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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Supersaturation is a major driver
for gas crossover in zero-gap
electrolysis.

e Supersaturation near the dia-
phragm surface is influenced by
cathode-diaphragm gap.

e Large variations in gas crossover
are observed for a zero-gap
electrolyzer.
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Hydrogen crossover limits the load range of alkaline water electrolyzers, hindering their
integration with renewable energy. This study examines the impact of the electrode-
diaphragm gap on crossover, focusing on diffusive transport. Both finite-gap and zero-
gap designs employing the state-of-the-art Zirfon UTP Perl 500 and UTP 220 diaphragms
were investigated at room temperature and with a 12 wt% KOH electrolyte. Experimental
results reveal a relatively high crossover for a zero-gap configuration, which corresponds to
supersaturation levels at the diaphragm-electrolyte interface of 8—80, with significant
fluctuations over time and between experiments due to an imperfect zero-gap design. In
contrast, a finite-gap (500 um) has a significantly smaller crossover, corresponding to su-
persaturation levels of 2—4. Introducing a cathode gap strongly decreases crossover, unlike
an anode gap. Our results suggest that adding a small cathode-gap can significantly
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Supersaturation
Electrolyzer design

decrease gas impurity, potentially increase the operating range of alkaline electrolyzers,
while maintaining good efficiency.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

1. Introduction

Green hydrogen produced via water electrolysis powered by
renewable energy sources is expected to play an important
role in the energy transition as an energy carrier and feedstock
for the chemical industry [1,2]. Based on expected future green
hydrogen demand it is projected that terawatts of electrolysis
capacity are needed [3]. Of the available water electrolysis
technologies alkaline water electrolyzers (AWE) seems
particular suitable, since it has less dependence on rare and
expensive materials than other techniques [4].

Traditional AWE electrolyzers have a finite-gap design, in
which the inter-electrode distance is about 1-3 mm [5]. The
use of a zero-gap assembly with a thin diaphragm [6] is
considered more attractive for advanced alkaline water elec-
trolysis. It reduces ohmic resistance by minimizing the
cathode-anode distance and in this way enables efficient
operation at higher current densities. Yet, a thin diaphragm
also leads to increased H, crossover from the cathodic to
anodic compartment. This increased crossover poses a po-
tential risk as it can lead to the formation of an explosive
mixture, if 4 vol% of H, in O, is reached [6]. The volume frac-
tion of hydrogen in oxygen (HTO) is important for the load
flexibility of an alkaline water electrolyzer, as HTO increases
with decreasing current density due to lower oxygen pro-
duction. The minimum load of the electrolyzer, which is the
lowest current density at which an electrolyzer can be safely
operated, is usually determined by the current density at
which the HTO reaches 1.6% [6]. The typical minimum load for
alkaline electrolyzers varies from 10 to 40% [7], and also de-
pends on the nominal current density and the operating
pressure. A low minimum load is especially relevant for
electrolyzers operated based on variable renewable electricity
[8] and therefore there is a desire to decrease it.

Hydrogen crossover through the diaphragm can be driven by
diffusion, convection and electrolyte mixing [6,9—12]. For elec-
trolyzers operated at well-balanced pressures and industrial
flow rates, diffusion is believed to be the main contributor to H,
crossover [6,13]. Studies where electrolyte mixing has been
observed to be the main driver for crossover typically employ
significantly higher flow rates than industrial alkaline electro-
lyzers. In the work of Trinke et al. [11] a flow rate of 21 L h~'is
used for a current of up to 70 A, which corresponds to
0.3Lh 'A% In contrast, a typical commercial alkaline electro-
lyzer has a flow rate of ~550 L h~* for 10 Nm> h~* [14]. The latter
corresponds to a current normalized flow rate of 0.023Lh * A",

Diffusion is driven by a high local-supersaturated H,
pressure at the diaphragm interface. Yet, the understanding
of this supersaturation at the diaphragm interface in a zero-
gap is still poor, since it is a complex interplay between the
hydrogen generation at the electrode surface, hydrogen

bubble formation [15] and mass transport of dissolved
hydrogen away from the electrode. The schematic represen-
tation in Fig. 1 shows the H, partial pressure profile in a close

to zero-gap electrolyzer during electrolysis. Here, the

hydrogen pressure at the diaphragm interface (pﬁ,ijp“'“g'"

) is
expected to be in between the pressure at the electrode sur-
face (pglectrode), where the supersaturation is highest, and the
bulk catholyte, where the supersaturation will be low (pf").

Supersaturation is defined as the ratio between the concen-
tration of the dissolved gas and the equilibrium solubility of the
gas [15,16]. The local supersaturation in the immediate vicinity
of a gas-evolving electrodes can be more than hundred-fold the
hydrogen solubility [15—18]. Shibata [16] reported supersatura-
tion levels of up to 160 for a platinum cathode in 1.0 M H,SO,
electrolyte at 25 °C. No data regarding the supersaturation levels
of hydrogen gas at the electrode surface was found in concen-
trated alkaline medium. Nonetheless, a number of authors have
suggested that the supersaturation levels of dissolved gas in
acidic or alkaline media are comparable [19—-21].

For a perfect zero-gap design, the hydrogen supersaturation
at the diaphragm interface should be comparable to the su-
persaturation at the electrode surface. Yet, since the concen-
tration boundary layer at the electrode surface is relatively thin
[1,12], an imperfect zero gap configuration with a small gap can
resultin a significantly lower supersaturation at the diaphragm
interface. To evaluate to what degree the electrode supersatu-
ration extends to the diaphragm interface, it is important to

A Pz (bar)
2007

electrode

diaphragm & gap

Fig. 1 — Schematic representation of the H, concentration
profile in an imperfect zero-gap configuration, where

pglectrode s the H, pressure at the electrode surface, pﬁ':p hragm

is the H, pressure at the diaphragm surface and pff' is the
pressure in the electrolyte bulk on the cathodic side. At the
diaphragm interphase in the anodic side, the H, pressure
is pfn°=0.
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understand the thickness of the concentration boundary layer
at the electrode. In previous work [22] the observed hydrogen
crossover in PEM electrolysis was correlated with a mass
transfer coefficient in the order of about 10~ m s~*. This would
correspond to a concentration boundary layer thickness in the
order of 10 um (considering that hydrogen diffusivity in water is
~10"# m? s7"). In other work, in which a dilute alkaline solution
was used, a higher concentration boundary layer thickness was
reported in the range of 15—170 pm [23].

A key question is how “perfect” the zero gap is in alkaline
electrolyzers. The distance between the electrodes is defined
not only by the separator thickness, but also by gaskets [24]
(and/or O-rings). At industrial scale electrolytic cells generally
have a current-carrying area > 1 m? and it is difficult to
manufacture these large electrodes with high accuracy to
obtain an ideal zero gap [5]. It is likely that the electrode is only
touching the diaphragm in certain places, but that at other
places there can be a gap. Hence, industrial zero-gap electro-
lyzers are probably imperfect due to the large cell sizes. Also,
for laboratory scale alkaline electrolyzers there are currently
no commercial well-defined zero-gap alkaline systems avail-
able, making it likely that there is also significant variation in
gap size for laboratory scale electrolyzers.

Supersaturation levels can be derived from previously re-
ported HTO data for alkaline and PEM [10—13,24]. HTO values
of ~0.04—0.15% were reported for current densities in the
range of 0.05-0.3 A cm 2, 1 bar, 60—80 °C, ~31% KOH and
separated electrolyte circuits using Zirfon Perl UTP 500 as a
diaphragm [10,11]. This corresponds to a supersaturation level
of ~10 for alkaline medium. In comparison values reported for
PEM [11] show supersaturation values in the same order of
magnitude as alkaline. Yet, a comparison of supersaturation
levels in PEM and AWE electrolyzers cannot be directly made,
since PEM has membrane-electrode configurations (using
catalyst coated membranes and porous transport layers) that
are clearly different from AWE designs, where mesh or
perforated electrodes are pushed against a diaphragm.

In this study we further explore how the hydrogen cross-
over flux depends on the electrode-diaphragm configuration
with a special focus on the influence of the gap distance be-
tween the electrode and the diaphragm. Therefore, a com-
parison of finite- and zero-gap AWE designs is made using
Zirfon UTP 220 and Zirfon Perl UTP 500. The effect of a finite
gap is investigated both at the anodic and cathodic side.
Special attention is given to reproducibility, which appears to
be a major challenge between different experiments. We carry
out experiments at current densities ranging from 0.1 to
0.3 A cm~?, which are representative values for the minimum
load of alkaline electrolyzers.

2, Methods
2.1.  Electrolysis-cell design

A custom-built electrolysis cell, shown in Fig. 2, was used to
conduct the gas crossover measurements. It consists of two
polymethyl methacrylate (PMMA) parts in which nickel alloy
201 (Salomon's Metalen) is used as electrode material. Both
cathode and anode are fixed using screws on which the power

s B ‘j.],,'“_‘; ‘
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Fig. 2 — Parts of the custom-built electrolysis cell made of
PMMA.

cables can be connected. The nickel electrodes have perfora-
tions with a 1-mm hole diameter, an open area of ~40% and a
thickness of 0.5 mm. The geometrical area of the electrodes is
~20 cm? (~3.5 cm x 5.6 cm). Polytetrafluoroethylene (PTFE) fil-
aments can be inserted below the electrode to create a zero-gap
configuration. Additionally, extra PTFE or ethylene-propylene-
diene-monomer (EPDM) gaskets can be inserted to create a
finite-gap configuration. A Zirfon separator (Agfa®, type UTP
Perl 500 or UTP 220) with an effective area of 56 cm? is placed
between both cell compartments and held in place by an inner
EPDM O-ring. An outer O-ring is used to seal the cell. The black
inserts shown in Fig. 2 ensure that the gas transport happens
primarily through the electrode area and not through the rest of
the diaphragm area. Another custom-built electrolysis cell was
also used to conduct part of gas crossover measurements. The
extra cell was made of polypropylene (PP) with identical design
as the original PMMA cell (see Supplementary Information).
Due to the similar structural cell configurations, the gas
crossover behavior is expected to be comparable.

2.2. Electrolysis test setup

The overview of the electrolysis test setup is shown in Fig. 3. A
power supply (Delta Elektronika model ES030-10) is used to
apply the desired current to the electrolysis cell. Both anolyte
and catholyte outlet streams of the electrolysis cell are con-
nected to vertical gas-liquid separators. The gas-liquid sepa-
rators have internal coils that enable heating and cooling of
the electrolyte to control the operating temperature of the
electrolyzer. In each 300-mL gas-liquid separator the evolved
gas products are separated from the electrolyte solution. Both
gas streams go through washers at room temperature to
remove possible KOH droplets in the gas streams. Subse-
quently, the O, gas stream goes through a hydrophobic
membrane (Mitex®, PTFE, pore size of 10 um) to ensure the
removal of any liquid droplets. Then, the O, gas stream with
traces of H, is analyzed in a gas chromatograph (Global Ana-
lyser Solutions®) every ~2 min. The gas chromatograph (GC) is
equipped with a 5 m long 0.32 mm molecular sieve column for
gas separation and a thermal conductivity detector for gas
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Fig. 3 — Schematic of the AWE test setup applied in this study.

detection. Before the hydrophobic membrane and the GC
there is a pressure sensor (Endress + Hauser Cerabar T,
pressure range of 0—2 barg) to determine the pressure drop of
the gas mixture that flows through the gas analysis line.

The produced hydrogen gas stream flows through a water
column in which the liquid height can be manually changed
between 0 and 65 cm, to achieve the same pressure drop as
measured with the pressure sensor in the O, stream. Every
time the current is changed the water column level is adjusted
accordingly. In this way both electrolysis cell compartments
can be operated without a significant differential pressure.

There are no pumps in the test setup to avoid any pressure
differentials that could potentially be created by forced con-
vection. Therefore, the recirculation of catholyte and anolyte
is only driven by natural convection (induced by bubble mo-
tion). Natural convection is also a common approach in in-
dustrial electrolysis where flowrates are typically set to
maintain the difference between the inlet and outlet tem-
perature of the stack to less than 15 K [25].

The system is operated with separated electrolyte circuits,
ensuring that gas crossover only occurs through the separator.
A balancing line connects both gas-liquid separators. During
experiments this balancing line is closed, but it is opened
between measurements for a couple of minutes to avoid the
creation of an electrolyte concentration difference between
compartments. At the end of every test day, the system is
flushed with nitrogen.

2.3. Diaphragm characterization

The properties of the diaphragm Zirfon® Perl UTP 500 and the
thinner diaphragm (Zirfon® UTP 220) used in this study are
given in Table 1. These diaphragms are made of an open mesh
polyphenylene sulfide fabric which is symmetrically coated
with a mixture of polysulfone and zirconium oxide [26,27].
Zirfon® UTP 220 is thinner and therefore has less ionic resis-
tance compared to Zirfon® Perl UTP 500.

Table 1 — Properties of AWE diaphragms - the Zirfon®
Perl UTP 500 and UTP 220 [24,26,27].

Property PERL UTP 500 UTP 220
Thickness (um) 500 + 50 220 + 30
Porosity (%) 55 + 10 60 + 10
Pore size (um) 0.15 + 0.05 0.15% + 0.05
Bubble point (bar) 2+1 2+1

Ionic resistance (Q.cm?)® 0.10 0.05

& Assumed to be comparable to UTP 500, as both diaphragms have
equivalent bubble points.
P At 30 wt% KOH and 80 °C.

The thicknesses of Zirfon PERL UTP 500 and UTP 220 used
in the study were determined by measuring it with a digital
caliper (Powerfix Profi+, 0.01 mm-150mm). They were
measured at four different locations after the diaphragms
were soaked in demineralized water for at least 24 h. The
measured thicknesses of the diaphragm samples Zirfon PERL
UTP 500 and UTP 220 were, respectively, 473 + 20 um and
213 + 20 pm. The presented standard error is the accuracy of
the measuring caliper, since the standard deviation for the
measurements was smaller than that.

2.4. Experimental procedure

The electrolyte with a concentration of 12 + 1 wt%
(2.3 + 0.3 mol/L) was prepared from KOH pellets (GPR Rectapur
VWR Chemicals®). Galvanostatic measurements with an ac-
curacy of +0.2% of the input current were carried out in the
range of 2—6 A, corresponding to a current density range of
0.1-0.3 A cm 2 The stationary gas impurity (hydrogen in
oxygen) was measured at 25 + 3 °C and ambient 1 atm pres-
sure. The electrolysis cell was operated until steady gas im-
purity levels were observed (up to 90 min). The last 5
measured HTO levels should have a standard devia-
tion < 0.02% to be considered steady state. In the majority of
cases the measurements started from high to low current
densities, from 0.3 A cm 2 with decreasing steps of 0.1 A cm 2
until a current density of 0.1 A.cm—2. The majority of the
experimental tests were conducted in triplicate to ensure the
reproducibility of the results. It is important to point out that
the first 5 measured HTO levels of a particular run (first
10 min) should not be considered, due to dead gas volume in
the experimental setup and impurities in the sample loop of
the gas chromatography.

Besides the experiments at 12 wt% KOH, we have also
conducted experiments using different electrolyte concen-
trations (5, 15 and 27 wt%), diverse diaphragms (Zirfon UTP
500, UTP 220 and UTP 500+) and other electrode-diaphragm
gaps. Results of these experiments can be found in the sup-
plementary information.

3. Analysis
3.1. Gas crossover evaluation

The stationary anodic gas impurity (HTO) is determined from
the measured hydrogen peak area (Apq) in the gas
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chromatogram by using equation (1), in which py, o is the partial
vapor pressure of water.

1

— Pmo0

HTO(%) = (2.394-10°%- Apeqi — 0.0097) - (1)

The correlation between HTO and the hydrogen perme-
ation flux (Ni,™) is shown in equation (2). The oxygen pro-
duced in the anodic compartment (No,) in mol cm 2 s ' is a
function of the applied current density (i) and can be calcu-
lated according to equation (3), where, F is the Faraday con-
stant. Combining equations (1) and (2) results in equation (4)

for the hydrogen permeation flux (Nf;™) in mol cm™? s,

perm

HTO(%) = NOi‘—ZN]Z&,,nﬂoo 2
2 2

i
No, = T ®3)

Npevm _ i'Aelectrude HTO(%) 1 (4)
HZ 4-F 100 - HTO(%) Adiaphmgm

Aclectrode 1S the geometrical area of the electrode and Agigphragm
is the diaphragm surface area. As only the diaphragm area
next to the electrode area is subjected to high levels of su-
persaturation, it is assumed that the hydrogen transport
through the remaining diaphragm area can be neglected and
that hence the electrode area is equal to the diaphragm area.
Therefore, equation (3) can be rewritten as equation (5):

Nk, =%°F 100 — HTO(%) ©)

The standard deviation (SD) represents the prevailing
metric for data dispersion. SD is employed to indicate the
variability of each measured HTO percentage (HTO;) sur-
rounding the HTO mean (HTO) for a number N of experi-
mental trials. Equation (6) presents the calculation for the
standard deviation. The standard deviation of the hydrogen
permeation flux can be calculated based on the HTO standard

deviation by error propagation.

i=N

(HTO; — HTO)?

N-1

As previously stated in this paper, for electrolyzers oper-
ated at well balanced pressures and low electrolyte flow rates,
hydrogen crossover is primarily driven by diffusion. That
means that the hydrogen permeation flux (N7™) [8,10,11] can
be written as a function of the hydrogen partial pressure at the
catholyte diaphragm interface (pﬂ;‘phmg"'), as shown in equa-
tion (7).

diaphragm

it Du by
NH?:NB;'SH 2

2 6diuphmgm (7)

For a porous diaphragm, the effective diffusion coefficient
within the diaphragm can be obtained by correction of the
diffusion coefficient in the free electrolyte (Dy,) with the
MacMullin number (Ny). The MacMullin number represents
the ratio of the tortuosity factor to the porosity of the

diaphragm. The MacMullin number is also utilized in the
context of resistance, where it indicates the ratio between the
resistivity of the diaphragm and the resistivity of the pure
electrolyte [6,28,29]. Similarly, it can be applied to diffusive
transport within a porous medium. Equation (7) is also a
function of the hydrogen solubility in the electrolyte (Sy,) and
the diaphragm thickness (Sgigphragm)- The higher the amount of
dissolved hydrogen in the electrolyte, the higher the hydrogen
permeation flux. In contrast, the thicker the diaphragm, the
lower the permeation flux. Comparing both diaphragms used
in this study, i.e. Zirfon UTP 220 and UTP 500, higher H,
crossover fluxes are expected for UTP 220 than for UTP 500,
due to the smaller thickness of UTP 220.

3.2. Supersaturation evaluation

The hydrogen permeation flux described by equation (5) is
equal to the diffusional hydrogen flux defined in equation (7)
under the assumption that diffusion is the dominant cross-
over mechanism. Hence, equation (7) can be rewritten to

: diaphragm
calculate the hydrogen partial pressure (py, ) from the
estimated hydrogen permeation flux, resulting in equation (8).

diaphragm __ NpeTm NM'édiaphmgm Q
sz T H, ’ D. -S ( )
Hy "9H,

The hydrogen supersaturation at the diaphragm surface
(¢$§phrq9m) is the ratio between the concentration of the dis-
solved gas and the hydrogen equilibrium solubility and is
estimated by equation (10). At equilibrium, the hydrogen
pressure (p;}) is defined by equation (9), assuming that the
hydrogen is saturated with water vapor. Therefore, the
hydrogen equilibrium pressure is the total cathodic pressure
(peat) corrected by the water vapor pressure above the elec-
trolyte solution (pu,o0).

P, =Peat — PH,0 ©)

diaphragm __ Npe"" NM’édiaphmgm 10
Pu, “ " D, .S, p¥ (10)
H, *OH, "PH,

From experiments, HTO levels can be calculated using
equation (1). However, equations (7) and (10) require input
parameters to estimate the stationary anodic gas impurity,
the hydrogen permeation flux and the hydrogen supersatu-
ration at the diaphragm surface. The relevant parameters are
summarized in Table 2. The MacMullin numbers were esti-
mated by considering the ohmic resistance data obtained
from AGFA® [26] and KOH conductivities measured by Gilliam
et al. [30] (see Supplementary information). The molecular
diffusion coefficient (Dy,) and the hydrogen solubility (Sy,)
were obtained from the data provided by Tham et al. [31] and
Ruetschi et al. [32]. The empirical correlation used to estimate
the water vapor pressure above a KOH solution (py,0) was
proposed by Balej [33].

3.3. Gas crossover model

A correlation to estimate the hydrogen pressure at the dia-

diaphragm

phragm interface (py, ) was proposed by de Groot et al.
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Table 2 — Relevant parameters to calculate N7 ™ and

diaphragm
ou,
Parameter Value Unit
Ny (UTP Perl 500) 3.4 -
Ny (UTP 220) 3.1 =
Dy,® 2.5-107° m?s?t
Sk, ° 3.7-10°t mol m~3
PH0° 0.028 bar

2 At 25 °C and 12 wt% KOH.
Y At 30 °C and 12 wt% KOH.

[6] and is given in equation (11). The correlation was obtained
by fitting data points from four distinct studies using a zero-
gap electrolyzer design [10—12,24]. The hydrogen pressure at
the diaphragm interface was found to be dependent on the
square roots of the current density (i) and the total cathodic
pressure (pea). A value of 25.8 was found for the parameter f
at 30 wt% KOH. In this study we compare our results to that

. diaph
correlation. We assume that pj;*"*"

is independent of the
electrolyte concentration and temperature and therefore a
value of f = 25.8is also used in this study. This assumption is
based on the work of Glas et al. [21] in which there was no
bubble growth difference in alkaline or acidic medium with
different normalities. This assumption still needs to be fully
proven to validate the use of a constant fitting parameter to
estimate properly the supersaturation level in zero-gap
electrolyzers. Equation (11) can be rearranged to obtain the
hydrogen supersaturation at the diaphragm surface

(¢gfphmgm), which is shown in equation (12). The hydrogen
supersaturation concentration near the diaphragm is only
corrected for a specific electrolyte concentration and tem-
perature by multiplying the supersaturation pressure in
equation (11) by the hydrogen solubility.

p =Peat — Pyo +f+1°° Pl (11)

diaphragm
Hy

4. Results and discussion
4.1. Gas crossover evaluation
4.1.1.  Influence of cell design on gas crossover

For a zero-gap design with Zirfon UTP 220 the anodic gas im-
purity “Hydrogen-To-Oxygen” (HTO) as a function of current
density is shown in Fig. 4(a). The HTO level decreases with
increasing current density and significantly exceeds the value
expected based on equilibrium diffusion, which is in line with
previous work [11] and the gas crossover model proposed by De
Groot et al. [6]. This confirms that supersaturation is likely to
play an important role in gas crossover. However, compared to
previous work the HTO values are significantly higher and
show a large variation as can be noticed from the large stan-
dard deviation bars. This is also reflected in Fig. 4(b), which
shows the calculated supersaturation and hydrogen crossover
fluxes. Please observe that the calculated supersaturation level
and the hydrogen crossover flux are directly related to each
other. For instance, in the case of the experimental point at a
current density of 0.1 A cm 2, the arrow to the left indicates the
degree of supersaturation, while the arrow to the right denotes
the H, crossover flux in mmol m= s*.

HTO values for a finite-gap (500 um) configuration are
shown in Fig. 5(a) as a function of current density for both
Zirfon UTP 220 and UTP 500. Supersaturation and hydrogen
crossover flux are given in Fig. 5(b)—(c). For UTP 220 the HTO
and supersaturation values are over a factor 10 lower than for
the zero-gap configuration. Also, the variation in the HTO and
supersaturation values is significantly smaller for the finite-
gap configuration than for the zero-gap configuration. Gas
crossover values are now much closer to the equilibrium
diffusion, although there is still some supersaturation.

Comparing finite-gap cells with Zirfon UTP 220 and UTP 500
it can be seen that H, crossover fluxes are higher for UTP 220
than for UTP 500, which is expected due to the smaller thick-
ness of UTP 220, while the other diaphragm properties are
comparable. Since the diaphragm thickness is corrected for

PP =1 1 _ s P (12)  when calculating the supersaturation, one would expect that
pcat - pHZO .
the calculated supersaturation values would be comparable for
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Fig. 4 — (a) Stationary anodic gas impurity (HTO) and (b) calculated H, crossover flux and supersaturation as a function of
current density for zero-gap. Conditions: 25 °G, 12 wt.% KOH, UTP 220.
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both Zirfon diaphragms. However, Fig. 5(c) shows significantly
higher supersaturation values for Zirfon UTP 500 (3—4) than for
UTP 220 (~2). It is not directly clear why this is. It could be due
to small variations in the finite-gap design but might also be
due to a possible difference in surface properties of Zirfon UTP
500 compared to UTP 220. Another hypothesis is that a slightly
higher supersaturation is estimated due to the assumption
that the diaphragm area is equivalent to the electrode geo-
metric area. Crossover could occur in diaphragm areas that do
not make full contact with the electrode. Nevertheless, the
overall extent of the diaphragm area may have a negligible
impact on crossover, as the presence of cell inserts is capable
of suppressing gas crossover. Besides, disparities between the
two Zirfon diaphragm types cannot be solely attributed to
changes in diaphragm area.

4.1.2. Variation in gas crossover

To further investigate the large variability in HTO in the zero-
gap configuration measurements were performed for a longer
time period. Fig. 6 shows results for three different runs with a
total operating time of ~270 min for different current den-
sities. There were breaks in between the different runs, but
the cell was not opened.

The data show striking changes in HTO during the exper-
iments: in the first run at 0.2 A cm 2 the HTO seems to sta-
bilize around ~1% during the first 30 min, but then starts
dropping to ~0.3%, where it remains during the rest of the
experiment. In contrast, in the third run at 0.3 A cm 2 the HTO
value seems stable at a low value of ~0.15%, but then suddenly
shoots up to ~1%, after which it slowly decreases. In the latter
case it was initially believed that the diaphragm was
damaged, but there was no visual evidence of any damage
when examining the diaphragm. Moreover, a diaphragm
damage cannot explain a sudden decrease in HTO as observed
in the first run.

The calculated supersaturation near the diaphragm sur-
face during the experiments is given in Fig. 6(b). During the
first run at 0.2 A cm 2 the supersaturation starts at ~50, but

then suddenly drops to ~15. During the second run at
0.1 A cm~2 the supersaturation remains low around ~20. In the
third run at 0.3 A cm™2 the supersaturation starts at a low
value of ~10, but then suddenly shoots up to ~80. These results
confirm that supersaturation can largely vary even for a cell
that remains unopened during an experiment.

The gas-crossover results for a longer time period using a
500 um-gap are shown in the Supplementary information of
this paper. The HTO level fluctuations were not observed
anymore, confirming that the gas crossover variation is
related to the zero-gap design. For a finite-gap of 500 pm, a
supersaturation of ~2 is reached in the range of
0.1-0.3 A cm?, which is 4-fold lower than the minimum
estimated supersaturation when using a zero-gap cell. These
supersaturation levels suggests that the gap in the imperfect
zero-gap design is lower than 500 pm.

4.1.3.  Influence of the gap side on gas crossover

The influence of adding a finite-gap only on the anodic or
cathodic side on gas crossover is shown in Fig. 7. It can be seen
that there is a large difference between a cathode and an
anode gap, with the anode gap resulting in much higher HTO
values. The values observed for the anode gap are of the same
order of magnitude as a zero gap, whereas the values observed
for the cathode gap are of the same order of magnitude as the
finite gap. In the supplementary information results using a
larger cathode gap can be found, which shows that a further
increase in gap size on the cathode leads to an even further
decrease in HTO levels.

4.1.4. Limited influence of convection on gas crossover

5 mbar of overpressure in the cathodic side was created by
adding 5 cm of water column in the setup. Therefore a pres-
sure difference was created to promote a convective flux from
the cathode to the anode at 0.1 A cm 2 (see Supplementary
information). A zero-gap at the cathodic side and a gap of
500 pm at anodic side were used in the cell configuration. The
HTO level increased slightly from ~0.82% to ~0.88%. This
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shows that convection driven by a pressure difference has a
limited influence on gas crossover when there is a zero gap in
the cathodic compartment of an electrolyzer. Hence, this
confirms that diffusion is the main driver for hydrogen
transport through the diaphragm.

4.2.
electrolyzers

Discussion about gas crossover in zero-gap

The results regarding gas crossover in a zero-gap electrolyzer
can be rationalized using the scheme depicted in Fig. 1,
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especially focusing on the influence of hydrogen supersatu-
ration near the diaphragm surface. The supersaturation levels
of ~30 + 20 are lower than the reported supersaturation at the
electrode surface of ~160 at 0.3 A cm 2 [15—17]. Yet, the values
are higher than supersaturation near the bubble surface of
1.5-20 at 0.01-0.12 A cm~2 [15,21]. Therefore, the supersatu-
ration in the diaphragm interface is somewhere in between
the supersaturation at the electrode and the equilibrium
pressure. The key question is how this supersaturation de-
pends on the diaphragm distance from the electrode or, in
other words, how thick is the concentration boundary layer at
the cathode surface.

The hydrogen supersaturation still plays a significant role
in the bulk concentration hundreds of micrometers from the
electrode, which means that the boundary layer is signifi-
cantly thicker, exceeding the gap size in a close to zero-gap
electrolyzer. A study conducted by Janssen et al. [34] pro-
vides valuable insights into the mass transfer boundary layer
thickness, which is found to be within the range of 10—100 um
when using current densities of 0.01-1.0 A cm ™2 for hydrogen
in acidic and alkaline media. By utilizing the supersaturation
levels measured by Shibata [16], assuming their applicability
to various electrode and electrolyte types, it is estimated that
the Nernst boundary layer thickness at a concentration of
12 wt% KOH and room temperature would fall within the
range of ~10—180 pm when operating at current densities of
0.01-1 A cm? (please refer to the supplementary information
for further details). Since especially in the first micrometers
within the diffusion layer the supersaturation will show a very
strong dependence on distance, a small variation in the “zero-
gap” configuration can lead to a large increase or decrease in
gas crossover.

Another way to estimate the boundary layer thickness is to
determine the mass transfer coefficient in the concentration
boundary layer adjacent to the electrode. The global mass
transfer coefficient constitutes the combined mass transfer for
transport of dissolved products from the electrode towards
bubbles and the bulk. The boundary layer thickness is obtained
essentially by dividing the molecular diffusivity by the global
mass transfer coefficient (suitable for all transported sub-
stances including dissolved hydrogen). Due to the intricate
interplay of local diffusive and convective phenomena, which
are heavily influenced by bubble dynamics, accurately quan-
tifying the overall mass transfer rate in close proximity to the
electrode is a challenging task. A couple of authors have re-
ported mass transfer coefficient values for hydrogen evolution
in acidic media. Matsushima et al. [35] measured the hydrogen
supersaturation in acidic medium and determined mass
transfer coefficients in a range of about 5 - 107° -5 - 107* m/s
depending on the applied current density. Trinke et al. [22]
estimated a narrow mass transfer coefficient range of 1.9 - 1073
—3.2 - 103 m/s at 0.01-1 A cm™? in a PEM electrolyzer. For
alkaline electrolysis a higher mass transfer is expected since
dissolved hydrogen should be removed from the electrode
directly towards the catholyte or hydrogen bubbles. This path
has less resistance than in PEM, in which the produced
hydrogen has an additional transport resistance through an
ionomer layer [22]. On the other hand, it is important to note
that the diffusivity of hydrogen in concentrated alkaline so-
lutions is approximately one order of magnitude lower

compared to that in pure water used in PEM [22,31], which
should lead to a lower mass transfer. Therefore, conducting a
direct comparison of mass transfer between PEM and alkaline
electrolyzers presents inherent complexities. Besides, there is
a disagreement in literature on the mass transfer coefficient
values [22,35] and most of data are presented in acidic solution.
Therefore, only the values of the boundary layer thickness
were used in this study to confirm the hypothesis of the in-
fluence of the diaphragm-electrode distance on the local
supersaturation.

When using a zero-gap design, the observed fluctuations in
supersaturation near the diaphragm surface range between ~8
and 80 as was shown in Fig. 6(b). This alteration is realistic if the
cathode-diaphragm gap varies in the order of a couple of mi-
crons (within the limits of the concentration boundary layer
thickness) due to the imperfect zero-gap configuration. If the
diaphragm moves towards the cathode, more supersaturation
is present on the diaphragm surface, leading to an increase in
the crossover flux. Conversely, if the diaphragm moves slightly
away from the cathode, there is less crossover due to reduced
supersaturation at the diaphragm surface. Only the cathode-
diaphragm gap significantly influences gas crossover, while
the diaphragm-anode gap has only shown a limited effect on
HTO levels. Conversely, for a finite-gap in which the distance
between cathode and diaphragm is hundreds of micrometers,
supersaturation levels at the diaphragm interface are relatively
low. For example, a supersaturation level of ~2 was observed in
our finite-gap electrolyzer using Zirfon UTP 220, as depicted in
Fig. 5(c). By comparing the supersaturation levels in a finite-
and a zero-gap design it can be concluded that the gap in the
imperfect zero-gap design is lower than 500 pm. Yet, it could be
in the order of hundred microns when facing a supersaturation
level of ~8.

A 5-mbar pressure difference between cathodic and anodic
compartments did not significantly increase HTO level. This
experiment demonstrated that convection has limited influ-
ence on gas crossover with a zero-gap configuration. A higher-
pressure difference than 5 mbar is not realistic due to the
resulting large water column in the gas-liquid separator.

The hypothesis of diaphragm rupture as an explanation for
HTO variations was also dismissed. Visual examination
showed no signs of damage. HTO percentage decreased during
analysis, contradicting the presence of a diaphragm puncture
(Fig. 6(a)). Yet, the hypothesis of an “imperfect” zero-gap as-
sembly remains a valid explanation for such fluctuations. It is
rational that the relatively open cell design of alkaline cells
(open flow channels, rips to keep electrodes in place) makes the
gap in a zero-gap cell unlikely to be zero everywhere. Probably
the electrode touches the diaphragm at some points, but at
most points there will be some distance between electrode and
diaphragm. The electrode design (perforated plate, expanded
metal, mesh etc.) inherently hinders the perfect contact with
the diaphragm throughout its surface. As a result, the degree of
supersaturation will differ across the diaphragm interface,
leading to measurements that reflect an averaged supersatu-
ration value. Consequently, usually it is assumed that thereis a
small diaphragm-electrode gap in scientific papers. De Groot &
Vreman [28] have used a value of 50 pum for simulating current
distribution in an imperfect zero-gap configuration. Brauns
et al. [24] estimated a 250-pm gap.
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The HTO fluctuations in the zero-gap electrolyzer observed
in this research suggests that the gas crossover depends on the
cell design. These results deviate from previous studies
[10—12,24], where crossover seemed to be relatively constant
and well defined for a zero-gap cell. Yet, the same previous
studies have not reported the standard deviation from their
data. Therefore, variations in HTO levels could still be present,
but not reported. Additionally, almost all the literature data
come from the same scientific group [10,11,24] and hence,
possibly used the same or comparable cell designs. Contrarily,
the experimental data for HTO values from the study of Lee
etal. [12], that uses a different zero-gap cell design, are around
2-fold higher then the other datasets [10,11,24]. The impact of
small dimensional variations in the cell assembly in the zero-
gap design also reflects in the gas crossover model proposed by
de Groot et al. [6], which suggested that supersaturation levels
can be accurately calculated for a zero-gap configuration. The
correlation to estimate supersaturation levels [6] was obtained
by fitting data points from four distinct studies [10—12,24], but
the data of Lee et al. [12] is underpredicted by this gas crossover
model, and so are the HTO levels shown in this study (see
Fig. 4). Hence, the correlation is not necessarily representative
of all “zero-gap” electrolyzers in literature. Precise cell design
with accurately defined zero gap is essential to ensure
consistent and reproducible performance, minimizing poten-
tial variations in hydrogen supersaturation and in HTO.

Our work potentially opens the way to more flexible alka-
line water electrolyzers. While alkaline electrolysis stands as
one of the more cost-effective means for green hydrogen
production, its lack of flexibility is regarded as a limitation for
integration with variable renewable electricity [6]. Our work
shows that establishing a relatively narrow cathode-
diaphragm gap can reduce gas crossover, particularly at
lower current densities. In turn, this reduces the minimum
load of the electrolyzer. It is important that this relatively
small gap does not result in a much higher electrolyte resis-
tance, since this would reduce the nominal load of the elec-
trolyzer. However, given the high conductivity of the 30 wt%
KOH typically used as electrolyte in alkaline electrolyzers, a
small gap of up to 500 um only results in a limited increase in
the ohmic resistance. Hence, with the narrow gap it seems
possible to maintain a high nominal load, while significantly
reducing the minimum load, in this way broadening the load
operating window of alkaline electrolyzers.

diaphragm gap to suppress crossover, leading to enhanced
electrolyzer performance. This implies that it should be possible
to make alkaline electrolyzers that have a higher flexibility.
Based on our results, it seems feasible to introduce a relatively
narrow gap in the order of 100 pm that significantly suppresses
gas crossover without leading to significantly higher resistance,
paving the way to a high current density alkaline electrolyzer
with a large operating window.
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5. Conclusion

This study shows that the hydrogen crossover in zero-gap
alkaline electrolyzers is strongly dependent on the cathode-
diaphragm gap. The results confirm that supersaturation at
the diaphragm surface is of key importance. Small variations in
the gap between the cathode and the diaphragm can have a very
large impact on the hydrogen crossover. There is a large varia-
tion in the obtained HTO data, most likely as a result of imper-
fections in the zero-gap design. This observation potentially has
significant implications for the operational window of alkaline
electrolyzers, as it seems possible to change the gas crossover
and hence the minimum load of the electrolyzer. The findings
emphasize the importance of optimization of the cathode-

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijhydene.2023.09.280.
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