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a b s t r a c t 

Alkaline water electrolyzers are traditionally operated at low current densities, due to high internal ohmic 

resistance. Modern diaphragms with low internal resistance such as the Zirfon diaphragm combined with 

a zero gap configuration potentially open the way to operation at higher current densities. Data for the 

Zirfon diaphragm show that the resistance is only 0.1–0.15 � cm 

2 in 30% KOH at 80 °C, in line with 

estimations based on the porosity. Nevertheless, an analysis of data on zero gap alkaline electrolyzers 

with Zirfon reveals that the area resistances are significantly higher, ranging from 0.23 to 0.76 � cm 

2 . 

A numerical simulation of the secondary current distribution in the zero gap configuration shows that 

an uneven current distribution, imperfect zero gap and the presence of bubbles can probably only partly 

explain the increased resistance. Therefore, other factors such as the presence of nanobubbles could play 

a role. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Renewable hydrogen produced by water electrolysis is expected 

o play a key role in the energy transition. Of the available wa- 

er electrolysis technologies alkaline water electrolysis is currently 

he most cost-effective, combining low capital costs with a good 

fficiency [1–3] . This is related to the fact that alkaline electrolyz- 

rs are mostly made of cheap materials such as nickel plated steel 

 4 , 5 ] and do not require expensive noble metals or membranes.

et, alkaline electrolyzers also suffer from disadvantages, most no- 

ably the fact that to be efficient they typically need to be operated 

t low current density (~0.2 A/cm 

2 ) [4] . As a result alkaline elec-

rolyzers are much bulkier and heavier than PEM electrolyzers that 

perate at much higher current densities. This means that alkaline 

ater electrolysis plants require larger buildings and heavier foun- 

ations adding to the total capital costs. 

In order to improve the cost-competitiveness of alkaline tech- 

ology it would be attractive if the current density of the tech- 

ology could be increased without decreasing the efficiency. This 

equires a combination of electrode materials with low overpoten- 

ials and a cell design with minimal area resistance. During most 

f the twentieth century this was not possible, since thick asbestos 
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iaphragms of 4 mm with a resistance of ~1.0 � cm 

2 were used to 

eparate the catholyte from the anolyte [4] . The high area resis- 

ance of the separator meant that an increase in current density 

ould be accompanied by a large increase in cell potential. At that 

ime there was no alternative porous material that was sufficiently 

table in the 25–35 wt% KOH electrolyte. Additionally, the use of 

sbestos limited the operating temperature to a maximum of 90 °C 

6] , making it impossible to benefit from increased conductivity at 

igher temperature. 

In the last two decades of the twentieth century the search 

tarted for more conductive alternatives to asbestos, which was ac- 

elerated by the fact that asbestos needed to be phased due to 

ealth risks. A wide range of new materials was investigated, in- 

luding nickel oxide, PTFE and different types of polysulfone [7] . 

ne of the materials that has been commercialized is Zirfon® Perl 

TP 500 (Zirfon), which consists of a combination of zirconium ox- 

de and polysulphone and combines good conductivity with a high 

ubble point and good wettability [ 6 , 8 ] giving it the right proper-

ies to act as a gas separation diaphragm. The thickness of Zirfon 

s 0.5 mm and its resistance in 30 wt% KOH was reported to be 

.3 � cm 

2 at 20 °C and 0.13 � cm 

2 at 80 °C [9] . The reported con-

uctivity of Zirfon is comparable to the conductivity reported for 

afion membranes used in PEM water electrolysis [10] and hence 

t should be a good basis for a high current density alkaline elec- 

rolyzer with a good efficiency. 
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Table 1 

Properties of the Zirfon R © Perl UTP 500 di- 

aphragm [ 28 , 49 ]. 

Property Value 

Thickness ( μm) 500 ± 50 

Porosity (%) 50 a ± 10 

Pore size ( μm) 0.15 ± 0.05 

Bubble point (bar) 2 ± 1 

a A value of 55% has also been reported [49] . 
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Other important ingredients for a high current density alkaline 

lectrolyzer are the anode and cathode materials. The scientific lit- 

rature on electrocatalysts for hydrogen and oxygen evolution in 

lkaline media is extensive, yet work under industrially relevant 

onditions ( > 70 °C, > 0.2 A/cm 

2 , 30% KOH) is more limited [11] .

nder these conditions good anode materials are typically high 

urface area nickel materials, resulting in overpotentials of 230–

00 mV at 0.1 A/cm 

2 and 90 °C with a Tafel slope of 50–60 mV

12] . For the cathode materials learnings can be taken from devel- 

pments in the chlor-alkali industry [13] , where cathodic condi- 

ions are very similar to alkaline water electrolysis (32 wt% NaOH 

ersus 30 wt% KOH). Using noble metal based coatings with a.o. 

uthenium oxide or platinum overpotentials of lower than 80 mV 

t 0.6 A/cm 

2 and 90 °C can be reached, whereas with Raney-Ni 

ype materials overpotentials are around 120 mV at 0.6 A/cm 

2 [ 14 , 

5 ]. For both materials Tafel slopes of 40–60 mV are observed 

13] . It is an economic trade-off whether the savings related to 

he lower overpotentials outweigh the extra costs associated with 

he use of noble metals. Given the scarcity of some of these noble 

etals it would be preferred if their use can be avoided for the 

xpected large-scale deployment of water electrolysis. 

The last prerequisite for a high current density alkaline elec- 

rolyzer is a good “zero gap” configuration. “Zero gap” means that 

he electrodes are pushed against the diaphragm to minimize the 

rea resistance through the solution. The zero gap consists of a 

omplex interplay of ion transport, kinetics, bubbles and supersat- 

ration. The zero gap concept for alkaline electrolyzers was already 

pplied in the fifties of the last century in the Zdansky–Lonza de- 

ign [16] . Yet, zero gap designs have been developed in an empir- 

cal way and fundamental research in this area for alkaline water 

lectrolysis is limited [ 17 , 18 ]. We lack a good understanding on

he performance of zero gap configurations and on their ability to 

inimize area resistance. More research in this area is needed to 

ome to the most optimal 3D-electrode structures for alkaline wa- 

er electrolysis. 

Based on the above it seems all ingredients for a high cur- 

ent density alkaline electrolyzer are present. Combining the Zir- 

on diaphragm with high surface area Raney-Ni electrodes in a zero 

ap configuration should result in a good electrolyzer performance. 

ith a back-of-the-envelope calculation employing the diaphragm 

onductivity, electrode overpotentials and the reversible potential 

f ~1.15 V at 90 °C [19] one can estimate the cell potential to be

round 1.65–1.70 V at 0.6 A/cm 

2 (at atmospheric pressure). Indeed, 

lready in 1998 Vermeiren reported a cell potential of 1.67 V at 

.8 A/cm 

2 and 90 °C when Zirfon was used in combination with 

acuum plasma-sprayed (VPS) electrodes [9] . 

However, more recent papers using a Zirfon diaphragm in com- 

ination with a zero gap configuration have been unable to meet 

he same performance as Vermeiren, even though a number of 

hese papers also make use of high surface area Raney-Ni elec- 

rodes [ 17 , 20–25 ]. The paper with the best performance only 

eaches a cell potential of 1.9 V at 1 A/cm 

2 and 80 °C in 30% KOH

21] . A closer look at the papers reveals that the main reason for 

his poorer performance is a relatively high area resistance of over 

.3 � cm 

2 in 30% KOH at 80 °C as determined with impedance 

pectroscopy [ 21 , 23 ]. This is over a factor two higher than the pre-

iously mentioned diaphragm resistance of 0.13 � cm 

2 . 

There are multiple possible reasons for this apparent discrep- 

ncy in area resistance in zero gap electrolyzers with the Zirfon 

iaphragm. They include a higher actual resistivity of present-day 

irfon or a significant resistance outside the diaphragm, e.g. caused 

y bubbles. It is the purpose of this study to build a better un- 

erstanding of the area resistance in zero gap alkaline electrolyz- 

rs and in this way accelerate the development of high current 

ensity alkaline electrolyzers. We do this by assessing diaphragm 

esistance, analyzing current–voltage-relations and impedance re- 
2 
ults and calculating expected ohmic losses in zero gap configura- 

ions. 

. Methods 

.1. Analysis of diaphragm conductivity 

Table 1 lists properties of the Zirfon separator relevant for our 

nalysis. The Zirfon separator is not an ion-selective membrane, 

ut a porous diaphragm with relatively large pores of 150 nm. It 

oes not contain any charged groups and hence the conductivity of 

he separator is determined by the electrolyte that fills the pores. 

he resistivity of the diaphragm R is related to the resistivity of 

he electrolyte R 0 via the MacMullin number N m 

[26] as shown 

n Eq. (1) . This MacMullin number depends on the porosity ε and 

ortuosity factor τ 2 (not to be confused with the tortuosity [27] ) 

f the porous medium. The porosity of the Zirfon separator has 

een reported to be 50 ± 10% [28] . The tortuosity factor depends 

n the structure and configuration of the porous network nature. 

lthough some investigations have been carried out on the struc- 

ure of Zirfon [ 8 , 6 , 29 ], no attempt has been made to determine

he tortuosity factor. Therefore, we can only make an estimate 

f the tortuosity factor and the corresponding MacMullin number 

ased on general correlations that relate the tortuosity factor to 

he porosity [30] . The best known is Eq. (2) , which is Bruggeman’s

quation for a porous medium consisting of spheres [31] . In this 

quation the tortuosity factor κ is equal to the inverse square root 

f the porosity. For a porosity of 50% this corresponds to a Mac- 

ullin number of 2.8. Bruggeman has also made an equation for 

 porous medium consisting of cylinders, in which the tortuosity 

actor is equal to the inverse of the porosity [31] , which results 

n a MacMullin number of 4. Other correlations for the MacMullin 

umber suggest numbers ranging from 2.5 to 3.8 for a porosity of 

0% [ 27 , 30 ]. Therefore, the Zirfon separator is expected to have a

acMullin number in the range of 2.6 to 4.0. 

 m 

= 

R 

R 0 

= 

τ 2 

ε 
(1) 

2 = ε −0 . 5 (2) 

he electrolyte used in alkaline water electrolysis is typically KOH. 

ts conductivity κ can be modeled using Eq. (3) , in which M is the 

olarity in mol/l and T is the temperature in Kelvin [32] . Some 

nvestigations instead use NaOH as electrolyte, which is somewhat 

ess conductive [13] . 

= −2 . 04 M − 2 . 8 · 10 

−3 M 

2 + 5 . 33 · 10 

−3 MT + 207 

M 

T 

+ 1 . 04 · 10 

−3 M 

3 − 3 · 10 

−7 M 

2 T 2 (3) 

he Zirfon separator also contains an open mesh-fabric support 

tructure, which is not porous. From an image of the separator 

n [28] the diameter of the threads is estimated to be 100 μm 

ith an interthread distance of 500 μm. Through the threads no 

on flow is possible, which means that the ion flow through the 

orous part is somewhat higher than the geometric current den- 

ity, resulting in a higher potential drop. In our estimation of the 
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Table 2 

Electrode materials of current–voltage datasets used in this work. 

Reference Electrode area (cm 

2 ) Anode Anode coating Cathode Cathode coating 

Vermeiren [ 9 , 8 ] 250 unknown VPS NiAl/Co 3 O 4 unknown VPS 

NiAl/Mo 

Bowen [25] 300 unknown None or VPS NiAl unknown None or VPS Ni Al 

Ju [20] 20 Ni trapezoidal prism None Ni Trapezoidal prism none 

Baumgart [24] 2711 Ni Perforated plate None Ni Perforated plate Raney Ni 

Schalenbach [21] 25 Perforated plate VPS NiAl Perforated plate VPS NiAl/Mo 

Kraglund [22] 25 Ni perforated plate None or Raney Ni Ni foam None or Raney NiMo 

Phillips [17] 10 Stainless steel mesh None Stainless steel mesh none 

Fischer [38] 4360 Ni perforated plate None Ni perforated plate Raney Ni 

Lee [50] unknown Ni foam None or LDH-NiFe Ni foam None or Raney Ni 

Loos [39] unknown unknown Raney Ni unknown Raney Ni 
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irfon resistance we take this effect into account by increasing our 

alculated resistance with 5%. 

.2. Analysis of current–voltage curves 

Current–voltage (IV) data from ten different sources were ana- 

yzed, all of them based on a zero gap configuration with a Zirfon 

iaphragm. The electrode materials of these sources are listed in 

able 2 . 

The first step carried out in the analysis of the IV-data was the 

alculation of the reversible cell potential from the experimental 

onditions (temperature, pressure and KOH/NaOH concentration), 

or which Eqs. (4) and (5) as given by LeRoy were employed [19] .

he reversible potential ( E rev,T,p ) can be calculated from the abso- 

ute pressure p (in bar), the aqueous vapor pressure of the elec- 

rolyte solution p H2O (in bar), the vapor pressure of pure water 

 

0 
H2O (in bar) and the reversible potential for standard pressures 

 

0 
rev,T . The latter can be calculated using Eq. (5) , where the tem-

erature is in Kelvin. The vapor pressure above the KOH or NaOH 

lectrolyte was obtained from the literature [ 13 , 33 ]. 

 re v ,T,p = E 0 re v ,T + 

RT 

2 F 
ln 

(P − P H 2 O ) 
1 . 5 (

P H 2 O / P 0 H 2 O 

) (4) 

 

0 
re v ,T = 1 . 5184 − 1 . 5421 · 10 

−3 T + 9 . 523 · 10 

−5 T lnT + 9 . 84 · 10 

−8 T

(5) 

s a next step the IV-data were fitted to Eq. (6 ), in which E cell 

s the measured cell potential in Volt, b is the Tafel slope in V, I

he current density in A/cm 

2 , I 0 the exchange current density in 

/cm 

2 and R the area resistance of the cell in � cm 

2 . The fitting

as carried by varying b, I 0 and R to minimize the standard error 

f regression in the fitted potential compared to the experimen- 

al value. It should be remarked that Eq. (6) can be derived from 

q. (7) , which separately takes into account the anodic Tafel slope 

, the cathodic Tafel slope c , the anodic exchange current density 

 0, a and the cathodic exchange current density I 0, c . Yet, the use of 

q. (7) is not practical, since it has too many fitting parameters. 

q. (7) converts to Eq. (6) if we define b = a + c and I 0 = I 0, a 
a / b 

 0, c 
c/b . Thus, b is the sum of the cathodic and anodic Tafel slopes

nd I 0 is a nonlinear average of the anodic and cathodic exchange 

urrent densities ( I 0 lies in between I 0, a and I 0, c ). 

 cell = E re v ,T,p + b log 10 

I 

I 0 
+ IR (6) 

 cell = E re v ,T,p + a log 10 

I 

I 0 ,a 
+ c log 10 

I 

I 0 ,c 
+ IR (7) 

o be able to compare area resistance values of experiments at dif- 

erent temperatures and KOH concentrations we normalized to val- 

es at 30% KOH and 80 °C by applying Eq. (8) , in which R 30%KOH,80C 
3 
s the normalized area resistance and κ30%KOH,80C is the conductiv- 

ty of a 30% KOH electrolyte at 80 °C. 

 30% KOH, 80 C = R × κ

κ30% KOH, 80 ◦C 

(8) 

.3. Numerical simulation of the secondary current distribution in a 

ero gap configuration 

Simulations of the secondary current distribution in a zero gap 

onfiguration were performed to explore the effect of the geometry 

f a representative electrode and the fluid volume fraction distri- 

ution in the cell upon the resistance. 

The configuration used in the simulations is an axisymmetric 

odel of a half-cell with a perforated plate electrode and a half- 

iaphragm, as shown in Fig. 1 . If the pattern of holes in a perfo-

ated plate is hexagonal, the perforated plate can be regarded as a 

ollection of “rings” with a circular inner boundary and a hexago- 

al outer boundary. The model contains one of these “rings”. The 

exagonal outer boundary of the ring is replaced by a circular 

uter boundary, which is a reasonable approximation and makes 

he geometry axisymmetric [34] . The axial and radial coordinates 

f the axisymmetric domain are denoted by x and r , respectively. 

he axis r = 0 is the axis of the hole in the ring. The ring electrode,

enoted by the shaded area in Fig. 1 , is an activated electrode: the 

ickel base is coated with a layer of Raney nickel (RaNi). The di- 

ensions of the perforated plate and its coating correspond to the 

pecifications provided by Kraglund et al. [22] , who used a perfo- 

ated plate for the anode and a nickel foam mesh for the cathode. 

he radius of the hole in the plate and the radius of the computa- 

ional domain are 600 and 775 μm, respectively. Thus, the fraction 

f the open area of the electrode is 600 2 /775 2 = 0.60. The thick- 

ess of the Ni plate is 340 μm and the thickness of the coating 

00 μm. The coating occurs only one side of the electrode, accord- 

ng to Fig. S6d in [22] . Coated perforated plates for both the an-

de and cathode were used by Schalenbach et al. [23] (hole radius 

00 μm and open area fraction 0.66). 

Aoki and Nishiki [35] employed a similar axisymmetric geom- 

try for simulations of the effect of the inner and outer radii of 

he ring upon the resistance. One difference between our work and 

35] is that we compute the secondary potential distribution in- 

tead of the primary distribution, which means that we include the 

patially varying overpotential that drives the reaction at the elec- 

rode. Other differences are that our model mimics an activated 

lectrode as used in recent experiments, that we investigate the 

ffect of bubbles in the electrolyte, and that we use a finite vol- 

me method instead of a finite element method. 

The potential φ(x,r) is solved in the computational domain Z , 

hich consists of three zones: Z 0 (the half-diaphragm), Z 1 (the 

arrow gap between the electrode and the diaphragm), and Z 2 
the bulk region). The interior of the electrode, represented by the 

haded regions, does not belong to the computational domain. In a 
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Fig. 1. Sketch of the axisymmetric computational domain corresponding to the right half-cell. The potential φ is solved in the white regions, zones Z 0 , Z 1 and Z 2 . Zone 

Z 0 represents the right half of the diaphragm, zone Z 1 the gap and zone Z 2 the bulk. The filled space denotes the perforated Ni plate electrode coated with RaNi. (For 

interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 
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ero gap configuration, the electrode is pressed on the diaphragm, 

ut this does not mean that the gap size is precisely zero. In fact, 

ienzlen et al. [36] recommended a minimum hole diameter and a 

ap size of 200 μm to ensure mobility of the bubbles in the hole

nd the gap. Since we expect that the average gap size in recent 

xperiments in which perforated plate electrodes were pressed on 

he diaphragm was considerably smaller than 200 μm, we choose 

 gap size (axial length of zone Z 1 ) of 50 μm in our simulations,

nless mentioned otherwise. 

We introduce the local volume fractions α( x,r ), β( x,r )and γ ( x,r ),

here α is the volume fraction of the gas phase, β the volume 

raction of the liquid phase and γ the volume fraction of the solid 

hase ( α + β + γ = 1). We approximate α, β and γ by piecewise 

onstant functions: α = αi , β = β i and γ = γ i in zone Z i . The local 

ffective conductivity λ( x,r ) is equal to λi in each zone Z i , while

ach λi follows from the Bruggeman equation, λi = β i 
3/2 κ . 

The equation governing the electric potential φ in the compu- 

ational domain � is given by: 

∂ 

∂x 

(
λ
∂φ

∂x 

)
+ 

1 

r 

∂ 

∂r 

(
λr 

∂φ

∂r 

)
= 0 . (9) 

t the left boundary, the midplane of the diaphragm ( x = 0), 

= φm 

is imposed, where φm 

is a prescribed constant. This means 

hat the potential in the midplane is assumed to be spatially uni- 

orm. We will explain below that this is consistent with the as- 

umption of a symmetric cell and equal absolute values of the 

verpotentials in the left and right half-cells. 

At the bottom, top and right boundary (respectively r = 0, 

 = r max = 775 μm and x = 10 0 0 μm in Fig. 1 ), the boundary con-

ition is ∂ φ/ ∂ n = 0, where n denotes that the derivative is taken

long the vector normal to the boundary pointing outside the com- 

utational domain. 

At the electrode surface the (thick red line pieces in Fig. 1 ) the

oundary condition is given by the following Butler–Volmer equa- 

ion, 

j e = λ
∂φ = j 0 ( e 

f ( φ−φ0 ) − e − f ( φ−φ0 ) ) , (10) 

∂n 

4 
n which both the potential ∂ φ/ ∂ n and potential φ vary along the 

lectrode surface. Furthermore, j e is the local current density at the 

lectrode, j 0 is the local exchange current density, while φ0 is a 

onstant, equal to the potential of the electrode metal minus the 

quilibrium potential of the reaction at the electrode. Since we do 

ot resolve the double layer, the numerical value of φ at the elec- 

rode represents the potential very close to the electrode but out- 

ide the double layer. Therefore, at the electrode φ – φ0 is equal 

o the local overpotential, which drives the electrochemical reac- 

ion and is denoted by η. Since Eq. (9) expresses that the net cur- 

ent through the boundaries of a closed region is zero, the integral 

f j e over the electrode is automatically the same as the integral 

f j m 

over the midplane of the diaphragm, where j m 

is the local 

urrent density at the midplane of the diaphragm, that is λ ∂ φ/ ∂ x 
valuated at x = 0. 

The exponential factor f in Eq. (10) is related to the Tafel slope 

y f = 2 ln(10)/ b . The factor 2 in the definition of f accounts for

he attribution of half of the logarithmic slope b in Eq. (6) to the

imulated half-cell. At the non-activated (Ni) part of the surface, 

 = 0.155 V and j 0 = 0.33 � 10 −5 A/cm 

2 , while at the activated

RaNi) part of the electrode surface, b = 0.082 V and j 0 = 3.65 �
0 −5 A/cm 

2 . These values correspond to the results from the fits of 

he experiments of Kraglund et al. [22] with non-activated and ac- 

ivated electrodes (see Table 3 ; the non-activated I 0 has been mul- 

iplied by 775 2 /(2 � 600 � 340 + 2 � (775 2 – 600 2 )) = 0.68, the di-

phragm surface area divided by the surface area of a non-coated 

erforated plate, and the activated I 0 has been multiplied by 775 2 

 (2 � 600 � 100 + (775 2 – 600 2 )) = 1.67, the diaphragm surface 

rea divided by the surface area of the RaNi coating of a one-sided 

oated perforated plate). 

Thus, we assume that the kinetic parameters, a and j 0 , and the 

orresponding overpotentials are the same in both half cells. This 

ssumption implies that if we extend the half-cell geometry to a 

ull cell geometry by mirroring the geometry in Fig. 1 with respect 

o x = 0 (the midplane of the diaphragm) then, up to a constant, 

he potential distribution at the right side is a mirrored version 

f the potential distribution at the left side. It particularly implies 
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Fig. 2. Comparison of estimated Zirfon resistance using N m = 2.82 (–) to available 

experimental data of Vermeiren [9] , Rodriguez [37] , Schalenbach [21] and Agfa [ 28 , 

49 ] in 30% KOH. The number for Schalenbach of 0.19 � cm 

2 is based on a con- 

ductivity of 0.241 S cm 

−1 as measured with ex-situ impedance spectroscopy and a 

diaphragm thickness of 0.46 mm. Estimated resistance is based on a porosity of 50% 

and a diaphragm thickness of 0.5 mm. An addition of 5% is made to the calculated 

resistance values to compensate for the effect of the open mesh support structure. 
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hat the potential at the midplane of the diaphragm is constant 

f the full domain is simulated (this was verified). Since we are 

nly interested in potential differences, the choice for φm 

can be 

rbitrary, and we choose φm 

= 0 V. The constant potential φ0 in 

q. (9) is determined by the constraint that the current density ra- 

ially averaged over the midplane of the diaphragm ( x = 0) is equal

o 1 A/m 

2 (the absolute value of this averaged value corresponds 

o the current density I previously defined). This implies that φ0 –

m 

> 0. The positive sign indicates that the simulated half-cell is 

he anodic one. 

In the following, we introduce the procedure for the computa- 

ion of the ohmic area resistance R of the cell from integral over 

he volume local heat generation ( λ| ∇φ| 2 , expressed in W/m 

3 ): 

 = 

2 ∫ Z λ | ∇φ| 2 dZ 

I 2 A d 

, (11) 

here A d = π r max 
2 is the area of the (surface) of the diaphragm, 

 = Z 0 ∪ Z 1 ∪ Z 2 is the computational domain. The factor 2 follows

rom our symmetry assumption and the fact that Z is only the vol- 

me of the half-cell. Furthermore, we remind that R is the area 

esistance and I the nominal current density ( IA d is the current). 

or the local heat generation, we can write 

|∇φ| 2 = ∇ · ( λφ∇φ) − φ∇ · ( λ∇φ) 

= ∇ · ( λφ∇φ) = −∇ · ( j φ) . (12) 

o derive the second equality, we used Eq. (8) , which can be writ-

en as ∇ � ( λ∇φ) = 0, and for the third equality we defined the

urrent density vector j = –λ∇φ. Next, we substitute Eq. (12) into 

q. (11) : 

 = 

−2 

∫ 
Z ∇ · ( j φ) dZ 

I 2 A d 

= 

−2 

∫ 
S e 

φj · n dS e − 2 

∫ 
S m 

φj · n dS m 

I 2 A d 

= 

2 ( φe − φm 

) 

I 
. (13) 

n Eq. (13) , the divergence theorem of Gauss is used to transform 

he volume integral over Z to integrals over the electrode surface 

 e and the midplane of the diaphragm S m 

, while n is the outward-

ointing local normal vector. Furthermore, φe is the average of φ
t the electrode weighted by the current density: 

e = 

∫ S e j e φd S e 

∫ S e j e d S e 
= 

∫ S e j e φ d S e 

I A d 

. (14) 

Since φ at the midplane of the diaphragm is constant (by def- 

nition), the weighted average of φ at this plane is simply equal 

o the previously defined constant φm 

. In our simulations, we use 

e to compute R , but also to obtain the current density weighted 

verage of the overpotential, ηe = φ0 – φe . 

In the same way, we define the resistance over only the di- 

phragm by 

 d = 

2 

∫ 
Z 0 

λ | ∇φ| 2 d Z 0 

I 2 A d 

= 

2 ( φd − φm 

) 

I 
(15) 

here φd is the average of φ at the surface of the diaphragm S d 
 x = 250 μm) weighted by the current density j d = λ ∂ φ/ ∂ x at this

urface, 

d = 

∫ S d j d φd S d 

∫ S d j d d S d 
= 

∫ S d j d φ d S d 

I A d 

. (16) 

he numerical method used in the simulations was implemented 

n Fortran. The potential equation is discretized by a finite volume 

ethod. The potential is stored at the centers of the Cartesian grid. 

econd-order central differences are used for the derivatives. To 

reat the nonlinear mixed boundary equation given in Eq. (10) , the 

ewton–Rhapson method is incorporated in the general iterative 
5 
rocedure. A proportional integral control algorithm is used to de- 

ermine φ0 such that the radially averaged value of j m 

converges 

o the desired value. 

The base grid consists of 105 × 80 cells, 105 cells in the axial 

nd 80 cells in the radial direction (including the 45 × 20 inactive 

ells in the interior of the electrode). The grid size is approximately 

0 μm in both directions, except that the axial grid size between 

50 ≤ x ≤ 300 μm is approximately 5 μm, so that the gap size 

s represented by 10 grid cells. This grid was verified to be suffi- 

iently fine by repeating two representative simulations on a grid 

efined by a factor two in each direction and observing that R and 

 d changed by less than 1%. 

. Results and discussion 

.1. Analysis of diaphragm conductivity 

Fig. 2 shows reported experimental data on Zirfon resistance [ 9 , 

8 , 37 ] at different tem peratures. The figure shows that there is 

 relatively large spread in the experimental data, which suggests 

hat it is relatively difficult to accurately determine the diaphragm 

esistance. This is confirmed by the data of Rodriguez et al. that 

how a significant difference in resistance values for different mea- 

urement methods [37] . Nevertheless, except for the resistance re- 

orted by Schalenbach [21] , the points data from the literature 

how a consistent decrease of the diaphragm resistance with in- 

reasing temperature. 

The figure also shows the Zirfon resistance estimated based 

n the electrolyte conductivity and a MacMullin number of 2.8. 

his MacMullin number is valid for a porous medium consisting of 

pheres and a diaphragm porosity of 50%. Comparing the estimated 

iaphragm resistance to the experimental data one can conclude 

hat there is a good agreement in the temperature dependence of 

he resistance. This confirms that the Zirfon resistance is indeed di- 

ectly related to the resistance of the KOH electrolyte that fills its 

ores. One can also see that most experimental points are above 

he estimated line, which suggests that the MacMullin number of 

irfon is actually above 2.8. In turn, this suggests that describing 
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Fig. 3. Selected IV-curves of zero gap alkaline electrolyzers employing Zirfon as separator. Relevant experimental conditions are listed in Table 3 . The dotted lines indicate 

the fits made. For the Kraglund data, the word coating means that a catalytic coating is applied on the cathode. 
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he Zirfon diaphragm as a porous medium consisting of spheres 

s inaccurate. Based on the experimental data one can roughly es- 

imate the MacMullin number to be around 3.2, which is in the 

iddle of the range of 2.5 to 4.0 as suggested by other correla- 

ions for the MacMullin number [ 27 , 30 ]. Due to the large spread

n the experimental data and the large standard deviation of the 

orosity of 20%, it is not possible to say which MacMullin corre- 

ation is most accurate. This would require more research into the 

ortuosity factor of the Zirfon diaphragm. Nevertheless, from our 

nalysis we can draw the general conclusion that the resistance of 

he Zirfon diaphragm seems to be as expected for a porous sepa- 

ator. 

.2. Analysis of IV-curves 

Zero gap alkaline electrolyzers with Zirfon as a separator have 

een investigated in a number of papers [ 17 , 20 , 38 , 39 ] and Fig. 3

hows selected current–voltage relations from these works. All de- 

icted curves were recorded in strong KOH electrolyte (24–30 wt%) 

t a temperature of 70–80 °C. An overview of the electrode mate- 

ials can be found in Table 2 and the experimental conditions are 

isted in Table 3 . 

The figure shows that certain current–voltage curves are at 

uch higher potentials than others. These differences can be pri- 

arily ascribed to the use of electrodes with active coatings, which 

ave a much lower overpotential than unactivated nickel elec- 

rodes as mostly clearly shown by the two curves from the work 

f Kraglund. Yet, there are also more subtle differences such as 

he difference in slope between the works of Schalenbach and 

ermeiren, both of which making use of activated electrodes. The 

ower slope is an indication that the area resistance in the work of 

ermeiren is significantly lower than in the work of Schalenbach, 

ven though they are both zero gap configurations using compara- 

le electrode coatings. 

To further elucidate the contribution of the area resistance to 

he cell potential, the curves were fitted according to Eq. (6) , in 

hich the Tafel slope, exchange current density and area resistance 

ere used as fitting parameters. The results of this fitting are given 

n Table 3 and shown in Figure 3 . We realize this type of fitting

s not perfect, since it fails to take into account current density 

ependent cell potential contributors such as the effect of bubbles 

r mass transfer limitations. Yet, the fits match the experimental 
6 
ines well, which would not be possible if there would be a cell 

otential contributor with a more than linear increase with current 

ensity. 

In order to be able to compare the area resistances of the dif- 

erent experiments we need to take into account the differences in 

emperature and KOH concentration. We have normalized all area 

esistances to 30 wt% KOH and 80 °C by multiplying the measured 

rea resistance with the electrolyte conductivity of the experiment 

nd dividing by the electrolyte conductivity of a 30% KOH solution 

f 80 °C (1.38 S/cm) as shown in Eq. (8) . Since Zirfon is a porous

iaphragm, its conductivity should be directly proportional to the 

lectrolyte conductivity. The results are given in Table 3 and graph- 

cally depicted in Fig. 4 , where the area resistances of the different 

xperiments are plotted from low to high values. Fig. 4 also shows 

he expected diaphragm resistance as depicted in Fig. 2 . 

The main conclusion that can be drawn from Fig. 4 is that all 

rea resistances are much higher than the expected diaphragm re- 

istance of 0.13 � cm 

2 . Most measured values are in the range of 

.24 to 0.4 � cm 

2 . There are even some values above 0.4 � cm 

2 ,

or which we expect that there are additional area resistances in 

he cell/stack, e.g. related to poor electrical contacts. Closest value 

o the diaphragm resistance is the value deduced for the work of 

ermeiren (0.24 � cm 

2 ), but even that value is almost a factor two 

igher than the expected diaphragm resistance. The results there- 

ore suggest that there must be a large additional ohmic contribu- 

or in these zero gap cells next to the diaphragm resistance. 

It is interesting to note that there does not seem to be a strong 

ependence on pressure, which one might expect if bubbles would 

lay a role. This can be concluded from the fact that the results 

f Ju and Fischer are comparable to the other results and that the 

ischer results do not show significant pressure dependence. Sim- 

larly there is no apparent influence of electrode activation with 

are nickel electrodes giving comparable results to activated elec- 

rodes. The work of Phillips suggests that there might be a temper- 

ture dependence (after normalization), but this is not seen in the 

ata from Ju and Fischer. 

A number of zero gap configurations have also been investi- 

ated with impedance spectroscopy. Impedance spectroscopy has 

he advantage that it allows for a clear discrimination between 

rea resistances and electrode overpotentials and is hence a bet- 

er method than deducing the area resistance from the current–

oltage curve. Unfortunately, impedance spectroscopy has only 
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Table 3 

Fitted values of current–voltage curves of experiments with a zero gap cell employing Zirfon as separator of 0.5 mm. 

Ref. 

T 

( °C) 

P 

(bar) 

C 

(wt%) 

E e 
(V) 

I 0 
(A/cm 

2 ) a 10 −5 

η

(V) @ 0.2 A/cm 

2 

b 

(V) 

R 

( � cm 

2 ) 

κ

(S/cm) 

R 30% KOH , 80 °C 

( � cm 

2 ) 

Vermeiren [9] 80 1 29% 1.182 0.32 0.29 0.060 0.24 1.37 0.24 

Vermeiren [9] 90 1 29% 1.169 1.1 0.28 0.066 0.22 1.52 0.24 

Ju [20] 80 30 30% 1.268 42 0.56 0.207 0.25 1.38 0.25 

Ju [20] 60 30 30% 1.280 15 0.58 0.184 0.35 1.09 0.28 

Ju [20] 30 30 30% 1.298 0.95 0.65 0.150 0.55 0.68 0.27 

Schalenbach [21] 80 1 30% 1.183 0.39 0.32 0.067 0.37 1.38 0.37 

Baumgart [24] 67 5 30% 1.236 0.43 0.31 0.067 0.73 1.19 0.63 

Baumgart [24] 70 18 30% 1.263 0.17 0.35 0.068 0.63 1.23 0.56 

Baumgart [24] 70 11 30% 1.252 76 0.38 0.167 0.52 1.23 0.46 

Bowen [25] 70 5 30% b 1.234 0.053 0.70 0.125 0.86 1.23 0.76 

Bowen [25] 70 5 30% b 1.234 93 0.19 0.055 0.88 1.23 0.78 

Phillips [17] 30 1 1M 

a 1.225 0.45 0.89 0.191 1.71 0.204 0.25 

Phillips [17] 40 1 1M 

a 1.216 0.19 0.84 0.167 1.70 0.238 0.29 

Phillips [17] 50 1 1M 

a 1.207 0.16 0.79 0.156 1.69 0.272 0.33 

Phillips [17] 60 1 1M 

a 1.197 0.25 0.78 0.159 1.60 0.306 0.36 

Phillips [17] 70 1 1M 

a 1.184 0.21 0.75 0.151 1.58 0.340 0.39 

Phillips [17] 80 1 1M 

a 1.171 0.21 0.73 0.147 1.54 0.374 0.42 

Kraglund [22] (coating) c 80 1 24% 1.178 2.2 0.33 0.082 0.39 1.28 0.36 

Kraglund [22] (no coating) 80 1 24% 1.178 0.49 0.70 0.155 0.27 1.28 0.25 

Kraglund [23] 80 1 24% 1.178 0.13 0.71 0.138 0.30 1.28 0.28 

Fischer [38] 50 55 28% 1.298 11 0.32 0.098 0.52 0.94 0.35 

Fischer [38] 60 55 28% 1.292 21 0.32 0.106 0.44 1.07 0.34 

Fischer [38] 70 10 28% 1.248 27 0.32 0.113 0.41 1.21 0.36 

Fischer [38] 70 20 28% 1.264 37 0.31 0.114 0.41 1.21 0.36 

Fischer [38] 70 30 28% 1.273 30 0.30 0.107 0.40 1.21 0.35 

Fischer [38] 70 40 28% 1.280 48 0.31 0.118 0.38 1.21 0.34 

Fischer [38] 70 50 28% 1.284 35 0.30 0.110 0.40 1.21 0.35 

Fischer [38] 70 55 28% 1.287 36 0.30 0.109 0.40 1.21 0.35 

Lee (no coating) [50] 80 1 30% 1.183 0.28 0.55 0.11 0.492 1.38 0.49 

Lee (coating) [50] 80 1 30% 1.183 0.088 0.35 0.07 0.42 1.38 0.42 

Loos [39] 80 1 30% 1.183 3.7 0.30 0.081 0.28 1.38 0.28 

a NaOH. 
b Assumption, actual concentration unknown. 
c a catalytic coating is applied on the cathode. 
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een carried out for few of the listed zero gap electrolyzers [ 17 ,

1–23 ]. The measured high frequency resistances are listed in the 

upporting Information. In general the impedance resistances are 

ignificantly lower than the fitted area resistances (although this is 

ot the case in the work of Kraglund [23] ). At the moment we do

ot have a clear explanation for this and this is an area for future 

nvestigation. We also observe that impedance values seem to be 

igher at high current densities than at low current densities. This 

ight be due to possible effect of bubbles, but we have too little 

ata to confirm this. 

Even though the resistances measured with impedance spec- 

roscopy are lower than the fitted area resistance they are still sig- 

ificantly higher than the diaphragm resistance. Therefore, we can 

till conclude that the measured resistance cannot be explained 

rom the diaphragm resistance alone. The closest value is deduced 

o be 0.17 � cm 

2 from the impedance experiment at 30 °C of 

hillips, but it should be remarked that for this experiment the 

ormalization has a large effect, since the experiment has been 

arried out in 1M NaOH at 30 °C, where the conductivity of the 

lectrolyte is much lower. Therefore, interpretation of this result 

hould be carried out with care. 

To find out whether the increased area resistance observed in 

he zero gap configuration is something unique to Zirfon we also 

ooked at zero gap electrolyzers with other diaphragm materi- 

ls. Results with asbestos [40] , nickel oxide [ 41 , 42 ], polysulfone

43] and an ultrafiltration membrane (Supor-200) [44] are shown 

n the Supporting Information. For the configuration with the ul- 

rafiltration membrane a low resistance of 0.114 � cm 

2 was deter- 

ined. Yet, this membrane only had a thickness of 0.14 mm, which 

eans that a diaphragm resistance in the order of 0.03 � cm 

2 

ould be expected (assuming a porosity and tortuosity factor com- 
7 
arable to Zirfon). This means that also for this diaphragm the 

xpected resistance is higher than expected. For the other di- 

phragms the fitted area resistances are significantly higher (0.3–

.0 � cm 

2 ). Although the thickness is not known for all of these 

aterials, these values are so high that it is unlikely that they 

qual the pure diaphragm resistance. Therefore, we can conclude 

hat the increased area resistance is probably not uniquely related 

o Zirfon. 

.3. Estimation of the resistance in a zero gap configuration 

To estimate the effect of the zero gap geometry and the gas 

hase on the area resistance, we simulate the potential distri- 

ution and the resulting area resistance for the cases defined in 

able 4 . The definition of variables, the governing equations and 

he method can be found in the methods section. All simulations 

re performed for a nominal current density I = 1 A/cm 

2 , an elec-

rolyte conductivity κ = 1.38 �−1 cm 

−1 (value for 80 °C), and a 

iaphragm porosity of 0.484 ( ε = β0 = 0.484), so that the effec- 

ive conductivity in the diaphragm λ0 = β0 
3/2 κ = 0.465 �−1 cm 

−1 

s equal to 0.5 1.5 κ/1.05. In other words, the diaphragm conduc- 

ivity corresponds to a porosity of 0.5 and a correction by a 

actor 1/1.05 for the effect of the mesh-fabric support struc- 

ure. This implies that the reference diaphragm resistance is 

 d ,0 = 0.05 cm/(0.465 �−1 cm 

−1 ) = 0.108 � cm 

2 . 

The differences among the cases are due to variations in α1 and 

2 , the gas volume fractions in the gap (zone Z 1 ) and bulk (zone

 2 ). For these fractions, we use the values 0 (no gas-phase), 0.3 (a 

oderately dense dispersion of bubbles in the electrolyte) and 0.6 

a very dense dispersion of bubbles in electrolyte). Furthermore, α1 

 0.999 ≈ 1 represents an insulating gas layer that fills the entire 
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Table 4 

Definition and results of simulation cases A0–8 in series A. In this series the gap size is 50 μm and I = 1.0 A/cm 

2 . The gas volume fractions 

in zones 1 and 2 ( α1 and α2 ) are input parameters. 

Case 

α1 

(gap) 

α2 

(bulk) 

φ0 

[V] 

φe 

[V] 

ηe 

[V] 

R d 
[ � cm 

2 ] 

R 

[ � cm 

2 ] 

A0 0 0 0.269 0.065 0.204 0.110 0.131 

A1 0.3 0 0.271 0.067 0.204 0.110 0.135 

A2 0.6 0 0.276 0.072 0.204 0.109 0.145 

A3 0.999 0 0.320 0.097 0.223 0.134 0.194 

A4 0.3 0.3 0.276 0.072 0.203 0.113 0.145 

A5 0.6 0.3 0.282 0.079 0.204 0.112 0.157 

A6 0.999 0.3 0.341 0.118 0.223 0.135 0.236 

A7 0.6 0.6 0.295 0.092 0.203 0.120 0.183 

A8 0.999 0.6 0.404 0.181 0.224 0.139 0.361 

Fig. 4. Comparison of normalized area resistance for different zero gap alkaline 

electrolyzers (blue bars). All area resistances are normalized to 30 wt% KOH and 

80 °C. The depicted diaphragm resistance is 0.13 � cm 

2 (based on work of Ver- 

meiren). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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d  
ap. A gas volume fraction of 0.6 is high for a bubbly flow, but not

nrealistic; an overall gas volume fraction of approximately 0.6 has 

een measured in a lab-scale electrolyzer [44] and also in a bub- 

le column reactor with a microbubble dispersion [45] . Further- 

ore, the experiments of Kienzlen et al. [36] support the existence 

f an insulating stagnant gas layer if the gap size is smaller than 

00 μm. Such a gas layer can be stagnant, because the capillary 

orce over an interface across a narrow gap can easily balance the 

uoyancy force exerted on the gas layer in the gap. In fact, when 

he gas fraction of bubbles in the gap becomes high (say 0.6), one 

f the following three scenarios might occur. In the first scenario, 

he gas fraction remains about 0.6, because the flow dynamics in 

he gap is such that bubbles keep being generated and removed, 

hile the electrolyte keeps being refreshed. In the second scenario, 
8 
he high bubble volume fraction causes a strong suppression of the 

ixing and motion in the gas-liquid mixture. Thus, the gap is filled 

ith a stagnant packed collection of bubbles. In this scenario, the 

ixing is reduced that much that mass transfer of the reactant be- 

omes limiting and reduces the current density in the gap to zero. 

n the third scenario, an insufficient amount of bubbles can escape 

rom the gap, but the gas production can continue above a volume 

raction of 0.6. With increasing volume fraction the bubbles are de- 

ormed and coalesce until the gap is (nearly) entirely filled with a 

ry foam or just gas. In both the second and third scenario, the 

urrent density in the gap is negligible. Therefore, the cases with 

1 = 0.999 serve to illustrate these two scenarios, while the first 

cenario is illustrated by the cases with α1 = 0.6. 

Next, we discuss the values of the resistance R reported in 

able 4 . In the first case, case A0, no gas is included. Nonethe- 

ess, the resistance in this case ( R = 0.131 � cm 

2 ) is larger than

he reference diaphragm resistance R d ,0 = 0.108 � cm 

2 . The rea- 

on is that this specific zero gap geometry deviates from the ideal 

ero gap geometry, in which each electrode would be a non- 

erforated plate at zero distance from the diaphragm. Thus, this 

pecific zero gap geometry leads to an increase of the resistance 

y about 0.023 � cm 

2 . The next three cases (A1–3) show the ef- 

ect of a nonzero gas fraction in the gap, while the gas fraction in 

he bulk remains negligible ( α2 = 0). Then the resistance increases 

y 0.063 � cm 

2 at most ( R = 0.194 � cm 

2 in case A3). The next

hree cases, A4, A5 and A6 can be compared to cases A1, A2 and 

3, respectively, with the difference that the gas fraction in the 

ulk in cases A4–6 is not zero but moderately high ( α2 = 0.3). In

his triple, the effect of an increase of the gas fraction in the gap 

rom 0.3 (case A4) to 0.999 (case A6) is significantly larger than in 

he triple A1–3. The computed resistance in case A6, in which the 

ap acts as an insulation layer, is 0.236 � cm 

2 ≈ 2.2 R d ,0 . In the

ast case listed in the table (case A8), the gas fraction in the bulk 

s very high ( α2 = 0.6), while the gap again acts as an insulation

ayer. In this rather extreme case, we find R = 0.361 � cm 

2 ≈ 3.3 

 d ,0 . 

The local distribution of the potential is shown in Fig. 5 , for 

ases A0, A4, A5 and A6. The zero-gap geometry leads to nontrivial 

hapes of the potential isolines, and this pattern is modified by the 

resence of gas. In case A0, the distance between adjacent isolines 

s relatively small in the part of the diaphragm opposite to the gap, 

ndicating that in this region the current and the resistance are rel- 

tively large. A similar observation is made for cases A4 and A5. In 

ontrast, case A6 shows an increased distance of adjacent isolines 

n this region of the diaphragm. The reason is that in this case, 

he gas in the gap acts as an insulation layer; the current across 

he gap is blocked by the gas. Furthermore, the negligible effective 

onductivity in the gap leads to an accumulation of isolines in the 

ap. 

For the same four cases, profiles along the electrode and the 

iaphragm surface are shown in Fig. 6 . In Fig. 6 a–c, the profile of
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Fig. 5. Contours of the potential φ [V]. Results from simulations A0 (a), A4 (b), A5 (c) and A6 (d). The contour increment is 0.01 V. Values above the maximum of the color 

range (0.12) are also indicated by dark red. The dashed demarcation line at x = 250 μm represents the diaphragm surface. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. The profiles of the potential φ at the electrode (a), the overpotential η (b), the current density at the electrode (c) and the current density through the diaphragm 

surface (d), for cases A0, A4, A5 and A6. 

9 
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Table 5 

The effect of a larger gap size on the average resistance and the effective resistance of the diaphragm for the various cases 

( I = 1.0 A/cm 

2 in all simulations) 

Series B Gapsize 100 μm Series C Gapsize 200 μm Series D Gapsize 500 μm 

Case α1 (gap) α2 (bulk) R d [ � cm 

2 ] R [ � cm 

2 ] R d [ � cm 

2 ] R [ � cm 

2 ] R d [ � cm 

2 ] R [ � cm 

2 ] 

0 0 0 0.109 0.137 0.107 0.150 0.107 0.193 

1 0.3 0 0.108 0.144 0.107 0.162 0.107 0.216 

2 0.6 0 0.108 0.159 0.108 0.186 0.110 0.253 

3 0.999 0 0.134 0.209 0.134 0.235 0.134 0.310 

4 0.3 0.3 0.111 0.156 0.108 0.214 0.107 0.254 

5 0.6 0.3 0.109 0.171 0.108 0.110 0.109 0.315 

6 0.999 0.3 0.135 0.261 0.135 0.306 0.136 0.433 

7 0.6 0.6 0.116 0.214 0.111 0.273 0.108 0.446 

8 0.999 0.6 0.138 0.421 0.138 0.526 0.139 0.818 
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at the electrode, the overpotential η and the current density j e 
t the electrode are shown. These profiles are a function of s , the 

hord length along the electrode, which starts off at the core of 

he gap. More precisely, s = 0, 175, 615 and 790 μm correspond 

o the locations ( x,r ) = (300, 775), (300, 600), (740, 600) and (740,

75) μm, respectively. Each curve clearly shows three parts: the 

aney-nickel part in the gap (0 ≤ s ≤ 175 μm), the Raney-nickel 

art outside the gap (175 ≤ s ≤ 275 μm) and the nickel part of 

he electrode ( s ≥ 275 μm). In all cases, the current density is 

ery small on the nickel part of the electrode. The increase from 

ero gas volume fraction (A0) to moderate gas volume fraction in 

he gap and the bulk (A4) has no significant effect on the shape 

f the profiles, although it does increase the level of φ. Fig. 6 c

learly shows that a gas fraction of 0.999 in the gap in case A6 

eads to negligible current density in the gap and thus also a neg- 

igible current density through the part of the diaphragm surface 

djacent to the gap ( Fig. 6 d) Since the nominal current density is

ot changed, the current density on the Raney-nickel part outside 

he gap is strongly increased in this case. Because of the very low 

onductivity in the gap, the entire current density is maintained 

y a rather small part of the electrode (175 ≤ s ≤ 275 μm). As a 

esult, the current density through and the resistance of the gas–

iquid bulk mixture between this part of the electrode and the di- 

phragm are relatively large (see also the isolines in Fig. 5 d). The 

elatively large current density through a rather small region in the 

ulk is the reason that R in case A8 is much larger than in case A6.

n case A8, the gas fraction in the bulk is 0.6 compared to 0.3 in

ase A6, and the corresponding effective conductivities differ by a 

actor of nearly 3. 

Although the current density on the diaphragm surface is 

ot uniform ( Fig. 6 d), the computed diaphragm resistance R d 
 Table 4 ) shows a negligible increase over the ideal value 

 d ,0 = 0.108 � cm 

2 , unless the gap is full of gas ( α1 = 0.999). 

To illustrate the effect of a larger gap size than 50 μm (used 

n series A in Table 4 ), results for larger gap sizes are shown in

able 5 . As expected, the total area resistance R increases with 

ncreasing gap size, and this effect is more pronounced if the 

as fractions are nonzero. Comparison of the results of series B 

100 μm gap size) to those of series A, shows that doubling the 

mall gap size in series A does not lead to large increases of R ;

ithout bubbles the effect is 5% (compare case B0 to case A0) and 

ith bubbles it is at most 17% (compare case B8 to case A8). To 

btain much larger increases of R , the gap size has to be increased

o a large value of e.g. 500 μm (series D in Table 5 ), which is un-

ealistically large for a well-designed zero gap configuration. For 

ompleteness, we mention that in some cases (e.g. C0 and D0) 

he computed diaphragm resistance R d is 0.107 � cm 

2 , which is 

lightly below the ideal diaphragm resistance R d ,0 , while in reality 

he resistance cannot be lower than the ideal resistance. However, 

his discrepancy is small and within the 1% estimate for the nu- 

erical error (truncation error) in the computed resistances. 
o

10 
.4. Discussion: possible causes of increased area resistance 

The simulations can help us in identifying possible explanations 

or the increased resistances of zero gap electrolysis experiments 

ompared to the expected diaphragm resistance. The simulations 

lso allow us to quantify some of these effects. 

• Electrode geometry and uneven current distribution. We simu- 

lated the potential distribution in a realistic zero gap config- 

uration and found a resistance of approximately 0.13 � cm 

2 

when the effect of gas was not included. This is about 20% or 

0.02 � cm 

2 higher than the resistance of the diaphragm. This 

increase is a result of the uneven current distribution, which 

originates from the perforated plate electrode geometry. 
• An electrode gap. Although in theory a zero gap configuration 

means that the electrodes are pushed against the diaphragm, 

in practice manufacturing techniques for large industrial elec- 

trolyzers are just not accurate enough to ensure that the gap is 

truly zero along the complete surface area of the diaphragm on 

both the cathode and the anode side. For this reason, we used 

a nonzero gap size in our simulations. The default value of the 

gap size was small (50 μm). Due to the high conductivity of the 

KOH electrolyte, the effect of this gap on the resistance is lim- 

ited. From additional simulations with larger gap sizes, we con- 

clude that the gap size needs to be quite large to influence the 

resistance at least if no gas volume is included (the resistance 

increased from 0.131 � cm 

2 to 0.137 � cm 

2 or 0.193 � cm 

2 

when the gap size was increased from 50 μm to 100 μm or 

500 μm, respectively). Thus, a gap of 500 μm can potentially 

contribute 0.06 � cm 

2 , yet this is not a realistic gap size in a 

well-designed zero gap electrolyzer. 
• Bubbles in the electrolyte. We performed simulations for vari- 

ous values of the gas volume fractions in the narrow gap ( α1 ) 

and in the bulk ( α2 ). For a moderately dense flow ( α1 = α2 

= 0.3), we found a resistance of 0.145 � cm 

2 , which is only 

0.014 � cm 

2 higher than for the case without bubbles. Yet, the 

gas hold-up in alkaline electrolyzers can be large, over 50% at 

high current densities [46] and the narrow gap can even be en- 

tirely filled with gas [36] . For a gap entirely filled with gas, 

we found a resistance of 0.194 � cm 

2 when the gas fraction 

in the bulk was assumed to be zero and considerably higher 

resistances (up to 0.361 � cm 

2 ) when the gas fraction in the 

bulk was nonzero. Yet, if bubbles in the bulk play a key role, 

it is hard to explain why we do not observe a strong influence 

of current density and pressure on the resistance in the exper- 

iments, since the gas hold-up is expected to reduce if the cur- 

rent density reduces or the pressure increases. Therefore, it is 

unlikely that the increased area resistance is solely caused by 

bubbles. 

Although the explanations mentioned above can explain part 

f the observed increase in area resistance, it is likely that there 
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re other effects that also play a role. This can be concluded 

rom the work of Loos [39] who has compared zero gap configu- 

ations with Zirfon diaphragms of different thickness. Our ohmic 

ttings ( Table 3 and Table S2) show that the resistance of the 

hin diaphragm is 0.11 � cm 

2 lower than the thick diaphragm 

0.17 � cm 

2 vs. 0.28 � cm 

2 ). Although the thickness of the thin- 

er diaphragm has not been reported, this suggests that the pure 

iaphragm resistance of the thick diaphragm (so excluding the ef- 

ects of electrode geometry, increased gap size and bubbles) sig- 

ificantly exceeds 0.11 � cm 

2 , since otherwise the use of a thin- 

er diaphragm could not give such a performance improvement. 

urthermore, for alkaline electrolyzers with anion-exchange mem- 

ranes very low resistances of 0.1 � cm 

2 have been reported, 

hereas for the same electrode configuration with Zirfon a resis- 

ance of 0.3 � cm 

2 has been reported [23] . Since also for this 

ystem the effect of electrode geometry and bubbles should be 

omparable for the membrane and the diaphragm, this again sug- 

ests that the pure diaphragm resistance is significantly higher 

han 0.11 � cm 

2 . 

The suggestion that the resistance of the diaphragm is signifi- 

antly higher than 0.11 � cm 

2 seems conflicting with the expected 

nd experimentally observed resistances of Fig. 2 , which shows re- 

istances in the range of 0.1 to 0.15 � cm 

2 at 80 °C (only the exper-

mental value measured by Schalenbach of 0.19 � cm 

2 significantly 

eviates from this range [21] ). The only possible explanation is that 

he diaphragm resistance is higher when it is in a zero gap con- 

guration with oxygen and hydrogen evolving electrodes on both 

ides. This might be caused by nanobubbles. 

• Nanobubbles (adhering to the electrode, adhering to the di- 

aphragm or inside the diaphragm). Zirfon has small pores of 

0.15 μm, which is much smaller than the size of hydrogen bub- 

bles of ~20 μm [47] . Therefore, it is unlikely that hydrogen or 

oxygen bubbles can enter the diaphragm and block the pores. 

Formation of nanobubbles inside the diaphragm as a result of 

high local supersaturation might be a possibility, especially in 

the vicinity of the more hydrophobic polysulphone. However, 

the supersaturation or the pressure should be large (a bubble 

of 0.15 μm has a pressure of about 20 bar). Furthermore, if the 

gap size is finite, it is likely that there is a larger bubble out- 

side the gap close to any nanobubble in the surface layer of the 

diaphragm. Then these nanobubbles disappear due to Ostwald 

ripening. Nanobubbles adhered to a solid surface, the electrode 

or diaphragm surface, could also be spherical cap nanobubbles. 

Since the curvature radius of a spherical cap nanobubble can 

be much larger than the size of the bubble, this bubble can be 

stable at relatively low supersaturation [48] . The potential role 

of nanobubbles requires more investigation. 

For the sake of completeness we would also like to mention 

wo other effects that could contribute to increased area resistance, 

et these effects cannot explain why the thin Zirfon gives a much 

ower resistance than the standard Zirfon. 

• Concentration gradients. High reaction rates can result in local 

gradients in KOH concentration and dissolved hydrogen and 

oxygen. Potentially, this could cause a concentration overpoten- 

tial or local depletion of ions resulting in a lower conductivity. 

It has been reported that this only becomes an issue at very 

high current densities of > 10 A/cm 

2 [47] . It should also result 

in a strong dependence of the resistance on current density, 

which we do not observe. However, as argued before, in regions 

with very high gas volume fraction, bubbles can be (nearly) 

stagnant, causing reduced mixing and thereby larger concentra- 

tion gradients in the electrolyte. 
• Perforations completely filled with (stagnant) bubbles. It might 

happen that some holes in the perforated plates are entirely 
11 
filled with stagnant gas. In that case mass transfer limitations 

in this hole might stop the current at the parts of the electrode 

surface in this hole or close to this hole. 

.5. Conclusions 

Our work shows that the resistance of the Zirfon separator be- 

aves as expected for a porous separator. Yet, resistances in zero 

ap alkaline electrolyzers with the Zirfon separator are significantly 

igher than expected based on the diaphragm resistance. Our sim- 

lations have shown that this increased resistance can partly be 

xplained by an uneven current distribution, a finite gap and the 

ffect of bubbles. Apart from these effects, other factors such as 

anobubbles inside the diaphragm could play a role, since it seems 

hat the diaphragm resistance is higher in the presence of gas 

volving electrodes. More research into the effect of bubbles and 

anobubbles is therefore clearly needed. Also, the discrepancy be- 

ween our fitted resistances and the impedance measurements 

arrants more research. 

Our review of results obtained with alkaline zero gap config- 

rations also shows the further development potential of alkaline 

echnology. With a thinner Zirfon type separator a potential as low 

s 1.72 V at 1 A/cm 

2 has been achieved without using noble metals 

39] and it is expected that this can be improved even further by a 

urther optimization of the zero gap configuration and diaphragm 

hickness, possibly combined with a slight increase in temperature. 

he road to high current density alkaline electrolyzers that do not 

se noble metals is therefore fully open. 
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