosion process changes the system's OCV while consuming active material (zinc). In this case, half-cell
potential is commonly known as mixed potential. Since system is no longer on the equilibrium, this situation needs to
be evaluated using non-equilibrium thermodynamics. Currents equality (no net current) characterizes corrosion pair
equations (20a) as well as (31) in rapid equilibrium. For example, (Pavelka, Wandschneider, et al., 2015) to the
thermodynamic origin of this formula (based in idea of potentially asymmetric dissipation potentials) or (Gnutt et al.,
2016) for a kinetic origin, reaction rates are often described using equation of Butler—Volmer.

oA _(A-A
i=1o (eRT — e RT ) (32)

Usually taken to be equal to 1/2, charge transfer coefficient a indicates whether state of transition is closer for
reduced as well as oxidized species (Gnutt et al., 2016). The exchange current jo prefactor is positive on direction of
oxidation and can be either constant as well as depending in reactant along with product concentrations (see (Newman
& Thomas-Alyea, 2004) along with (Pavelka et al., 2018) for the Boltzmann equation).

Generally speaking, the mixed potential may be found using computational techniques that compute the potential
at which the electrode's anodic and cathodic processes' combined currents —in this example, the evolution of hydrogen
and the dissolution of zinc—are equal to zero. Analytical solutions of the mixed potential can be obtained, however,
by simplifying equation of Butler—Volmer under specific circumstances. Equation of Tafel is the result of the Butler—
Volmer equation (32) when high |A| is present.

j=joe RT (33)
whereas it becomes a linear relation for the low |A| situation,
A
LA 34)
i =JogT (

from the overpotential to the current. Observe that in the low current limit, the charge transfer coefficient a vanishes.

According to (Perez, 2007), (X. G. Zhang, 1996), and (Ren et al., 2025) the most frequently documented
circumstance in the corrosion literature is when both reactions are on Tafel regime (high [ A]). But, given that corrosion
inhibitors and zinc battery electrodes are claimed to have rapid kinetics and relatively significant hydrogen. However,

"
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since Zn battery electrodes—which include corrosion inhibitors—are said towards have quick kinetics and
comparatively large hydrogen overpotentials, this regime does not apply in their case (Cachet, Stroder, & Wiart, 1982),
(Chen & Lasia, 1991), (Dundalek et al., 2017), and (Zhen, Hiratsuka, Chiku, Higuchi, & Inoue, 2025). Accordingly,
the HER is typically on Tafel regime and Zn dissolution is on linear regime in Zn-based battery systems operating
under conditions of OCV.

3.2.6. Addition of the Donnan potential

The Donnan potential, which exists across the membrane as a result of differential proton concentrations between
the two electrolytes, is another significant aspect that is overlooked by the usual form of the Nernst equation employed
in VRFB models (Figure 3a). The examination of two popular electrolyte manufacturing techniques provides a clear
explanation for the variation in proton concentration. i) the electrolysis of vanadium pentoxide in suspended powder
(Sukkar & Skyllas-Kazacos, 2003) and ii) the charging of vanadyl sulfate to create the negative vanadium electrolyte
(—ve) (Hwang & Ohya, 1996) and (Knehr & Kumbur, 2011).

(a) Electrada (h] Galvani Potentials
" (+-)  Membrane ﬂ’f?nilm g Fixed fons (part "
! of membrans)  Membrane E
Without i —— @
WithD Donnan H
Pq'n:-:;lm Potantial G) | _ = @ = I O
~ Ogr e ®
- el V@ I Positive
Additional potential I A - Electrolyte
across membrane W - i Electrolyte @ @ - @
- p 49 011%0
hysical o l(- .
Description of i
DnnnanEtMlnntlal :r. @ L @
L Phasa Boundary Diffusive ions (profons)
{Mambrane
Surface)

Figure 3. a) OCV with and without the membrane potential,
b) Physical depiction of the electrolytic double layers on both sides of the ion exchange membrane
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Figure 4. a) The second stage of the electrolysis of vanadium pentoxide in suspended powder;
b) The electrolytes containing vanadyl sulfate are prepared.

The first process, suspended powder electrolysis, reduces a solution of 1M V,0s + 5SM H,SO4 to a new solution of
IM VOSO4 (V¥ + 1M V¥ + 4M HSO4 + IM H' + x*M H,0. The cell is then charged to create two distinct
electrolytes, one containing only V3" and the other solely V4, after an equal amount of the new V*#/V3* solution is
added to both the positive and negative half-cells of a VRFB (Fig. 2a). The positive and negative half cells of a VRFB
are filled with a solution of vanadyl sulfate (2M VOSOQ,) dissolved in sulfuric acid (2M H,SO,) in the second
electrolyte preparation procedure. Vanadium in the positive half-cell oxidizes to V3" when the cell is charged, whereas
vanadium in the negative half-cell decreases to V3" (Figure 2b). The original vanadyl sulfate solution is then used to
replace the solution in the positive half-cell, producing a VRFB at 0% state-of-charge (SOC) with a —ve that has two
million fewer protons than +ve. The creation and dissociation of H>O, which is directly linked to the presence of V4
and V> as oxides, causes the imbalance of H' in both preparation procedures. The same theoretical approach that was
used to derive the Nernst equation can be applied to determine the Donnan potential within the VRFB. A membrane
potential, which can be described as follows, arises at each electrolyte/membrane phase boundary when a VRFB is in
equilibrium (Hamann, 2007) and (Knehr & Kumbur, 2011).
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Where m denotes the membrane and k is either "+" or "—" depending on the electrolyte. These membrane potentials
are caused by the presence of positively and negatively charged layers at the electrolyte/membrane interfaces, which
are created by the protons' locations in the membrane and electrolytes (Fig. 3b). The potentials at each
electrolyte/membrane phase boundary will be different if the proton concentrations in the positive and negative
electrolytes are different. There will be a net potential (Donnan potential) across the membrane if equation (35) is
applied to both half-cells. The Donnan potential within the VFRB can be written as follows if equation (36) is applied

to both half-cells.
RT [(cts:
—rt+ - “HT
E, =E} Em< 7 In <cg+)> (36)

The complete form of the Nernst equation for a VRFB may be expressed as follows by adding the Donnan
potential and the proton concentration at the positive electrode:

2+
RT [cyn+ cpz (cte) cts
E=E0+71n o V(H) H

37
Cyoz Cy3 Cy+ 37)

To assess the correctness of the method, two sets of data from experiments were compared with the full version of
the Nernst equation in equation (37) with the exception of the starting species concentrations, the electrolytes were
made for the two sets of experimental data using the procedure shown in Figure 4b (Hwang & Ohya, 1997). The
following variations in vanadium and proton concentrations occur during operation due to reactions at the electrodes:

Cyof = Cyz+ = cySOC (38)
Cyoz+ = Cy3+ = ¢y (1 — SOC) (39)
ke =)k +cySOC (40)

Where cg"f denotes the starting proton concentrations in the +ve or —ve, and ¢y is the total concentration of
vanadium. Ionic bonds are stretched and weakened in the presence of an electric field, such as the Galvani potentials
of a VRFB, which increases ion dissociation. As a result, all protons that were previously linked to SOZ~ are
considered to be totally dissociated and to exist as free protons when calculating c1’;+ (Knehr & Kumbur, 2011).
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Figure 5. Experimental and anticipated OCV are compared using the suggested correlation equation (37) and the
traditional Nernst equation, equation (9). The experimental conditions were as follows: a) T = 303 K and initial
—ve and +ve concentrations of 2M V3* + 6M H* and 2M VO?* + 8M H*, respectively (¢, = 2M, cg'f =8M,
cg'I= 6M); b) T = 298K and initial —ve and +ve concentrations of 1M V3* + 5M H* and 1M VO?* +6M H™,
respectively (¢, = 1M, cg‘f =5M, cg‘I = 5). (the data re-used via (Knehr & Kumbur, 2011))

The standard form of the Nernst equation in equation (9) used in current VRFB models yields +8.1% average error
within the same SOC range, while the complete form of the Nernst equation, equation (37) exhibits very good
agreement with the experimental data (£1.2% average error) within the normal operating conditions ranging from 5%
to 95% SOC, as Fig. 5 makes evident. The assumption of unity activity coefficients can be blamed for any
disagreement between experimental results at the extreme circumstances (SOC < 5% or 95%) and the entire form of
the Nernst equation.

Conclusions

Literature makes considerable use of the simplified approach to the Nernst equation. However, when examining
and simulating battery systems, such as in vanadium redox flow batteries, it may result in erroneous findings. A more
reliable approach to the OCV that considers all required interfaces and potential non-equilibrium processes is
thermodynamic formula of Nernst equation from basic up, starting with non-equilibrium thermodynamics.

The species passing through the membrane determines the OCV, especially on systems alongside ion-exchange
membranes. Two variations of the Nernst equation are found in vanadium redox flow battery (VRFB), that allow over
use of cation-exchange as well as anion-exchange membranes. The OCV may constitute influenced by non-
equilibrium processes such as corrosion reason thermodynamic equilibrium is not the state in which it is measured. In
conclusion, the Nernst equation should be determined taking non-equilibrium thermodynamics into account.

Acknowledgements

The authors would like to thank Universitas Setia Budhi Rangkasbitung for its financial support for this research.
The authors would also like to thank colleagues who contributed to the useful discussions.

11



An Overview of The Open-Circuit Voltage Thermodynamics on Vanadium
Redox Flow Battery and Zn-Air Redox Flow Battery

Appendix A. Gibbs formation energies

It is possible for assume that the standard Gibbs energies of formation, A¢G®, are equivalent to standard chemical
potentials (Gnutt et al., 2016), (Reed, 2020). Both the A;G® of H" inside water and normal Gibbs energy of elements
production are by definition zero. Chemical compounds used in this paper's standard Gibbs energy of synthesis are
shown in Table 1 as follows (Reed, 2020) (unless otherwise noted). The temperature, pressure, and molality of the
reference state are 298.15 K, 1 bar, and one mol kg !, respectively.

Table 1. formation standard Gibbs energies. Liquid (1) and aqueous solution (aq) are the two phases.

Compound Phase A¢G° [kJ mol']
H* aq 0
| H,0 1 -237.129 |
vt aq -217.6
| V3 aq 2423 |
Vo aq -446.4 [54]
| VOZ aq -587.0 [54] |
Notation
a = species on aqueous solution
[vhe = standard chemical potential
ba = molality
bo = standard molality
ya = activity coefficient

b . .
Yo b—‘(’,‘) = its activity

z0, = charge number
(0] = potential of electrostatic Maxwell
Da = diffusion coefficient
cg'f = proton concentrations
cy = total concentration of vanadium
E = net cell potential
®P = reduction potential of the positive electrode (cathode)
ol = reduction potential of the negative electrode (anode)
Eisual = non-standard open-circuit cell voltage (reversible potential) under given concentration profiles
E° = The standard cell potential of the VRFB, typically 1.25 V to 1.26 V at standard conditions (1 M, 298.15
K)
R = universal ideal gas constant (8.314 J/mol - K)
T = absolute operating temperature in Kelvins (K)
F = Faraday's constant (96,485 C/mol)
cf;o;r = concentration of vanadium(V) ions in the positive electrolyte
C\I\,Iz+ = concentration of vanadium(Il) ions in the negative electrolyte
2 . . ..

(cll_)l+) = square of the proton (hydrogen ion) concentration in the positive electrolyte
c502+ = concentration of vanadium(I'V) ions in the positive electrolyte
C‘I;I3+ = concentration of vanadium(III) ions in the negative electrolyte
j = net current density (A/m2)
jo = exchange current density
o = anodic charge transfer coefficient
A = molar overpotential energy (J/mol)

2 .. .

(C;;Jr) = protons explicitly consumed by the reduction

+

c
C_i = ratio accounts for the Donnan potential across the polymer membrane

HT
Cg'f = starting proton concentrations in the +ve or —ve
cy = total concentration of vanadium
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