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ARTICLE INFO ABSTRACT

Polarization resistance of a batch process at 2000 Am 2 of zinc electrodeposition is investigated by means of
Electrochemical Impedance Spectroscopy (EIS) and polarization curves U(j). This work proposes EIS and U(j)
characterisations over time with current density range from 50 Am ™2 to 4000 Am~2, corresponding to a var-
iation from [H,SO,] = 130 gL™' and [Zn®**] = 120 gL~ ' to approximately [H,SO4] = 280 gL~ ' and
[Zn®*] = 20 gL.~'. A drift correction of EIS measurement using linear interpolation in time is provided. These
measurements allow for the observation of the main physicochemical reactions occurring during the Ergosup
batch process and contributing to the polarization resistance of zinc electrodeposition at high current density:
charge transfer and adsorption at the cathode, charge transfer and mass transport at the anode. Simplified
reaction mechanisms are used and has led to the development of an equivalent electrical model, which accounts
for the various phenomena observed during the process. The equivalent electrical model is developed from the
kinetic equations describing the electrochemical process. The model is able to reproduce the experimental im-

Keywords:

Electrical Circuit Modelling

Zinc electrodeposition

Decoupled water electrolysis
Electrochemical Impedance Spectroscopy
Polarization curves

pedance curves at high current densities with high correlation coefficients (R* > 0.9990).

1. Introduction

While the consumption of grey and black hydrogen from gas and
coal is constantly increasing, green hydrogen from water electrolysis
accounts for only 0.04% of the world’s 94 Mt H, production in 2021
[1]. Thus, the production of hydrogen from electrolysis with low-
carbon electricity remains an important decarbonisation tool for in-
dustries that require it, such as fertiliser or methanol production, or as a
chemical reagent for desulphurisation. In this context, Ergosup offers an
innovative process to produce hydrogen [2].

The process developed by Ergosup uses zinc as a vector in order to
decouple the production of oxygen and hydrogen in two steps during
the electrolysis of water. First, the zinc is electrodeposited, the oxygen
is released and the electrolyte acidifies according to the equation:

2Znlky + 2H,0q) — 2Zn() + Oag) + 4Hpy 1

In this step, the zinc reduction reaction competes with the proton
reduction, producing hydrogen which is therefore lost. The proportion

of current going into the zinc reduction is characterized by the Faraday
efficiency 7.

The zinc is then dissolved in a second step and leads to the pro-
duction of hydrogen, according to:

Zngs) + 2Hog) = Zniy + Hag) (2)

Thus, after the electrolysis phase (1) the Ergosup process cleverly
uses the spontaneity of the second equation (2) to return to the original
point and run a batch process. Indeed, the resultant of these two
equations is equivalent to the electrolysis of water. It has the ad-
vantages of being able to decouple the consumption of electricity and
the production of hydrogen over time, and to offer energy storage in
metallic and ionic form. Finally, the separate production of hydrogen in
step (2) allows the pressure to rise up to 350 bars through the accu-
mulation effect in the container.

During operations, typical industrial concentrations of electrolyte
for zinc production in acidic media are nearly constant and change by
about 5gL~'. These concentrations range from 50 — 70 gL.~* for zinc
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Nomenclature

List of Symbols

F Faraday constant

[X;] Concentration of the electroactive species X;
D Diffusion coefficient

R Universal gas constant

e Thickness of the zinc layer

E Electrode potential

S Geometric area

T Temperature

Z Impedance

P Laplace variable

Re(2) Real part of the number Z

Im(2) Imaginary part of the number Z

f Frequency

Aj Ac part of the current perturbation
AE Ac part of the potential perturbation
R Charge transfer resistance

Ca Double-layer capacitance

Ro Electrolyte resistance

Rs Diffusion impedance resistance

Ws Diffusive Warburg element

Co Adsorbates impedance capacitance
R? Determination coefficient

Rp Adsorbates impedance resistance

Lg Inductance induced

k Kinetic constant of half reaction

K Kinetic constant

n Number of electrons involved in the electrochemical re-

action

i Current
j Current density
Jjo Exchanged current density
J Interfacial transport flow
s Superficial site
w Pulse
Greek
a Charge transfert coefficient
) Nernst layer thickness
o Conductivity
0o Conductivity in bubble free electrolyte
T Total number of sites per unit area
0; Coverage ratio of a species i
nr Faraday efficiency
75 Diffusion impedance time constant
Postscript
Oxidation
r Reduction
ads Adsorption
th Theoretical
obj Objective
nom Nominal
EIS Electrochemical Impedance Spectroscopy
Mod Modelled
©® Gaseous
(aq) Aqueous
(s) Solid

and from 130 — 180 gL.™! for sulphuric acid, depending on the plant
[3,4]. Wider concentration ranges have been studied by authors, as
27 — 107 gL’1 for zinc and 95 — 228 gL’1 for acid [5]. The current
density of the deposit is commonly in the range of 400 Am~ 2 to
500 Am ~ 2, Various authors have already characterised the impedance
and voltage-current density curves of zinc electrodeposition [6-9,10].
In order to explain the multiple stationary states and the release of
hydrogen during the electrolysis of zinc, they proposed a mechanism for
the electrocrystallisation of zinc including both the autocatalytic step
Zn** + Znfy + e~ = 2Znjy; and the presence of adsorbates of which
H} and Zn}y. Later, the model was completed with the presence of
active reaction catalyst sites [11] and H, evolution on oxides ZnO or
ZnOH at low current densities [8], however assumed to be zero at high
current density given the strong polarization [12]. The reaction me-
chanism is still subject to discussion depending on the operating con-
ditions, the kinetic parameters having a high variability and low re-
producibility [13].

However, these characterisations have never been carried out under
conditions similar to the Ergosup batch process, where zinc con-
centration variations of about 100 gL~ ' are realized in a couple of
hours before being reversed. The evolution of the concentrations being
necessary with the intention of increasing the compactness of the
system in order to reduce the costs. Furthermore, the characterisation
never takes into account the oxygen evolution wich is studied sepa-
rately.

This study proposes to characterise in situ the first step of the pro-
cess during its execution in order to model it. This characterisation then
makes it possible to establish a diagnosis of the energy consuming step
according to the operating conditions (concentrations, temperature,
current density). The overall modelling of the process, which draws
parallels between physical-chemical and electrical phenomena, is

essential for incorporating the process into electrical system simulation
tools. These tools, particularly developed in the Laplace laboratory,
enable the examination of direct coupling between the electrolyzer and
renewable energy sources, as well as the study of system ageing through
characterizations performed throughout its lifecycle.

This study aims to provide such a modelling for the Ergosup batch
process by characterising the evolution of polarization resistances, as
well as other electrochemical parameters, during the process operating
at high current densities. Polarization curves and impedance spectro-
scopy will be used, with a drift correction of the electrolytic resistance
thanks to high frequency impedance measurements.

2. Experimental
2.1. Electrolysis cell

The anode is a 2 mm thick titanium plate covered with 2 ym Mixed
Metal Oxide (MMO, UMICORE), and the cathode is a 3 mm thick plate
of zirconium (UMICORE). A pure electrolyte is preparated from ZnO
powder (Fisher Chemical, purity =99.5%), H,O and H,SO4 37.4 wt%
(Lab-Online). Initial concentrations are [H>SO4] = 130 gL_1 and
[Zn**] = 120gL™ .

The electrodes are immersed in a double-wall 1L beaker whose
temperature is maintained at 40 + 2°C. They are kept parallel at a
distance of 5 mm with 4 PTFE washers at the top of the assembly and a
spacer at the bottom of the electrodes. The active geometric area of the
electrodes is a rectangle of 100 cm? (7.00 X 14.28 cm), delimited by
Teflon tape. The volume of electrolyte is 333 mL, which is small com-
pared to the size of the electrodes, in order to make the batch process
evolve in a reasonable time. The remaining volume of the beaker is then
occupied by a PVDF support. A stirring with a cylindric magnetic bar of
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Fig. 1. Picture of the experimental setup.

15mm with ring homogenizes the electrolyte before running the ex-
perimental procedure. Stirring continues during the experimental pro-
cedure in order to prevent diffusion limitations. The experimental setup
is shown in Fig. 1.

2.2. Experimental procedure

2.2.1. Principle of batch characterisation

The current study focuses on the polarization resistance at five
different times during the deposition step at nominal current density
jnom (Am~2). The operating conditions evolve in the batch process,
which is without any adjustment, so the polarization resistance varies
over time. Each characterisation is separated by a deposit period, as an
example is shown in Fig. 2 with impedance spectroscopy. Character-
isation times are important for comparison with normal zinc electro-
deposition, however the important point is the cumulative electrical
charge.

The characterisation takes place at regular intervals over a period of
90 min at juom- The characterisation times are given as if a constant
current of 2000 Am™~2 had been applied up to the time of character-
isation, and are shown in Table 1 with the related concentrations of the
electrolyte. Given that electrical charge are different at each type of
characterisation, the deposition times are adapted in order to have the
desired electrical charge at characterisation times, that is to say in order
to have iso-coulomb characterisations.

Fig. 2. Profile of the characterisation current over time. jy,;, is the nominal
current density of zinc deposition. jgs is the characterisation current density.
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Table 1
Theoretical concentrations calculated with 5z = 0.92 at different character-
isations times.

Time Charge [Zn?"] [HSO;) [s027] [H*] pH
(min)  (kO) (gL (&L ™ (€1 P B € A

3 3.6 116.6 263.5 42.8 0.04 1.40
22.5 27 94.7 300.7 5.96 0.33 0.48
45 54 69.4 304.8 1.87 1.08 - 0.03
67.5 81 44.1 305.6 1.09 1.86 - 0.27
90 108 18.9 305.9 0.77 2.61 —0.42

At these 5 characterisation times, impedance spectroscopy mea-
surements and polarization curves are made in identically replicated
experiments.

2.2.2. Impedance studies

The system to analyse the impedance of the cell includes both the
waveform generator and the impedance analyser. In order to char-
acterise the cell at nominal point of operation, the impedance analyser
must achieve high intensity (20 A) and high frequency (20 kHz). The
waveform generator drives parallel active loads in series with a power
supply that provides electricity to the electrolysis cell (refer to
Supplementary Materials).

The galvano electrochemical measurement was conducted over the
frequency range from 20 kHz to 50 mHz with DC part of the current
filtered above 100Hz. The measurement frequencies were selected
manually in order to limit their duration, especially at low frequencies.
At the end of the impedance measurement, a second EIS takes place
from 20 kHz to 1 kHz, as discussed later in part 2.3. The characterisa-
tion principle is used for current densities of characterisation jgis:
50 Am~ 2, 100 Am~?, 200 Am~ 2, 500 Am~ 2, 1000 Am~?, 2000 Am >
and 3000 Am ™2, with current variation of = 10 %. The quality of the
measurement is guaranteed by monitoring the linearity of sinusoidal
signals by measuring the total harmonic distortion (THD, refer to
Supplementary materials).

2.2.3. Polarization curves

The same characterisation principle is applied to obtain the polar-
ization curves during the process. The characterisation consists of 16
successive stages of increasing intensity jsep: 25 Am~2 50Am~ 2
75Am~?, 100Am~?, 150 Am~ > 200Am~? 350Am~? 500Am~ 2
750Am~%, 1000Am~? 1500Am % 2000Am % 2500Am 2,
3000 Am 2, 3500 Am ~ 2 and 4000 Am ~ 2. The choice was made to limit
each step to the same charge of 150 C. This value is a compromise
between the time needed to fill the electric double layer but also re-
maining in a quasi-stationary state, given that the Ergosup process is
not stationary. The ohmic correction of the polarization curves is done
through high frequency (20-1kHz) measurement of the ohmic re-
sistance, R, being approximately determined experimentally as the
projection of the highest frequency point on the x-axis on the Nyquist
plane. Indeed, the signature of a pure resistance in the Nyquist plane is
expressed by a simple shift of the real axis.

2.3. Impedance ohmic drop correction

As presented by Lasia in his book [14], in the case of non-stationary
systems it is possible to proceed to a linear interpolation of the im-
pedance as a function of frequency and time by recording a series of
impedance measurement at distinct time intervals. As all parameters
are likely to vary during the measurement, the main variation comes
from the electrolytic resistance Rq due to the variation of [H,SO,4] and
[Zn*1], as confirmed in the last part. Therefore, it is possible to proceed
to a second EIS at high frequencies in order to evaluate the variation of
Rg during the measurement. Then, it is possible to propose a linear time
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Fig. 3. Ohmic drop correction of the first EIS measured at t = 3min (a)
Uncorrected curve - red, (b) Specific high frequency EIS troncated at 4133 Hz -
green and (c) Temporally corrected curve according to eq. (3) - blue.

correction of the impedance at each frequency or pulsationw = 2 * g * f
evaluation during the measurement:

t—1t0

Zcor (W, t) Z(W) + (RQ,tO Rﬂ,tj) Atmeasure (3)

Fig. 3 shows the first whole impedance measurement at nominal
operating point j = 2000 Am~2. The high frequencies EIS (green)
20-1 kHz reproduces the spectrum of the uncorrected measure (red)
with a shift to the left on the real axis, corresponding to the decrease of
Pouillet’s resistance with increasing acidity during the measurement
(see section 3.1). During initial impedance measurement, the drift is
particularly important at low frequencies due to the lengthening of the
measurement time as the frequency decreases. The correction allows
the reconstruction of impedance data at low frequencies at initial
measurement time, as if the system were stable.

3. Theoretical
3.1. Electrolytic resistance

The ohmic drop in the electrodes is neglected compared to the one
of the electrolyte. The ohmic resistance in the electrolyte is modelled by
a modified Pouillet’s law [15,16]:

e e
o*S = 00*1*‘;‘*5

*3 (C)]
e (m) represents the distance between the electrodes, S (m?) is the active
area and a(unitless) is the vacuum rate in the electrolyte. The con-
ductivity o(Sm 1) is differentiated from the one of a continuous med-
iums 0. Indeed, the conductivity o of the bulk electrolyte is dependent
of the presence of dispersed gas bubble produced at the anode O, and at
the cathode H, during step (1), as referenced [17,18]. The H, evolution
reaction is likely to change over time, thus changing a during the
process. 0y is a function of concentrations and temperature, and can
therefore be measured or estimated empirically according to (corrected
for Mg?* = ions) [19]:

RQ=

gy = 0.4+ 0.115(T — 273) + 0.282[H,SO,|(T — 273) + 34.42[H,S04] — 4.51[H,SO,)?
+ 2.86[Zn?*? + [Zn?*](=0.114(T — 273) — 10.58[H,S0,] — 2.24)

()
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[Xl(x} Species consumed

x*

[x1(0, t)

AXi](x,6)

Diffusion area | Convection area

J o 8yi X

Fig. 4. Stationary profiles of species concentration and its perturbation as a
function of distance x from the electrode surface.

This equation clearly demonstrates that during the electrodeposition
step (1) the conductivity increases substantially, thus decreasing the
electrical resistance of the electrolyte.

3.2. Mass transport

Mass transport in the case of stationary electrodes in a moving fluid
is usually represented by the Nernst diffusion-convection theory. This
assumes a length &y, (m) of electrolyte where only diffusion ensures the
transport of species X; of concentration [X;] (molem™2). Beyond dy;, the
electrolyte is assumed to be perfectly stirred and the concentration is
independent of the distance to the electrode—solution interface.

In the absence of convection, the mass transport is described by
Fick’s 2nd law:

SXiI0x ) _ pp SIXil, 0
ot P )

Where Dy; (m?s™ ") is the diffusion coefficient of species X;.

The integration in steady state with the condition [X;](6x,) = [Xi]*,
where [X;]*is the bulk concentration of X;, gives the affine law of
concentration of the species [X;] as a function of the distance x, as
shown in Fig. 4:

X=X )

[Xi1(o) = [X:1(0) + B 7

The Fick’s 2nd law being linear in [X;], the concentration of the
equation (6) can be replaced by its perturbation around its stationary
value:

BAIXiICe, ) _ ) ALGICr D)
ot TN k2 ®)

3.3. Electric double layer

The presence of an electric double layer is observed as a result of
charge accumulation at the interface between the electrode and the
electrolyte. It is assumed, for simplicity, that the current crossing the
electrode-electrolyte interface is the sum of the Faradaic current and
the capacitive current:

. . dC4E(t)
0 =j (1) + —5—=
J0 = jp 0 + = ©

Thus, the electrode impedance Z (Qcm?) is written as the paralleli-
sation, shown in Fig. 5, of the double layer capacitance per unit area Cy
(Fem™2) to the Faradaic impedance:

[z, ]
L= |

| |
I
Car

Fig. 5. Equivalent electrical circuit of an electrochemical reaction.
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Z
Z(p) = T—e—
1+ pCdIZf (10)

3.4. Faradaic impedance of a concentration-depleted redox reaction

In the case of an oxidation reaction of the type:
R - O + ne” 1D

with interfacial depletion of reducing agent R and neglecting the re-
verse reaction due to the high polarization, the reaction rate is written:

o (1) = Ko (D[R]0, 1) (12)

using the definition of the kinetic constant K,(t) (cm®mol~ s~ 1) and

kinetic constant of half reaction k, (cm?mol s~ 1):

Ko(t) = koo &7 F® a3
Hence the current density of the reaction j{Am~?)

Je (®) = nF [R](0, H)K, (1) 14

is only dependent of the applied voltage and the transport flow of the
reducing species at the interface. The Faradaic impedance Z; = AE/Aj;
(Qcm?) can be calculated by a first-order Taylor series expansion of the
current density jr (14):

ajf 6jf
Aj, = —AE + A|R](O
= BE 3RO A R©@ (15)
With:
py
o nFk,e"oE = nFK,
d[R](0) (16)
And
0E
— =Ry
0 a7)

Therefore the transformation in the Laplace plane of the equations
(15) can be written:

A[R](0, p)

Z ) =Ry — N
1@ Ajr (p) (18)

RctKo
The current density and the flow of species transport are bound by
the relation:

Ajy (p) = —nFAJL (0, p) 19)

Under the Nernst hypothesis seen in 3.2, the concentration profile is
not disturbed beyond the characteristic length &, such as A[R]
(6, t) =0, and given boundary conditions at the interface AJ,
(0, © = — D,OA[R]I(x, 8)/dx|x—o (molcm™2s~ 1), the resolution in the
Laplace plane of equation (8) gives the expression of the flow of species
transport [20,21]:

2

D.(5 )/ 5 1/2
A0, p) = A[RI(, p)a—rz(ap) cotn %

r

(20)

Therefore, equation (19) can directly be expressed as:

. 52 1/2
ARIO,p) _ 16" (Frp)
8j(p)  nED; (5_ )1/2
o? 1)
And by defining:

= RaKoSy and 15 = 5—’2
D, D, (22)

Eq. (18) can be written as the sum of a resistance and a Warburg
diffusive element:

Rs
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Z;(p) = R + W (p) (23)
With:
th(zsp)'/?
W =Rs———F——
5®) = Re = o2 (24)

3.5. Faradaic impedance of a 2-step redox reaction with adsorbate

As mentioned in the introduction, zinc electrodeposition usually
involves adsorbed species. The reference reaction involving adsorbed
species is the Volmer - Heyrovsky one, which initially explained the Hy
evolution reaction but which has since been applied to many other
cases as cation reduction [22,23].

This work proposes a new model involving two elementary steps but
with a divalent cation, which is different although similar:

AT+ s+ e o> Ay (25)
A +e > Ay +s (26)
Therefore:
v (t) = Kn () [AZF]*T6(1) 27)
Vra(t) = Kpp ()T Onas () (28)
With:
—ar,inF
K,i(t) = kyje v EO (29)
Jr () = —=FT(Kn (O *6:(t) + K2 (£)0aas (1)) (30)
Brss _ [A2*+]*T6,(t) — Ky2T6aas (1)
dt = L1 s r21 VAds (31)
dé,
=5 = Ky T4 (1) — K [A2F]FT6,
; 2T04as () 1 [A%H] ® (32)
6s(t) + Gaas (1) =1 (33)

The Faradaic impedance Z; = AE/Aj; can be calculated by a first-
order Taylor series expansion of the current density jr (30). The ex-
pression of the current density is explicitly a function of the electrode
potential E, the coverage fraction of free sites 6; and of the adsorbed
species Oags.

9j 9j
Ajp = —LAE + A6 +
3E 36 EE (34

The system (30), (33) and (31) can be reformulated in the Laplace
domain:

A6 (p) Ab4gs (p)

Z;(p) = Ry + RuFTK,, [2+]*=E2 4 R, FTK,, —2sx’
TR o) T ) 35)
pAeAds (P) = (_“r]fKrl [A2+]*es + aerKrZ)AE (P) + Kn [A2+]*A9s(P) - KrerAds(P)
(36)
ABs(p) + Abaas(p) = 0 37)

The system (35), (36) and (37) can be solved using Sympy [24].
Introducing the total adsorbate impedance Zy, it can be written as a first
order system:

Zo() = RuFTK, [4+1-220) | p pr,, A% @)
Ajy ®) Ajy ®)
_ _Re
1+ p (38)
The expression of Ry and 7, follow:
Rs — Rct (arl — arZ)(Krl [A2+]*_Kr2 ))
2(OCVZI(H [A2+]*+arlKr2) (39)
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_ (ot + atr2)
2(Ocr21<r1 [A2+]*+ar1K72) (40)

To

In this context, the impedance of this 2-step redox reaction with
adsorbate can be modelled by an electrical RC circuit and can be ca-
pacitive or inductive. In the capacitive case, the parameters R, C are
positive and negative in the inductive case.

4. Results

In order to interpret the experimental results, the expected main
redox reactions involved in the zinc electrodeposition phase of the
Ergosup process eq. (1) are:

At the cathode

Znéyy + 2" — Zng (41)
2Hzq) + 2¢7 = Hygg) (42)
At the anode

1 + _
Hzo(]) - EOz(g) + 2H(aq) + 2e (43)

4.1. Polarization curves

The polarization curves in Fig. 6. I show the large variation of the U(j)
curves during the batch process. The U(j) curves cross in two areas: about
450 Am ™2 for the blue-orange and orange-green, and about 1630 Am ™2 for
the green-red and red-violet curves, revealing the presence of several phy-
sico-chemical phenomena. The uncorrected curves depicted in Fig. 6. I show
that at high current densities the cell voltage is largely decreasing with
deposition time, especially from current densities higher that 1000 Am ™2,
whereas the cell voltage is almost constant at lower current densities. The
appearance of the almost straight curves seems to indicate the pre-
ponderance of the ohmic drop over the electrode overvoltage, illustrating
that at high current densities the ohmic resistance is the main contributing
and varying effect of the steady state operating point. Indeed, according to
eq. (5), conductivity increases considerably during the deposition step as
concentrations change, approximately rising from 291 mSem ™! to 823 m
Sem ™! at 40 °C. This increase of the conductivity results to a large decrease
of R according to part 3.1.

The curves corrected from the ohmic drop are monotonically in-
creasing with deposition time in Fig. 6. II, which means that the po-
larization resistance Rp is also monotonically increasing.

x10°

(Am=2)

Applied current density

22 24 26 28 3.0 32 34
Cell measured voltage (V)

Fig. 6. Polarization curves without (I) and with (II) ohmic correction at deposit
time (a) 3 min-blue, (b) 22.5 min-orange, (c) 45 min-green, (d) 67.5 min-red
and (e) 90 min-purple. A, B, C, D, E, F, G correspond to the points studied by
impedance spectroscopy.
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= QU _ p

R
P=mg % (44)

The exponential shape of the curves seems to indicate the pre-
ponderance of charge transfer phenomena in the mixed reaction. At the
anode, due to the abundance of water in the reaction medium its con-
centration is supposed to be almost constant, as it is for the surface area,
the reaction kinetics, the temperature and the applied potential.
Therefore a large variation of the anodic charge transfer resistance is
not expected. On the contrary, the gradual depletion of Zn*" ions is
expected to influence the cathodic charge transfer resistance.

4.2. Impedance spectra

The seven impedance characterisations during the batch process in
Fig. 7 show four distinct signatures in the Nyquist plane. In the order of
descending frequencies, three capacitive loops are followed by an inductive
loop at lower frequencies. The first two frequency capacitive signatures
appear at the lowest current densities and regardless of the characterisation
time. At 3000 Am ™2, plot G, the first one is almost no longer discernible and
is only distinguished by its distance between the projection on the real axis
of the highest frequency point and the effective cut-off of the abscissa axis.
Graph D, at 500 Am 2, the low frequency drift becomes chaotic, reflecting
the appearance of another phenomenon. This new signature is also present
in graph E before becoming a clear semicircle shape from 2000 Am ™2 The
time evolution of the curves finally shows a last signature from 1000 Am ~2
with the appearance of an inductive loop. The higher the current density,
the faster this phenomenon occurs in the batch process: after 67.5 min at
1000Am ™%, then 45min at 2000Am 2 and finally 22.5min at
3000 Am %

Fig. 8 compares the evolution of the polarization resistances during
the batch process. Firstly, there is a trend of increasing resistance as-
sociated with the first two signatures. The 86 Hz frequency point is
stable over time and indicates a minor variation in the capacitance
associated with the second signature. Similarly, the 4 Hz frequency
point changes very slightly and shows a relative decoupling of the high
frequency phenomena on the left and the low frequency phenomena on
the right. Therefore, the progressive appearance of the inductive loop is
a reflection of the increase of the capacitance’s value associated with
the lowest frequencies.

Fig. 9 shows the characterisation at t = 3 min of deposit as a function of
current density. This clearly demonstrates the decay of the resistances as-
sociated with the first two signatures with increasing current density. This is
characteristic of charge transfer, whose resistance decay is inversely pro-
portional to the current density in the case of Tafel’s law. Indeed, the cell
voltage of a Tafel reaction of type Red — Ox + ne™ is:

RT j
Uel = Up + ——=In (i)
anF Jo (45)

And therefore the resistance dU,.y/dj is proportional to inverse of
the current density.

Fig. 10 shows that, contrary to the signatures of the activation
phenomena, the resistance associated with the last capacitive loop in-
creases with the current density. The order of magnitude of this trend is
more modest but becomes proportionally more important in the po-
larization resistance as j grows. This increase in a component of the
polarization resistance as the current density and the associated elec-
trode potential increase is characteristic of a mass transport phenom-
enon at the reaction layer.

Fig. 11, centred at the 4 Hz point, shows that the latter capacitive loop is
only slightly sensitive to changes over time, and thus concentrations.
However, in the case of two capacitive and inductive phenomena evolving
simultaneously, the resultant of the two evolutions may hide wider varia-
tions of each phenomenon taken separately, and the interpretation of the
low frequencies must be done with caution. The 4 Hz-50 mHz zoom at
3000 Am ™2 does indeed show a greater variation and the presence of these
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Fig. 7. Nyquist plots at deposit time (a) 3 min-blue, (b) 22.5 min-orange, (c) 45 min-green, (d) 67.5 min-red, (e) 90 min-purple and multiple current densities (A)
50 Am~2, (B) 100 Am ™2, (C) 200 Am 2, (D) 500 Am 2, (E) 1000 Am ™2, (F) 2000 Am ™2 and (G) 3000 Am 2.

phenomena intermixed throughout the reaction, and illustrates the decrease
of the associated resistive values.

Finally, Fig. 8 does not show a high-frequency signature that could
reflect the evolution of hydrogen, suggesting that the charge transfer
resistance is low compared to that of the zinc electrolysis.

5. Discussion
5.1. Modelling the impedance

Considering the interpretation of the presumed reaction mechan-
isms and the resulting Nyquist plots, we can propose a simplified

reaction mechanism for zinc electrodeposition that involves only a
single adsorbed species, Zn};. The model then follows the impedance
model developed in section 2 for the reduction of a divalent cation and
follows equations:

Zn*t + e = Zngy (46)
Zngys + e~ = Zng 47)

Given the assumption that the last capacitive loop is decreasing with
time, a concentration impedance due to the water supply at the reaction
site can be attributed to the OER, as modelled in section 3.4. Indeed, a
lack of reagent supply to the cathode would have led to an increase in
diffusive resistance Rs over time. Supplementary experiments (refer to
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90 min-purple. * 86 Hz, x 4 Hz, A 50 mHz.

Supplementary Materials) proved that this phenomenon is actually
anodic. Other phenomena may explain the decrease in this resistance,
such as the increase in hydrogen released which has the effect of
homogenising the solution [25], or the bubble flow regime. This study
does not allow to decide. Such an impedance has been seen studied in
the case of alkaline electrolysis of water [26], which highlighted the
importance of bubble size and production flow on impedance. The
modelling of gas evolution by a Warburg diffusive element has also
been reported in the case of reduction of CO, [27].

Thus, summarising the previous assumptions and adding the in-
ductive effect Lg, of the cell connection and the resistance of the elec-
trolyte Rq, the general impedance of the system described in section 3
can be represented according to the electrical diagram shown in Fig. 12.
Under ideal conditions where all time constants are sufficiently dif-
ferent that their frequency expressions are dissociated, the Nyquist plot
of the ECM Fig. 12 is shown in Fig. 13. The various phenomena ana-
lysed are attributed to signatures in the Nyquist plane.
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Fig. 9. Nyquist plots at 3min deposit time (a) 50 Am™-blue, (b) 100 Am™
orange, (c) 200 Am ™ %-green, (d) 500 Am ™~ -red.
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(1 — @?Ren Can o)) + jw(RenCan + Ro + CanTo)
+ Rer + Ws(jw)
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(48)

5.2. Simulating the impedance

To confirm the relevance of the model, it was simulated to re-
produce the experimental curves at high current density. The para-
metrisation of the equivalent electrical model was performed with the
python pymoo package [28] using the genetic algorithm UNSGAS3.
Thus, the data of the five EIS are included in the same objective
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Fig. 11. Nyquist Re(Z;_sp;) centred plots at j = 2000Am ™~ and deposit time
(a) 3min-blue, (b) 22.5min-orange, (c) 45 min-green, (d) 67.5min-red, (e)
90 min-purple. Upper inset: Zoom for jgs = 2000 Am ~ 2. Lower inset: Zoom for

jeis = 3000 Am ™2,
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function for minimising the deviation between measurement and
modelling:

Fy =min| 37 > (Re(Zaoa) — Re(2))* + (Im(Zagoa) — Im(2))?)
EIS f

(49)

Some constraints are added to the optimizer, according to the ana-
lysis of the polarization and impedance curves in section 4:

o the parameter Ry, is decreasing.

¢ the parameter Cy is increasing.

i Rct,lCct,l < RCt,ZCCt,2.

® R 2Ccr2 < RoCo,

o the resistance Rp is increasing.

o the imaginary part of Rp is positive.

The polarization resistance is defined as the impedance at 10~° Hz,
more than 100x lower than the minimum measurement frequency, and
is chosen to be positive to indicate that the low frequency inductive
loop is the last signature taken into account.

The impedance theorised by the previously developed equivalent
electrical model has been optimised for the corrected impedance
curves. As the model is visually globally overlapping the measurements,
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Fig. 14. Simulated impedance diagrams 2000 Am~2 and down to 1 mHz with
Table 2 parameters at a) 3 min-blue, (b) 22.5 min-orange, (c) 45 min-green, (d)
67.5min-red, (e) 90 min-purple. Black - Experimental measurements corre-
sponding to 7.F.

the correlation coefficient R? is used to measure the correspondence
between data and model. The impedance of the ECM Fig. 12 calculated
with the parameters of Table 2 is shown in Fig. 14.

The modelled value Rg, of Table 2 has an average deviation of 0.7%
from the measured value and is systematically lower. This result is lo-
gical since the high frequency vertical asymptote is not reached during
the measurement. Between the instants t = 3 min and t = 90 min, the
variation of total resistance evaluated at 2000 Am ™2 is 16 % lower than
the change of Rg, due to the increase in Rp compensating for the change
of Rq. Therefore, the impedance spectra are over-corrected. Although
imperfect, this result confirms the relevance of having corrected the
deviation of the spectra on the Nyquist figure. A future study could
focus on the temporal correction of the impedance curves by successive
iterations of parametrizations and correction of the experimental
data.

The number of parameters makes it difficult to compare with the
literature. However, the value of the double layers can be discussed.
The double-layer capacity of the cathode is of the usual order of mag-
nitude of 10~ Fem ™2 [9]. The double-layer capacity of the anode is

Table 2

Fitting parameters of the equivalent circuit model.
Parameters 3 min 22.5 min 45 min 67.5 min 90 min
Lo 4.56 - 10° 452 -.107° 4.50-10°° 4.49 -10°° 4.49 -10°°
Rg 1.85-10*° 1.42-10%° 1.15-10*° 9.69-107! 8.46 - 107!
Rea 2.18.1071! 1.88 1071 2.00 - 1071 218107 ! 2.41-1071
Cain 1.35-107* 1.85-107* 2.08-107* 2.33-107* 2.69-107*
Rea 2.10-107" 2.65-107" 2.81-107" 2.95-107" 3.06 - 107"
Cai2 6.85-107°3 5.48 .10 5.25.107° 517 -107° 5201073
Rs 1.03-107! 1.01-107! 9.24 - 1072 8.89 - 1072 8.88 - 1072
s 1.11-10*° 9.47 -1071 7.38 107! 6.26 - 107! 4.22-107"
Ro -1.02-1071 -7.79-1072 -7.08-1072 -7.08-1072 -3.76-1072
Co —4.40 - 10*2 —5.64-10%2 — 246 -10%2 -1.22.10%2 —9.80-10*"!
dE/dj (Qcm?) 2.284 1.893 1.651 1.499 1.443
Rp (Qcm?) 0.429 0.477 0.503 0.530 0.597
R? 0.9990 0.9994 0.9995 0.9995 0.9995
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also usual, authors have reported a similar value on Pb-Ag anodes [29]
or on MMO anodes of different compositions [30,31].

The anodic and cathodic parameters are strongly consistent with
each other when characterising the batch process (refer to
Supplementary Materials). It is worth noting that the resistances asso-
ciated with the signatures of the charge transfer phenomena are both
globally increasing, and this is especially true for the OER. Moreover,
the parameters associated with the adsorbate and diffusion phenomena
are decreasing, although opposite in their expression on the Nyquist
plane. As the diffusion resistance is more important, the resultant of
these two phenomena tends to increase the resistance of the system.
Thus, both phenomena contribute to the increase in polarization re-
sistance as constrained in the algorithm. This parametrised model al-
lows to represent the evolution of the polarization resistance during the
batch process as observed on the polarization curves Fig. 6.

6. Conclusion

In this study, the evolution of the polarization resistance of a zinc
electrodeposition batch process at high current density during 90 min
was investigated by means of impedance spectroscopy and polarization
curves. The batch process starts with a high concentration of zinc and is
subject to a very wide variation not recorded in the literature. At both
electrodes, simplified reaction mechanisms are used. This assumption
has led to the development of an equivalent electrical model, as shown
in Fig. 12, which accounts for the various phenomena observed during
the process. The predominant physical phenomena at high current
densities can be summarised as follows:

1. The zinc electrodeposition mechanism can be modelled by a two
steps mechanism, showing charge transfer and adsorption phe-
nomena.

2. Hydrogen evolution does not appear to leave a signature.

3. The oxygen evolution reaction can be modelled by an electro-
chemical step showing charge transfer and diffusive phenomena.

The model is able to reproduce the experimental impedance curves
at high current densities with high correlation coefficients
(R®> > 0.9990). The fitting parameters used in the model are consistent
with the literature and the observations made, showing an increase in
the polarization resistance throughout the batch process. The equiva-
lent circuit model, with its parameters, can provide useful insights into
the behavior of zinc electrodeposition systems.

Nevertheless, there are still some aspects that could be improved.
The temporal correction of impedance curves by successive iterations of
parametrizations and correction of experimental data may lead to more
accurate results. Furthermore, the non-uniform charge distribution on
the anode surface could lead to the use of a constant phase element
(CPE), which would increase both the accuracy of the model but also
the complexity of the optimization algorithm.

Overall, this study has provided a comprehensive analysis of the
impedance behavior of zinc electrodeposition systems during a batch
process. The proposed model, with its fitting parameters, has proven to
be a valuable tool in understanding and predicting the evolution of
impedance in such systems. This work was developed with the aim of
establishing the diagnosis of an electrolysis cell with a perspective of
studying on the ageing of this process, as well as studying direct cou-
pling with renewable energy sources. This work may serve as a foun-
dation for further research in this area, ultimately contributing to the
optimization and development of more efficient zinc electrodeposition
processes.
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