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Under alkaline conditions, hydroxide ions can deplete at the anode of a water electrolyser for hydrogen pro-
duction, resulting in a limiting current density. We found experimentally that in a micro-porous separator, an
electro-osmotic flow from anode to cathode lowers this limiting current density. Using the Nernst-Planck equa-
tion, a useful expression for the potential drop in the presence of diffusion, migration, and advection is derived. A
quasi-stationary, one-dimensional model is used to successfully describe the transient dynamics. Electro-osmotic

flow-driven cross-over of dissolved oxygen is argued to impact the hydrogen purity.

1. Introduction

The commercially most attractive way of producing green hydrogen is
presently through the proven technology of alkaline water electrolysis [9,
12,20,23,29]. Under alkaline conditions, water splitting proceeds
through a reduction reaction 2H,0 + 2e~ — 20H™ + Hy and an oxida-
tion reaction 20H™ — 2e~ + %02 + H5O. For this latter reaction to pro-
ceed in steady-state, hydroxide ions have to be transported from cathode
to anode through a thin porous diaphragm or separator that avoids
mixing of hydrogen and oxygen bubbles [9,20,23,29]. When reactants
cannot be transported sufficiently fast, a maximum or limiting current
exists [6,16,19,28]. Self-ionization of water cannot supply the required
hydroxide at the anode because, in the typically used electrolyte KOH
there is no other anion besides OH™ that can ensure charge-neutrality. In
this work we experimentally demonstrate this theoretically expected
limiting current for the first time. The impact of induced electro-osmotic
flows [3] is investigated through useful analytical expressions for the
potential drop that include advection.

2. Model equations

We consider a near-neutral diaphragm with pores large enough to
neglect the surface-charge concentration compared to electrolyte con-
centration [1,5], so that surface conduction can be neglected [16,18].
The pores are however small enough to allow for an averaged description
over many pores and avoid electro-osmotic instabilities [3,10,21,22]
giving rise to overlimiting currents [6]. We assume an incompressible,
dilute, quasi-neutral, binary, monovalent electrolyte with molar
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concentration ¢ and electrostatic potential ¢, moving with a constant
superficial velocity u in the x-direction. The x-coordinate runs through
the separator from x = O on the left to x = L on the right, as shown in
Fig. 1. The conserved molar fluxes of the cations (K™) and anions (OH™)
in the x-direction, N, and N_ respectively (see Fig. 2), satisfy the 1D
Nernst-Planck equation [17]:

. F¢
Ni=uc—D +e—). 1
s =uc—Dy (c c RT) (€Y
Here, a prime denotes a derivative with respect to x, D, and D_ are
the effective porous medium ion diffusivities and RT/F ~ 26 mV at
room temperature T, using the gas constant R, and Faraday constant F.
The conserved current density i = F(N, —N_) and molar “salt flux” N

D_N.+D.N_ D ]
N= ++ Dy - N, - + i’ )
D, +D_ D.+D_F
can, with some algebra, be written as
i=—k(¢+x(nc)), 3
’ Cl pe
N =uc + D,c = Nyn, (1 ——e > “4)

Here the ionic conductivity x = g—; (D4 + D_)c, the ambipolar diffu-
D.D_RI' ~ _12 mV for KOH at

D.+D_ F

C — 2D, D_ —
sivity D, = 55, and the parameter y =
room temperature.

The second equality in Eq. (4) was obtained by inserting the well-
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Fig. 1. A schematic depiction of the geometry, dimensions, and coordinate
system used in the experiments and analysis. On the left, oxygen bubbles evolve
from the expanded metal anode while at the cathode on the right of the sepa-
rator, hydrogen is produced. The measured potential drop A¢,, left and right
volume V; and V,, and the direction of the current density i and velocity u
are indicated.

Fig. 2. Idealized average profiles of the electrolyte concentration c, potential ¢,
and the direction of fluxes of hydroxide anions, N_ , and potassium cations, N.

known solution to the advection-diffusion equation N' = 0:

e Pet/D) _ ]
cx)=c+ (¢, —c) R 5)
that satisfies the boundary conditions c¢(0) = ¢; on the left and c¢(L) = ¢,
and right, respectively. The Péclet number Pe = uL/D, is positive for a
flow in the positive x-direction, from left to right. The concentration ¢
tends to zero when N approaches the limiting flux Ny, = — 2o JPe_,
Since K" is not involved in the reaction, when the advective flux vanishes
in steady-state electrolysis, the diffusion flux cancels the migration flux to
give N, = 0. This common case of an unsupported binary electrolyte is
treated in many textbooks, see for example Ref. [14]. From Eq. (2), i thus
becomes proportional to N, resulting in a limiting current density i, =
% e,,fﬁl, as was first derived in Ref. [28]. Here, the factor two is due to
migration. The advective flux of a flow to the right opposes the diffusion
flux to the left, lowering the limiting current by the factor ;¢ < 1.

Integrating Eq. (3), using Eq. (5), gives for — A¢ = ¢(0) — ¢(L):
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where the characteristic quantity k. = %x = "=~ tends to the upstream

+ yPe, 7

conductivity when [Pe| > 1. The ohmic contributions, proportional to i,
are impacted by advection through the concentration profile. The diffu-
sion potential, proportional to y, will oppose the ohmic drop when y (¢, —
Cl) / i<O.

Surprisingly, Egs. (6) and (7) for the potential drop in the presence of
diffusion, migration, and advection do not seem to have been previously
reported in this general form. See, however, Ref. [30] for when i = 0,
relevant to filtration or reverse osmosis, or Refs. [19,28] for when N, =0
or N_ = 0, relevant as an approximation near an ion-selective mem-
brane. Expressions for charged media, sometimes including ion hin-
drance or reflection, also exist [11,13,24] but do not easily simplify to
our case of negligible fixed charge. In Ref. [1] we generalize Egs. (6) and
(7) to apply to a binary electrolyte with arbitrary valencies.

When the flow is electro-osmotically driven, the superficial velocity
u=—4# % will be proportional to the average electric field —A¢/L so
that

Pe= ——A¢p. 8
=, ®

The effective electro-osmotic mobility .# is related through the
Helmholtz-Smoluchowski relation [3,6,8,16] .#Z = —e% to the zeta

potential {. Here ¢, is the electrical permittivity, u is the liquid dynamic
viscosity, and ¢ is the porosity; present since the Péclet number is based
on the superficial velocity.

To solve Eq. (8) and Eq. (6) self-consistently, requires a model for ¢,
and c,. We assume a perfectly mixed anolyte of volume V; and catholyte
of volume V;, both much larger than the separator volume, see Fig. 1. For
times t much larger than the diffusional time-scale the above equations
will approximately hold quasi-stationary. The conservation equations of
the non-reacting cation (K" and anolyte volume read, with A the sepa-
rator area,

d(C] V]) dV[

= AN, - A 9
dt P " ®

With initial conditions V; =V, =V, and average concentration ¢y =

%, Eq. (4) and Eq. (2) combine to give, with some algebra,

de;  co(1 —i/iym) — ¢
71: 0( /l ) l. (10)
dt T

Here, the equilibration time 7 and limiting current density iy, are

given by

ViV, e —1 LV,
= =— 11
T V2 Pe T T =o0p (€8]
Vo Pe | . _4FD_cy
Lim :vr e _ 10 o = L (12)

When Pe « 1 we see, with epf,—e‘l ~ 1+ Pe/2+ (Pe?), that initially
T & 7o is much smaller than the time V,/uA it takes to drain the volume
and, for negligible separator volume AL <« V,, much larger than the
diffusive time-scale, given in Ref. [2] as L?/4D,. Note that under these
conditions water electrolysis could be used to desalinate (¢; ~ 0) and
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concentrate binary solutions like KOH or caustic soda, NaOH, without the
use of ion-selective membranes or pumps. When ¢; = 0 we have 2¢,V,/
V. =c, so that Eq. (12) agrees with the expression for i, discussed
above.

A numerical solution to the coupled Egs. 8-10 is shown in Fig. 3. As ¢
decreases and ¢; increases, —Ag initially very slightly decreases due to
the diffusion potential in Eq. (6). As ¢; and k. continue to decrease, — Ag
starts to increase, increasing the electro-osmotic flow velocity. As ¢; — 0
the draining accelerates and as V; — 0 an associated rapid decrease in ¢,
can be seen.

3. Experimental results

The geometry of Fig. 1 was constructed from several laser-cut layers
of plexiglass separated by Agfa's Zirfon (R) Perl UTP 500 [20,23,29]. This
separator consists of 85 w% ZrOy particles on a 15 w% polysulfone
backbone and has an average pore size of 0.15 + 0.05 um, a porosity of
€~ 50+ 10% and a thickness of L ~ 0.5+ 0.05 mm. Roughly equally
thick electrodes of A = 32 x 32 mm? ~10 cm? were positioned directly
adjacent to the separator in a zero-gap configuration, and connected to a
power source. Expanded mesh electrodes by Permascand were used, with
proprietary coating and a fractional open area of roughly 1/3-rd, con-
sisting of approximately ellipse-shaped holes of roughly 3 x 1 mm.

Parallel to the 32 x 2mm? gas outlets shown in Figs. 1, 6 x 8 mm?>
bubble-free channels were constructed to determine the liquid level. An
equal initial volume V; = V, = 24 ml of 0.1 M aqueous potassium hy-
droxide solution was used on both sides.

We assume a tortuosity of T = 1.62+ 0.2, in the range of values
measured [20], so that upon multiplying the molecular hydroxide and
potassium diffusivities [17] with ¢/t ~ 0.31 we obtain the effective
values (D_,D,,D,) ~ (1.6,0.61,0.88) x 10~ m?/s.

Upon application of a current density i = iy = #2-%% = 12.6 mA/
cm? we found a flow velocity of u ~ 1 ym/s from anode to cathode so that
Pe ~ 0.6. Note that this flow direction is opposite to that expected from
the consumption and production of water and that due to electro-osmotic
drag of hydroxide ions. Fig. 4 shows the measured ionic potential dif-
ference —Ag,; between the left and right bulk electrolyte of Fig. 1.

Fig. 4 shows the measured ionic potential difference —Ag,,; between
the bulk anolyte and catholyte. A comparison with the —Ag of Eq. (6) is
shown, solved numerically with Egs. (8)-(12), to which we added an

3 .
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Fig. 3. Various dimensionless quantities as a function of dimensionless time t/
79, for i/ip = 1.2, obtained from the numerical solution of the coupled Egs. (8)
and (9) using the experimental values from Table 1. A slight initial decrease in —
Ag can be seen, associated with the diffusion potential of Eq. (6). Later however,
the decrease in x, makes that —A¢ increases with time.
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Table 1
Approximate experimental parameters values at co = 0.1 M and T = 298 K.
Other parameters include RT/F ~ 26 mV, y ~ —12 mV, transference number
t; =1—t_ = 0.27, dynamic viscosity 4 = 0.9 mPas, relative permittivity
& =77.

Porous medium correction ¢/t 0.5/1.62=0.31
Ambipolar diffusivity D, 0.88-107° m%/s
Separator thickness L 0.5 mm
Electrode/Separator area A 10 cm?

Electro-osmotic mobility .#7 6.7-10~° m%/s/V
Att =0, for i = iy = 12.6 mA/cm?

Volume V;(0) = V,(0) =V, 24 ml

Separator conductivity ko 0.84S/m
Péclet number Pey, = AL 0.57
koDa
Limiting current density ijim 10 mA/cm?
Time-scale 7 — LVy e —1 8.9-10%s
"~ 24D, Pe
ifio =2 15 12
+
I !
—_ + |
2 ! .
z |l / J
<
N

0 t(s) 5000

Fig. 4. The measured potential difference —A¢,,, between the left and right
bulk electrolyte of Fig. 1, as a function of time t after switching on different
values of the current density i/ip. The dotted black lines represent — A¢ + il./
ki + il./xwhere Ag, k;, and k. are obtained using the model equations and
parameter values detailed in the caption of Fig. 3 using no fitting of parameters

other than [, = 0.3 mm. Reasonable agreement in the predicted limiting current
can be seen.

ohmic drop corresponding to an effective electrode thickness of [, ~ 0.3
mm. Without additional parameter fitting, the time over which the
limiting current condition is reached, is predicted accurately apart from a
“negative lag-time” of approximately 10 minutes. Besides significant
uncertainty in various input parameters this discrepancy may be, at least
partly, due to our assumption of a quasi-steady state [1].

We performed the same experiment for electrolyte concentrations of
0.1, 1, 2.9, and 5.7 M. We note that beyond approximately 1 M the
conductivity no longer increases linearly with increasing concentration
[71, resulting in the present dilute solution theory giving larger errors
[1].

The effective zeta-potential shown in Fig. 5 was obtained from Eq. (8)
with —A¢/L =i/ko using for the conductivity the correlation from
Ref. [7] corrected by ¢/t ~ 0.31. The superficial velocity u through the
separator was directly obtained from the initial time-rate of change of the
electrolyte levels.

Here, we did correct for the water consumed and produced in the
reaction but not for any hydrostatic pressure-driven contribution induced
by the change in levels over time. At elevated concentrations, electro-
osmotic drag also causes a significant net water flux in the direction of
the flux of hydroxide ions [1]. Note that despite all these opposing ef-
fects: water consumption, production, drag, and back-pressure, the net
flow remained dominated by electro-osmosis and was always directed
from anode to cathode.
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literature u /e,
20

¢ [mV]

co [M] 6
Fig. 5. The ‘zeta potential’ ¢ calculated from Eq. (8) as { = —#u/eereo where
the electrical mobility .# = ux/i was determined from the experiments at t =
150 s. Note that defined in this way, ¢ is a rather effective empirical value,
including the effect of electro-osmotic drag [1], and may differ substantially
from the zeta-potential determined by different means. For the bottom curve, a
constant viscosity to relative permittivity ratio u/e, ~ 12 yPas for water was
used while for the top curve we used the experimental data from Refs. [15,27]
as well as a quite uncertain quadratically extrapolated value of ¢, = 40 for the
highest molarity.

4. Discussion

The observed electrolyte flow through the separator may transport
dissolved reaction products, potentially adversely impacting safety,
Faradaic efficiency, and gas purity. Therefore we would like to estimate
these effects for a typical operating temperature of 80 C. Using that in
the range 1 M< ¢y < 5.7 M of Fig. 5 an approximately constant elec-
trical mobility .# ~ 3-107° m?/s/V is found, we can write Eq. (8) as

A¢
Pe ~ k77 (13)

where k ~ —10% K/V and we used the constancy of Du/T, with u the
dynamic viscosity, implied by the Stokes-Einstein relation [8,23,25].
From Eq. (13), we find that Pe = 1 is obtained at a very high separator
voltage around 0.35V. The oxygen and hydrogen diffusivity in 30 w%
KOH are approximately 2 and 6 times 10~° m?/s [4], respectively, well
below the roughly 9-10~° m?/s of KOH [12]. Therefore at — A¢ = 0.15
V, associated with the high end of present-day operational current den-
sities, the Péclet numbers for oxygen and hydrogen are approximately 1.8
and 0.6, respectively. We may use these values for Pe in Eq. (5) to
describe gas cross-over. The diffusive transport of hydrogen to the anode,
on the left of Fig. 1 where ¢; = 0, will be reduced by the factor ep‘:fl ~0.7
appearing in Eq. (4). Similarly, the oxygen flux, with ¢, = 0, will be
#2eP® ~ 2.2 times higher compared to the case of only diffusion. At
equal concentration of dissolved gases, electro-osmotic flows will then
make cross-over of oxygen transport as significant as that of hydrogen,
despite its three times smaller diffusivity. Since the solubility of oxygen
exceeds that of hydrogen [26] these tentative conclusions warrant
further investigation. Most studies so-far have however only considered
hydrogen cross-over [9,23,29]. A relatively low oxygen in hydrogen
content was measured in Ref. [9], although to an unknown degree this
may be due to oxygen reacting back to water with hydrogen at the
cathode. At the high current densities required for significant
electro-osmotic flows, the concentration of oxygen in hydrogen will
likely remain well below the lower explosion limit of around 4 v% [9].
Enhanced oxygen cross-over will however nonetheless impact the Fara-
daic efficiency [9,25] or hydrogen purity.

Finally, knowledge of these electro-osmotic flows may be actively
used to influence the cross-over, allowing the development of thinner
separators with reduced gas-cross over of at least one of the dissolved
species, oxygen or hydrogen. The surface properties of separators may be
modified to control the zeta potential. For some materials, a charge
inversion can effectively change the direction of electro-osmotic flows
[8]. Alternatively, a (hydrostatic) pressure difference can be applied to
counteract electro-osmotic flow.
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