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Abstract

Pulsed electrolysis is a promising technology for the clean and sustainable generation of hydrogen.
Research on electrode materials with similar geometries regarding their microscopic behavior in
electrolysis at the solid-liquid interface is needed to improve the efficiency of this production process.
This work compares zinc and stainless-steel electrodes using different electrolyte concentrations,
employing both conventional and pulsed electrolysis. Parameters such as current and voltage curves,
Tafel plots, efficiencies, solution resistances, and charge transfer resistance are compared. The
findings highlight the duty cycle as a key operational parameter for modifying the electric double
layer, demonstrating that optimized pulsed electrolysis can enhance efficiency without changing
electrolyte concentration, and instead choosing the adequate chemical composition and surface
roughness of the electrode material. Conclusions are drawn regarding the best electrode and the
improvement techniques for corrosive electrodes.

Keywords: electrode materials; electrical double layer; hydrogen; electrolysis

1. Introduction

Hydrogen is a cornerstone of the ongoing energy transition, offering a carbon-neutral energy
carrier for storage and industrial applications [1]. Alkaline water electrolysis (AWE) remains one of
the most established technologies for hydrogen production due to its maturity, scalability, and ability
to operate using non-precious metal electrodes [2]. However, conventional DC electrolysis suffers
from efficiency limitations caused by activation, ohmic, and concentration overpotentials, as well as
gas bubble formation at electrode surfaces.

Recent advances in pulsed electrolysis have demonstrated the potential to mitigate these losses
by periodically interrupting the current, thus modifying interfacial conditions and improving mass
transport [3]. The pulsed regime introduces dynamic charging and discharging of the Electrical
Double Layer (EDL) at the electrode-electrolyte interface, a nanoscale region where ionic
rearrangement governs charge transfer kinetics [4,5]. The behavior of this interfacial capacitance—
dependent on electrolyte concentration, temperature, and potential —plays a crucial role in transient
current response and overall efficiency.

In alkaline media such as KOH, the EDL is often modelled as a combination of a compact Stern
layer and a diffuse Gouy—Chapman layer, forming a distributed capacitive system [6]. While the
classical Gouy—Chapman-Stern (GCS) theory effectively describes steady-state capacitance, it does
not fully capture the transient effects encountered under pulsed excitation. In pulsed DC electrolysis,
the EDL is charged during the ON (ton) period and partially discharged during the OFF (tot) period,
resulting in time-dependent potential relaxation and non-linear current behavior [3,7].

Electrode materials must possess certain properties that aid in their selection for efficient use [8].
These properties include current density, hydrogen production flux, electrical efficiency of hydrogen
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production, Tafel polarization curves, and corrosion properties. However, it is important to test
electrode materials under realistic process conditions over a specific period [9].

This study presents an experimental evaluation of conventional and pulsed electrolysis for
different concentrations and two types of electrodes (stainless steel and zinc). Voltage and current
measurements for different electrolyte (KOH) concentrations were used to estimate the influence of
the double layer and identify correlations with system performance. By interpreting the electrolysis
cell as an equivalent circuit composed of the solution resistance (Rs), charge transfer resistance (Re),
and electrical double layer capacitance (Ca), this work establishes a bridge between electrical
modelling and electrochemical phenomena. The objective is to explore an easily accessible electrode
for efficient and optimized hydrogen production.

2. Methods

2.1. Conventional AWE

Alkaline electrolyzers are the most traditional and widely used for large-scale hydrogen
production. The process occurs in an alkaline solution, usually aqueous potassium hydroxide (KOH)
or sodium hydroxide (NaOH), which ensures good electrical conductivity [10].

At the cathode, water molecules are reduced to hydrogen (H2) and hydroxyl ions (OH-).
Hydrogen leaves the cathode surface as gas, while OH- ions move through the diaphragm to the
anode, where water molecules are oxidized to oxygen (Oz) and hydrogen atoms.

Typically, alkaline electrolyzers operate at 60-80 °C and 1-3 MPa, giving them durability and
low cost. A very important aspect is integrating them with renewable energy, since their response to
intermittent fluctuations is slower [11].

The figure below shows a simplified schematic of an alkaline electrolyzer.

H,

Alkaline

electrolytic

- =
solution

™ Cathode

Figure 1. Simple diagram of an alkaline electrolyzer producing oxygen and hydrogen.

Three types of electrolyzers are usually described in the literature: Alkaline, PEM (Proton
Exchange Membrane) and SOEC (Solid Oxide Electrolyzer Cell) [12]. The alkaline electrolyzer was
chosen because it has the following significant advantages over the others: commercial technology,
the cheapest electrolysis option at the moment (no expensive metals), the large size of the stack and
the production of ultra-pure hydrogen [13].

Conventional electrolysis is closely governed by Faraday’s law. This law states that the mass of
a substance produced at an electrode is directly proportional to the amount of electric charge passing
through the electrolytic cell [14].

_MI
T = 2F

where myg,, in kg/s, is the mass flow rate, M is the molar mass of hydrogen (M = 2 g/mol), I is the

)

applied current, z is the number of electrons transferred (z = 2) and F is the Faraday constant (F =
96485 C/mol).
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The electrolysis of water requires a theoretical minimum electrical energy input of 237.23 kJ
(Gibbs free energy). In turn, this energy produces a theoretical minimum voltage for the start of
electrolysis (reversible voltage). Under normal conditions, the reversible cell voltage can be calculated
using the following formula [15,16]:

AG
Upey = —— =123V 2

To find the activation overpotentials of the anode and cathode, which are functions of the current
density j, the Butler-Volmer equation (Equation (3)) is applied [17]:

aF _02F
j = o e — e~ 3)
I
= “4)

where j, is the exchange current density in Acm? (which depends on the electrode material), R =
8.31 J/molK is the universal gas constant, T (K) is the absolute temperature, the constants o and a
are the transfer coefficients, n is the activation overvoltage (of the cathode or anode). If the transfer
coefficients are assumed to be aa =2 and ax = 0.5, then the following expressions are used to find the
anode (na) and cathode (nk) overvoltage [18]:

= Earcsen( J ) 5)
a Fay, 2jo.a

= ﬁarcsen( J ) (6)
1k Fay 2jox

Several mathematical models, suggested by various authors, exist for determining the efficiency
of electrolysis in the faradic regime [19-21]. In this work, one uses a practical model for determining
the electrical efficiency of faradic electrolysis [22], Equation (7), where Py, is chemical power in Watts
(W), Ey, is the calorific value of hydrogen (EH2 =142 MJ /kg), Potectricar 1 the electrical power in
Watts (W), U is the voltage applied to the electrolyzer in Volts (V) and I is the current intensity in
Amperes (A).

P, Mme, E
=— " 4 100% = %x 100% ?)

Pelectrical

Nr

2.2. Electrical Double Layer and Pulsed AWE

To better understand pulsed electrolysis, it is necessary to understand the electrical double layer
(EDL), formed at the interface between different phases. A double layer is a contact phenomenon
where two different molecular structures meet, and a rearrangement occurs in the transition zone. It
occurs at the contact boundary between two phases, one or both of which may be solid, liquid, or gas.
The double layer, therefore, extends only to the electrolyte side and not to the metal side [23]. The
charge separation in the double layer can be compared to parallel plates in a capacitor, as was done
by Helmholtz.

The structural scheme of the Helmholtz model is like that of conventional (dielectric) capacitors,
where two parallel planar electrodes are separated by a dielectric [24]. This Helmholtz model was
modified by Gouy in 1910 [25] and Chapman in 1913 [26], respectively, to account for the mobile ions
in the solvent electrolyte. According to Figure 2b, instead of ions being packed close to the electrode
surface, ions with opposite signs to the electrode are distributed in a region with a thickness much
greater than d. In 1924 [27], Stern combined the Helmholtz model with the Gouy-Chapman (GC)
model to explicitly account for two distinct charge regions, namely, the Stern layer and the diffuse
layer, as shown in Figure 2c. The Gouy-Chapman-Stern (GCS) EDL theory was widely adopted in
the development of static EDLs [24].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Simplified diagrams of EDL structures: (a) Helmholtz model, (b) Gouy-Chapman model and (c) Gouy-

Chapman-Stern model.

The static Gouy-Chapman-Stern (GCS) model can be represented as an association of two
capacitors in series.

In Figure 3, Cs (in Fm?) is the Stern capacitance, Cp (in Fm?) is the capacitance of the diffuse
layer, and 1 is the potential of the entire EDL. The equivalent capacitance of two capacitors in series

1S:
5 ®
€5 = ©
¢, = 4-ZN:Zi‘)mAD m (iif;) (10)
[

where &, is the relative electrical permittivity of the medium, ¢, is the electrical permittivity of a
vacuum (g, = §,85.102 Fm1), d is the double layer distance described by the Helmholtz model, z is
the number of electrons transferred (z = 2), e is the elemental charge (e = 1,6.10" C), N, is
Avogadro’s number (N, = 6,022.10% mol'), c,, is the molar concentration of the electrolyte in the
bulk (mL"), 4j is the Debye length, 1, is the electric potential in the diffuse layer, T is the absolute
temperature (in K), kp is the Boltzmann constant (kg = 1,38.10% JK-).

By relating equations (10) and (11), Cp is directly proportional to the square root of concentration.

%u&%f% (12)

If we consider pulsed electrolysis, there are resonance frequencies at which diffusion
phenomena and double-layer effects are minimal [28]. This is possible because the electrolyzer is
powered by a pulsating electric field that generates a specific pulsed waveform [3] (in our case, PWM,
square wave).

Cp

Figure 3. Representation of the GCS in the form of a series connection of capacitors.
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Considering the concepts of electrical double layers, the electrical circuit below is based on the
Randles model [29].

In Figure 4, Rs is the resistance of the electrolytic solution, R« is the charge transfer resistance,
Zw is called the Walburg element and is calculated as Ay, /+/iw, where Ay, is the Warburg coefficient,
i is the imaginary unit (i = vV-1), and w is the angular frequency (w = 27f) [29].

Ry Ly
— 1"
R

.

—

Figure 4. Electrical circuit of the Randles model.

This work utilized stainless steel (class A4) and zinc (class 8.8) electrodes with a smooth,
compact, and low-roughness surface [30,31], so diffusion effects are greatly reduced. In such cases,
the system response is mainly governed by charge transfer resistance and double-layer capacitance,
while the Warburg impedance, related to semi-infinite diffusion, becomes negligible [32,33]. Thus,
Figure 4 will have the following configuration:

R

—

Figure 5. Simplified electrical circuit in the Randles model.

The equivalent impedance of this combination is:

RCt

Z(w) = Ry + ——<——
(@)= Rs +* TR ol

(13)

Rs can be determined by making a linear approximation to the I-U curve (experimentally using
Ohm’s law), Equation (14) or also by using the dimensions of the electrodes and the properties of the
electrolytic solution, Equation (15), where 4 is half distance between electrodes, A is are of electrode
(same dimensions) and ¢ is the conductivity of the electrolytic solution.

AU

=— 14

Rs =7 (14)
1d

_1 15

ST oA (15

According to the Nyquist criteria, Rs is determined by the left edge of the semicircle, and Ret
corresponds to the diameter of the semicircle [34].

For small changes in potential from equilibrium (linearization of the Butler—Volmer equation
[17]), Equation (3), the relationship between charge transfer resistance and exchange current density
(jo) is given by Equation (16) [35].

R, = (d—’) _ R (16)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The value of j, can be obtained by fitting the experimental Tafel polarization curve:
n = a+ blogj 17)
b = 2303 RT/(aF) (18)

There are two types of pulsed electrolysis: DC pulsed electrolysis and AC pulsed electrolysis.
However, this paper focuses only on DC pulsed electrolysis, since AC pulsed electrolysis involves
alternating polarity, difficult frequency control, and remains underexplored, requiring further
investigation [36].

Currently, two types of pulsed DC electrolysis are studied: voltage pulses and current pulses
[37]. In the first, the voltage is changed from a base value (called off-voltage) to a peak value (called
on-voltage). The sum of the on-time (ton) and off-time (toff) is the pulse period. The quotient of the
on-time and the pulse period is defined as the duty cycle (f), and the frequency is the inverse of the
pulse period. The pulse amplitude is the difference between the off-voltage and the on-voltage. The
resulting current will be the sum of a faradic current (Ir, if the peak current is in a potential range in
which water electrolysis occurs) and a capacitive current (Inr, non-faradic) for charging/discharging
the double layer [36,38].

I=1Ip+ Iyp =IF+CdlC;_lt] (19)

The pulse operation sequence is displayed in Figure 6.
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Figure 6. Pulse operation (a) by voltage pulse (Adapted from [37]) and (b) Current pulse with a null total current
during off time.

It is important to mention that when we use voltage pulse (Urus) in electrolysis for its
characterization, it can be applied by altering parameters such as level, amplitude, and duty cycle of
the operating point of the pulsed waveform through the practical definition of pulse-width
modulation (PWM).

To determine the efficiency of pulsed electrolysis, according to the model proposed in this work,
it is necessary to determine the pulsed power. The pulsed power is determined using fast Fourier
transforms (FFTs) [39], since it is a periodic signal in the time domain (Figure 7).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Example of a square wave. The solid line represents voltage, and the dashed line represents current.

Puranen et al. [39] reports that the active power of the source characterizes the rate of energy
conversion, including heat, in electrical systems over a given period. Since current and voltage are
periodic signals and multiple operations are performed, the average pulsed active power is
determined by the expression Equation (20):.

N
P ="Uyl, + Z % COS((pu,n - (pi,n) (20)
n=1
where U, and I, are the average voltage and current values, U, and I, are the magnitudes of the
voltage and current at harmonic n, ¢, ,, and ¢;, are the magnitudes of the phases of the voltage
and current at harmonic n.
For a pulsed signal, the ratio between the average value I, and the RMS value (Izys) of a
square wave is [40—42]:

Iy = IRMS\/E (21)
Thus, Equation (20) takes the form:
N
Unly
P = Ugyslrusp + Z > COS((pu,n - (pi,n) (22)
n=1

The mass flow rate for pulsed electrolysis was determined considering the value of Ips:

Mlgys
P E
N, = # X 100% = m % 100% (24)

It can be said that one of the main advantages of DC pulsed electrolysis is the ability to improve
the energy efficiency of hydrogen production. High-intensity pulses followed by relaxation periods
allow for better water dissociation, thereby reducing energy consumption [43]. However, precise
control of pulse timing and intensity is crucial to optimizing the process. Moreover, a thorough study
of electrode material corrosion under current pulses is necessary, as the on/off cycling can increase
component wear [44].

3. Experimental

To clarify the objectives of this work, Figure 8 shows the experimental setup used for
conventional and pulsed electrolysis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Simplified experimental schemes used in this work: (a) Conventional electrolysis and (b) pulsed

electrolysis.

Current and voltage measurements were taken for each concentration of KOH (potassium
hydroxide) dissolved in one liter of demineralized water: 0.25 mol/L, 0.30 mol/L, 0.35 mol/L, and 0.40
mol/L. These measurements were carried out for both types of electrolysis and for both types of
electrodes: stainless steel (class A4) and zinc (class 8.8). The experiment was conducted in an
environment with a temperature of 20 °C.

First, in pulsed electrolysis, a constant duty cycle was maintained, and current and voltage
measurements were taken. Secondly, a certain concentration was maintained while the duty cycle
was varied.

The electrodes (stainless steel and zinc) had the same hexagonal geometry (on the top and
bottom surfaces) and rectangular on the sides (thickness), whose area was determined by Equation
(25), where x =3 mm=0,3cm and y =5mm =0,5 cm.

3V3

A=7y2+6xy (25)

Substituting the values of x and y into Equation (25), the area came out to 1.55 cm?. This value
was used to determine the current densities, exchange current (for determining R«).

For pulse electrolysis, an HP 214B pulse generator was used, which employs semiconductor
technology to generate power pulses with a repetition rate of up to 10 MHz. This pulse generator
provides 100 V pulses with a rise time of 15 ns. It has the following output characteristics: Amplitude
from 0.3 V to 100 V in 5 ranges, fixed source impedance of 50 Q2 nominal in ranges up to 10 V, polarity
can be positive or negative depending on the selection, pulse-top disturbances of <+5% of the
amplitude, operating temperature from 0 °C to 55 °C, power supply of 100/120/220/240 V rms; +5%, -
10%, 48 to 66 Hz, maximum 360 VA.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4. Results and Discussions
4.1. Conventional and Pulsed Electrolysis for Different Concentrations

As can be seen in Figure 9, the same voltage range was used. For conventional electrolysis, the
currents were higher than in pulsed electrolysis with a constant (3 of 67.53%. This shows that when
comparing pulsed electrolysis with conventional electrolysis, for certain values of the duty cycle (),
energy consumption is higher in conventional electrolysis, which reduces the efficiency of the
electrolysis process. Also in Figure 9, it can be observed that the increase in current is directly
proportional to the increase in the concentration of the KOH solution. The higher the concentration,
the higher the current. This occurs because, as the concentration increases, the speed of electrons in

the solution increases, the mobility time decreases, and the solution’s resistance decreases, practically
following Ohm’s law.

(a) (b)
Cc())n1ventional and pulsed electrolysis: current vs voltage; C = 0,25 mol/L Colqréventional and pulsed electrolysis: current vs voltage; ¢ = 0.30 mol/L
—©— Conventional - Stainless steel —©— Conventional - Stainless steel
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= @ Pulsed (3 = 67.53%) - Stainless steel = @ ‘Pulsed (3 = 67.53%) - Stainless steel
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= — 01rp
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%%r%vemional and pulsed electrolysis: current vs voltage; ¢ = 0.40 mol/L
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— 8 — Pulsed (3 = 67.53%) - Zinc

Current, | (A)
Current, | (A)

Voltage, U (V) Voltage, U (V)

Figure 9. I-U curves for different concentrations using a stainless-steel and zinc electrodes for conventional and
pulsed (B = 67.53%) electrolysis: (a) ¢ = 0.25 mol/L, (b) ¢ =0.30 mol/L, (c) c=0.35 mol/L and (d) ¢ = 0.40 mol/L.

Experience has shown that using zinc electrodes, within the same voltage range, the currents
were lower compared to stainless steel electrodes. This is because corrosion is more effective in zinc,
thereby causing a low current (and clearly low current density).

In Table 1, Rct is obtained from the linearization of Butler—Volmer using the small overpotential
region (first points of positive current). Rs is obtained from a linear fit of the highest current points
(last 3 points). Figure 10 shows the Tafel plots that served as the basis for the results in Table 1.

In Figure 10, the n vs j graph (overpotential vs current density) describes the overall performance
of electrolysis, including: electrochemical activation regime, ohmic contribution (Rs), and the possible
onset of mass transport limitation. In this context, it is observed that higher KOH concentration

© 2025 by the author(s). Distributed under a Creative Comm CC BY license.
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results in lower 1) for the same j and downward-shifted curves. This is because there is an increase in
ionic conductivity, a reduction in solution resistance (Rs), and greater availability of OH- for the
hydrogen evolution reaction (HER). Thus, increasing the electrolyte concentration reduces ohmic
losses and improves electrochemical efficiency.
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(a)

Conventional electrolysis: n vs j

—©— SS ¢=0.25 mol/L
—8— Zn ¢=0.25 mol/L
—&— S8 ¢=0.30 mol/L
—&— Zn ¢=0.30 mol/L

S8 ¢=0.35 mol/L.

2Zn ¢=0.35 mol/L
—6— SS ¢=0.40 mol/L
—&— Zn ¢=0.40 mol/L

054
0G .
0 20 40 60 80 100 120 140
Current density, j (MA cm'z)
(V]
. Tafel plots - conventional electrolysis
—6— S5 ¢=0.25 mollL
4.5 |- |—8—2Zn c=0.25 mol/lL
—&— 55 ¢=0.30 mollL
4 - |—8—Zn c=0.30 mol/L
SS ¢=0.35 mollL
_ 351 Zn ¢=0.35 mol/L
2 —©— 58 ¢=0.40 mollL.
S 3 |—8—2Znc=0.40 mollL
=
€25}
g
g 27
2
o
15F
s
05
0 . . . .
-2.5 2 1.5 1 0.5 0 0.5 1 15 2 25
log (j)

Overpotential, 7 (V)

Overpotential, 7 (V)

log (

Pulsed electrolysis (3 = 67.53%): n vs j
B o o] 2
2/ " 4 4 PAd ’
- @ -] o
7 - 4 ,
-
e , = o e )
4
F P @ pes
’ R .
d o Y-Sy
7z 77 g
do -4 ]
1’ 7! P
/’{ F( ,G' ,G = © — 8Sc¢=0.25 mol/L
4 Hdo e — @ = Zn ¢=0.25 mol/L
A ate — © — $S¢=0.30 mol/L
p-a-1 2 ~ 8 — Zn ¢=0.30 mollL
4 / SS ¢=0.35 mol/L.
P il - Zn ¢=0.35 mollL
ddd o @ — © — $8¢=040 mollL
R Yava — 8 — Zn ¢=0.40 mol/L
dif o
N 7
é A
0 10 20 30 40 50
Current density, j (MA cm'z)
5 Tafel plots - pulsed electrolysis (3 = 67.53%)
- ©- +55 c=025 mollL R R orpep
4.5 |- 8- +Zn c=0.25 mollL o d o aog
- ©- S5 ¢=0.30 moliL Y
4 |- 4~ -Zn ¢=0.30 moliL AR ¢ A °
SS ¢=0.35 mollL . ‘v
35} Zn ¢=0.35 mollL b ,d oo ,¢
- O +SS ¢=0.40 mollL oo co
3 | |= = *Zn c=0.40 mollL o v 4
i B ¢
25+ ’ o o
Jo e
2 os dp 8
L% PR
15} e s
27z ,
ow oE s ]
1 PP Lol
L o o
e 4 ’ s’
e’ e o'
o
S ol @ . . . .
0.4 0.6 0.8 1 1.2 14 1.6 18

i)

Figure 10. Tafel plots for different concentrations using stainless steel and zinc electrodes for conventional and
pulsed electrolysis (8 = 67.53%): (a) conventional, overpotential (1) vs current density (j), (b) pulsed, n vsj, (c)
conventional n vs log(j), and (d) pulsed, n vs log(j).

For the same concentration and electrode, pulsed electrolysis shows a lower n across the entire
range of j. This may indicate a reduction in polarization, better renewal of the electrode-electrolyte
interface, and possibly more efficient removal of H2bubbles. This emphasizes the fact that the pulsed
regime favors more efficient kinetic and interfacial conditions, reducing energy losses.

The experimental results showed that zinc tends to exhibit lower n at low j, and steeper curves
at high j. Meanwhile, stainless steel showed greater stability and better performance at higher current
regimes. These differences reflect the characteristics of each material.

In Figure 10c,d, the Tafel plots (1] vs log j) revealed a systematic decrease in the Tafel slope and
a significant increase in the exchange current density when pulsed electrolysis was used. This
indicates enhanced charge transfer kinetics and higher electrochemical activity, attributed to the
periodic renewal of the interface and the reduction of bubble coverage on the electrode surface.
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Table 1. Rs and R« results for stainless-steel (SS) and zinc electrodes.
Conventional electrolysis Pulsed electrolysis
¢ (mol/L) Rs (Q) Ret (Q) Io (uA) c(mol/L) Rs (Q) Rt (Q) Io(mA)

0.25 60.14 540.77 234 0.25 100 1.23 10.24

0.30 22.85 1118.69 11.3 0.30 79.96 1.17 10.77

SS 0.35 19.51 485.15 26.0 0.35 67.65 0.97 13.08
0.40 19.93 199.39 63.3 0.40 58.56 0.94 13.44

0.25 19.42 269.85 46.78 0.25 587.87 2.31 5.47

0.30 19.03 597.20 21.14 0.30 56.40 2.54 4,97

Zinc 0.35 24.87 1383.60 91.24 0.35 88.53 5.37 2.35
0.40 46.64 164.18 76.89 0.40 106.36 241 5.23

As we can see in Table 1, conventional electrolysis shows lower solution resistance (Rs), higher
charge transfer resistance (Ret), and low exchange currents. Firstly, as the KOH concentration
increases, the ionic conductivity of the solution also increases (more OH- and K* ions per volume),
which reduces Rs and promotes ionic transport between the electrodes, decreasing ohmic losses and
allowing the actual current to approach the exchange current density [45] . Secondly, for stainless
steel electrodes, electrochemical behavior (and thus the surface activation for hydrogen evolution
reactions (HER)) strongly depends on the composition of the surface film, which can change
according to the KOH concentration [46]. As can be seen in the same Table 1, in conventional
electrolysis, zinc exhibits a higher exchange current because its metallic surface has more favorable
electron transfer kinetics for hydrogen evolution, but it suffers from severe corrosion and passivation
[47]. In pulsed electrolysis, however, stainless steel gains an advantage: the pulses reduce bubbles
and charge resistances, activate catalytic sites, and prevent passivation, increasing the apparent o
[48]. The Rct of zinc is higher than that of stainless steel in pulsed electrolysis. For this reason, in
pulsed electrolysis, stainless steel electrodes have essentially been chosen.

This trend, of the increase in current density, reflects a higher intrinsic reaction rate at the
electrode/solution interface due to the combination of greater availability of ions and higher surface
catalytic activity, is consistent with the Butler-Volmer equation, which relates jo to Re, and with
studies on stainless steel electrodes in alkaline solutions, showing that high concentrations of KOH
reduce kinetic and ohmic barriers, increasing the efficiency of the electrolysis in question. [49].

These results led us to analyses other parameters to further compare the two electrodes. The
chosen element was energy efficiency. Figure 11 presents these results.
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Figure 11. Efficiencies for different concentrations using stainless steel and zinc electrodes for conventional and
pulsed electrolysis ( = 67.53%): (a) conventional, stainless steel, (b) conventional, zinc, (c) pulsed, stainless steel,
and (d) pulsed, zinc.

As seen in Figure 11, for both stainless steel and zinc electrodes, the efficiency decreases
monotonically with increasing current, regardless of the electrolyte concentration. This behavior
indicates that efficiency losses are mainly determined by current-dependent phenomena, such as
ohmic losses, gas bubble coverage, and mass transport limitations, rather than by the electrolyte
concentration or the electrode material under conventional electrolysis conditions. It can also be
added that these identical efficiency values observed suggest that, within the investigated current
range, the overall system efficiency is dominated by resistive and transport effects at the cell level.

It is added that in pulsed electrolysis, both stainless steel and zinc electrodes show a decreasing
efficiency with increasing current, in a similar manner to conventional electrolysis. The overlapping
of efficiency values at different concentrations indicates that the pulsed mode maintains the same
current-dependent behavior, without any additional loss or gain in efficiency due to the electrolyte
concentration. This supports the conclusion that, under pulsed conditions, efficiency is mainly
determined by the instantaneous current and mass transport limitations, rather than by the electrode
material or bulk concentration [22,35,36].

4.2. Pulsed Electrolysis at a Concentration and Different Duty Cycles

According to Table 1, a concentration of 0.40 mol/L was chosen as the ideal one to make a
comparison by varying the duty cycle to observe the behavior of the I-U curve.

In Figure 12, for both stainless steel (Figure 12a) and zinc (Figure 12b), a comparison is made
between the current-voltage characteristics of conventional electrolysis (3 = 0) and pulsed electrolysis
at different duty cycles for the stainless-steel electrode in ¢ = 0.40 mol/L. It is observed that pulsed
operation significantly increases the current response at a given voltage, particularly for f above 86%,
thus indicating an improvement in charge transfer kinetics and a reduction in effective polarization
losses. At high duty cycles, the pulsed regime approaches nearly continuous operation, still
benefiting from the transient effects of double-layer relaxation.
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Figure 12. I-U curves of concentration 0.40 mol/L for different values of {3: (a) conventional and pulsed

electrolysis for stainless-steel (SS) electrode, and (b) conventional and pulsed electrolysis for zinc electrode.

In Table 2, it can be observed that even when alternating the values of (3, Rct continues to
decrease, clearly showing that in pulse electrolysis the effects of charge transfer can be neglected. For
this reason, many authors do not use Rct in pulse electrolysis.

Table 2. Rs and Rt results for the stainless-steel (SS) and zinc electrodes.

Conventional electrolysis Pulsed electrolysis, ¢ = 0.40 mol/L
¢ (mol/L) Rs (Q) Ra () Io (uA) B (%) Rs (Q) Rat () I (mA)
67.53 58.56 0.94 13.44
75.63 14.46 0.57 22.2
86.96 28.38 0.53 23.9
SS 0.40 19.93 199.39 63.3 89.22 12.43 0.53 23.9

90.38 36.26 0.42 30.1
67.53 106.36 241 5.23
75.63 58.87 3.58 3.53
86.96 28.53 1.07 11.79

zinc 0.40 46.64 164.18 76.89 89.22 13.87 1.02 12.37
90.38 37.84 0.96 13.09

As can be seen in Table 2, for a higher duty cycle, both for zinc and stainless steel, there is a lower
load resistance and a higher exchange current. This reinforces the idea that a duty cycle close to 90%
outperforms conventional electrolysis.

The results in Table 2 were obtained considering the Tafel polarization graphs. These graphs are
presented below.
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Figure 13. Tafel plots for different duty cycles using stainless-steel (5S) and zinc electrodes at fixed concentration

(c=0.40 mol/L): (a) overpotential () vs current density (j), SS (b) n vs log(j), SS, (c) n vsj, zinc, and (d) n vs log(j),

zinc.

The behavior of efficiencies as a function of different beta values was also analyzed (Figure 14).
It was found that for beta values of 86.96%, 89.22%, and 90.38%, the efficiency values were higher
than in conventional electrolysis, for both stainless steel and zinc. It was also observed that for each
beta value, even using different electrodes and different currents, the efficiencies of zinc and stainless
steel were the same, thus supporting the same conclusion as in Figure 11.
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Figure 14. Efficiencies vs current for a concentration of 0.40 mol/L for different values of {3: (a) stainless steel (SS)

and (b) zinc electrode.

As can be seen in Figure 14, for c = 0.40 mol/L KOH, the efficiency of hydrogen evolution was
essentially identical for the stainless steel and zinc electrodes across all operating cycles (3 = 0 -
90.38%). This indicates that, under these conditions, the performance of electrolysis is dominated by
the electrolyte conductivity and the applied current, rather than the properties of the electrode
material, in agreement with previous studies on alkaline water electrolysis [22,35,36].

5. Conclusions and Perspectives

The work on the topic in question presented a systematic comparison between zinc and stainless-
steel electrodes operating under conventional and pulsed alkaline electrolysis at different electrolyte
concentrations (0.25, 0.30, 0.35, and 0.40 mol/L). As expected, under conventional electrolysis ( =0),
it was found that efficiency is essentially independent of both the electrolyte concentration and the
electrode material, indicating that, within the investigated range, the overall process is mainly
governed by the bulk electrolyte conductivity and ohmic losses, rather than interfacial kinetics. A
similar behavior, independent of concentration, was also observed for pulsed electrolysis operated
with a duty cycle of 67.53%, confirming that moderate pulsing does not significantly alter Faradaic
efficiency when compared to conventional electrolysis.

When the duty cycle was systematically varied (3 = 0, 67.53, 75.63, 86.96, 89.22, and 90.38%), a
clear increase in efficiency was observed for high duty cycles (3 > 86.96%) for both electrode materials.
In this regime, pulsed electrolysis outperformed conventional electrolysis, which can be attributed to
an improvement in interfacial mass transport, partial relaxation of the electric double layer, and
attenuation of concentration polarization effects during the pulse-off period. These results
demonstrate that the duty cycle is a critical operational parameter and that properly optimized
pulsed electrolysis can outperform conventional operation in terms of efficiency, even without
changes in electrolyte concentration.

During the investigation of the two electrode materials, stainless steel consistently demonstrated
superior electrochemical performance, particularly under pulsed electrolysis conditions. Lower
values of charge transfer resistance (Rct) were obtained for stainless steel compared to zinc, indicating
faster electrode kinetics and reduced interfacial energy barriers. The higher R« values observed for
zinc are likely associated with corrosion and surface passivation phenomena in alkaline media, which
hinder charge transfer during pulsed operation. Consequently, the use of stainless-steel electrodes is
recommended for pulsed alkaline water electrolysis due to their higher efficiency, lower R«, and
greater electrochemical stability. However, for zinc electrodes, surface modification strategies or
protective coatings are suggested to suppress corrosion and reduce Re, which could allow for simpler
double-layer models in pulsed electrolysis systems and improve their technical feasibility.

In general, both in pulsed electrolysis and conventional electrolysis, it was observed that as the
voltage and current increased, the efficiency of the electrolysis decreased. In the future, to produce
larger amounts of hydrogen, it will be necessary to find a technique that does not significantly reduce
efficiency at higher currents and voltages. Even for high currents and voltages, stainless steel is
expected to be feasible.
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