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1 | INTRODUCTION

Summary

A traditional alkaline aqueous electrolyzer is investigated by using a 3-electode
structure that enables the reaction resistance of each individual electrode to be
accurately monitored. Combining experimental observations with resistance-based
model analysis, we establish a quantitative relationship between current density
and key voltage losses, including losses due to thermodynamics, kinetics, ohmic,
and mass transport. These results demonstrate that the oxygen evolution reaction
and bubble effects play crucial roles in determining electrolyzer performance. By
varying the distance between electrodes, 2 effective OH™ conductivities in 0.4M
KOH are found to be 0.1333 and 0.9650 second cm™", depending on bubble forma-
tion and release rate at the electrode interface. Moreover, bubble coverage on elec-
trode surface achieves a steady state of 96% when current density is above 0.1 A
cm 2. In the study of various electrolyte concentrations, all the model predictions
show good agreement with experimental results, confirming its ability to capture
actual cell performance. This newly presented empirical resistance-based model
provides a practical framework to simulate complicated electrolysis reactions,

serving as a comprehensive guide for continuous improvement of water electrolysis.
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an electrode (called working electrode, WE). To address this
issue, one standardized method is to introduce a reference

Water electrolysis (WE) is a promising and clean technology
that has an advantage over other renewable energy sources
(like solar and wind energies) that are stored in the form of
hydrogen and, therefore, has attracted increasing research
interest in recent years.' However, the challenges for wide-
spread use of WE are to improve its efficiency and reduce the
cost and energy consumption.’** Compared to solid polymer
electrolyte WE, the traditional liquid alkaline WE possesses
the advantages of long historical development, low cost,
and long-term stability.*” In general, this setup consists of
an anode, a cathode, liquid electrolyte solution, and a direct
current (DC) power supply. However, with the system of 2
electrodes, it is difficult to study a half reaction occurring at

electrode (RE) into the electrolysis cell with which WE
potential can be directly controlled or detected.®

The reversible voltage (E.,) needed to split a water
molecule into hydrogen, and oxygen can be determined
by the Gibbs free energy.'” However, the applied voltage
during realistic operation is generally much higher than
E., due to over-potential losses.”!” The losses caused by
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) strongly depend on electrode materials,
operating conditions, and the electrolyzer.'® Moreover, the
formation of gas bubbles, especially at high current densi-
ties, will require higher energy to sustain the same corre-
sponding reaction rate.”!!
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The characterization of the main voltage components and
gas bubble behavior in WE is crucial in understanding
experimental phenomena and optimizing operating system
and control strategies. In addition to experimental observa-
tions, there have been numerous simulation efforts to address
the fundamental issues of WE.*®!'? In early modeling
studies,"*!® the approaches applied were limited only to
their electrolysis systems. Recent model development has
made significant progress, as described in recent review
articles.'>'®!7 However, most of the reported work applied
a simple resistance-based model for determining energy
consumption. Little work was supported by experimental
observations. This is particularly an issue since most models
do not account for the effect of gas bubbles, which experi-
ments have shown to be important. Based on this, it has been
noted that the development of computational modeling is still
far behind the current state of WE technology.”*

Herein, combining experimental observations and
modeling results, we establish a quantitative relationship
between each voltage component and current density, which
includes all resistances in the alkaline water electrolyzer. A
3-electrode system built with a defined-potential RE allows
us to monitor the anode and cathode reactions separately. In
particular, the effect of gas bubbles on kinetic and transport
resistances is quantified based on the experimental data.

2 | EXPERIMENTAL METHODS

The desktop WE experiment used in this study is illustrated
in Figure 1. The platinum wire used as the electrode in anode
and cathode has a 0.5 mm diameter and is 5 cm in length with
99.99% trace metals basis. The length of the electrode sub-
merged in the electrolyte is 2 cm, and the effective reaction
surface area is calculated to be 0.316 cm? Potassium

Cathode

2 KOH electrolyte

FIGURE 1
setup. RE, reference electrode [Colour figure can be viewed at

Tlustration of the desktop water electrolysis experimental

wileyonlinelibrary.com]

hydroxide (KOH, Sigma-Aldrich, > 90 wt%) solution, which
is most commonly used in alkaline WE due to its high
conductivity,'® is used as the electrolyte for our experiment.
A baseline of 0.4M of KOH concentration is used, but
0.2M and 1M are also tested to compare with the modeling
data. We install a mercury/mercury oxide (Hg/HgO) RE,
which is the most widely used RE with a stable potential in
alkaline electrolyte,'® to survey the voltage between the cath-
ode and RE. It should be noted that the cathode reversible-
and over-potentials shown in this work refer to their absolute
values. The pH of KOH solution is measured to be 13.93 at
25°C. The RE potential at 25°C and pH = 14 is 0.0984 V
vs standard hydrogen electrode (SHE).>° Therefore, the
corrected RE potential can be calculated as

2.303%RT

Egg = 0.0984V + (14—pHgg) = 0.1025 V. (1)

In our study, a DC power supply, BK Precision Model
9130, is used to control and measure voltage and current
between working and counter electrodes. In addition, a
Gamry Reference 3000 is introduced to measure the potential
difference between the cathode and RE. Both current and
voltage data acquisition sampling rates are set to be 10 Hz.
The cathode potential is measured by the Gamry device
directly, while the anode OER potential is calculated from
the voltage difference between the power supply and the
Gamry device. For this basic WE experiments, there are
many control parameters to determine the cell performance.
The baseline testing conditions and parameters are listed in
Table 1.

3 | RESULTS AND DISCUSSION

3.1 | Baseline tests

The first step is to study the repeatability and uncertainties
of the baseline test and to identify the time required for
each test condition to reach steady state. Figure S1 shows
60 seconds of transient voltage data at 6 representative cur-
rent density settings for the baseline experiment. It can be
observed that the voltage signal responds to the current
density setting quickly and reaches steady state within

TABLE 1 Experimental baseline settings

No. Parameter Setting Unit
1 Electrolyte volume 200.0 mL
2 Reaction surface area 0316  cm?
3 Distance between anode and cathode 1.0 cm
4 Electrolyte concentration 0.4 M

5 Operating temperature 25+1.0 °C
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60 seconds for all cases. To be consistent, all steady-state
data reported in this study are obtained by averaging the
last 10 seconds of the 60-second test duration for each
current density set point.

Six repeated baseline tests are performed at the condi-
tion settings listed in Table 1. The tests are done by con-
trolling the current output from the DC power supply, and
the corresponding total voltages are recorded as shown in
Table S1. The mean and standard deviation values are
obtained from the 6 measurements, and the percent error
is calculated as the standard deviation divided by the aver-
age voltage at each current setting. The cathode potential
is directly obtained from the measurements of the RE,
and the anode potential is simply the difference between
All voltages
discussed in this work refer to the potential relative to
the SHE.

These averaged baseline results are plotted in Figure 2
to show the polarization i-V curve of the total reaction as

the total reaction and cathode reaction.

well as the curves from the individual anode and cathode.
The collective results confirm that the total reaction
measurements are relatively repeatable and the error per-
centages are less than 1% throughout the entire range of
current densities. The half-cell potentials of HER and
OER have slightly higher variation but are both within
2% error. One of the major reasons for the data fluctuation
can be ascribed to gas bubbles, which are continuously
formed and removed at the reaction interface. This dynamic
bubble effect causes a slight variation of the electrode
surface area available for reaction. The mean voltage values
of the total, cathode, and anode reactions are used through-
out this study to derive empirical results for the analytical
model described in section 3.3.

—a— Total reaction
o— Cathode HER
| —— Anode OER

Voltage/V

I I

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Current density/A cm™

FIGURE 2 Average performance with standard deviation at each
current density from 6 repeated tests at the baseline settings. HER,
hydrogen evolution reaction; OER, oxygen evolution reaction [Colour
figure can be viewed at wileyonlinelibrary.com]
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3.2 | Study of electrode distance

Hydroxide transfer to the reaction interface depends on the
electrolyte concentration and separation distance between
anode and cathode.?' In principle, ion transport resistance
increases with the distance between the anode and cathode.
Since there is an abundance of hydroxide in the liquid
electrolyte, its exact transport distance is not simply equal
to the spacing between anode and cathode, making transport
distance difficult to quantify. To investigate the effect of
hydroxide transport resistance, the distance between anode
and cathode is varied between 1.0 and 2.0 cm.

It can be observed from the reaction polarization plots in
Figure 3 that cell voltage increases with electrode spacing,
indicating an increase of ion transport resistance. This is con-
sistent with early observation in the literature.*' The cathode
and anode half-cell voltage in the 3-electrode setup can also
be measured and are reported in Figure 3B,C, respectively.
These results are used to obtain ion transport resistances
during operation.

3.3 | Development of analytical model

A 1-D analytical model is developed to evaluate the relative
effects of the major overpotentials, including the thermody-
namics of WE, kinetics of HER and OER, ohmic resistances
for electron and hydroxide transport, and mass transport
losses due to bubble formation. The actual cell potential
(Ecen) can be calculated by the combination of reversible

(A)6

—=— 1.0 em

1 Anode OER

0.0 0.2 0.4 08
Current density/A cm™

FIGURE 3

at various electrode distances. The error bar represents the standard

Polarization curves of total, anode, and cathode reactions

deviation of 6 repeating tests [Colour figure can be viewed at
wileyonlinelibrary.com]
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potential (E..,), activation over-potential for HER (7gr) and
OER (nogr), electron transport resistance (R.-), hydroxide
transport resistance (Rog- ), and voltage loss due to mass
transport (4,,x). The sum of overall cell potential found in a
typical electrolysis system can be expressed as

Ecell = Erey + NoEr + |’1HER| + iX(Re‘ + ROH') + M- (2)

In the following sections, we will discuss each term in
detail.

3.3.1 | Equilibrium potential

The amount of electrical energy required to activate the reac-
tion can be determined from thermodynamic properties,
including enthalpy, entropy, and Gibbs free energy (AG) of
the reactants and products. Under the standard conditions,
the reversible cell voltage (E?, ) can be calculated by a

rev
well-known Nernst equation'®2;

o _ AG°

Erev - _F’ (3)
where n is the number of electron transfer and F is Faraday'
constant (96 485 C mol™"). The equilibrium potential, which
is independent of the catalyst material, is a strong function of
pressure and temperature and is usually approximated by the
combination of Nernst equation and Gibbs free energy,
respectively™2?:

AS RT  [aw,aly’
Erey = E% 4+ — (T=To) + — 1 )
o T o5 (T=T0) + 55 n( ay @

where R is the Universal Gas Constant and «; is the activity of
species i. In our experiment, the temperature is controlled to
be at the reference temperature, and the activity of water (a,)
is equal to 1 due to high water content in the electrolyte. In
addition, the pressure of the generated hydrogen and oxygen
can be approximated as the atmospheric pressure because the
bubbles are close to the liquid surface. Therefore, the activi-
ties of hydrogen and oxygen are also equal to 1. Based on
these assumptions, the reversible potential of our experiment
is equal to 1.228 V. The same analysis for reversible potential
can also be applied to HER and OER half reactions. Based on
our operating parameters, the equilibrium potentials for HER
and OER are calculated to be —0.797 and 0.431 V,
respectively.

3.3.2 | Ohmic resistances

The resistances discussed in this section include electronic
resistance (R.-) and ionic resistance (Roy-) between anode
and cathode. These two resistances are referred to as ohmic
resistance because the voltage required to drive the electronic

and ionic flux can be described by Ohm's law. The electronic
resistance can be determined by the electrical conductivity of
the used materials and their interface resistances. In the WE
system, it is observed that the voltage loss due to R,- is less
than 1 mV even at the studied highest current density. There-
fore, it can be neglected in our model analysis.

As discussed earlier, the ionic resistance is a function of
the distance between electrodes and the ionic conductivity.
Since the distance between 2 electrodes (I c¢cm) is much
greater than the electrode diameter (0.05 cm), a 1-D assump-
tion was made to simplify the geometry. The ionic resistance
can be approximated as

_d
= poeff
Kon-

; ®)

Ron-

where d is the distance between anode and cathode and K&t~

is the effective hydroxide ionic conductivity (second cm_l).
It is important to note that K&, is different from the bulk
conductivity of a homogeneous aqueous solution®* and can
only be obtained empirically. To further investigate effective
hydroxide ionic conductivity, we assume that changing elec-
trode distance results in only the alternation of Roy- in Equa-
tion 2. Therefore, the voltage difference between 2 varied
electrode spacings can be written as

. Ad
AEce = iX (KeT> (6)

The collected data for the 3 electrode spacing presented
in Figure 3 are further processed to establish the relationship
between the cell voltage and electrode distance. The linear
relationship observed in Figure 4A confirms the above
assumption to be valid. In addition, the slope represents the
ratio of (AEqe/Ad)(25s2) at each current density.

To continue the analysis, we assume that Kb is not a
strong function of the operating current density within a
certain range. Equation 6 can be rearranged to present the
effective hydroxide ionic conductivity as

Ai
f
K = ~arar )

NC=)

According to Equation 7, the slopes obtained in Figure 4A
are plotted against current density as shown in Figure 4B. The
fitted results show 2 distinct linear trends, representing K‘g{r,
and the transition current density occurs at around 0.0325 A
ecm 2 The effective hydroxide ionic conductivity can
be approximated as 0.1333 second cm™" and 0.9650 second
cm™! at the low and high current density, respectively. The
results validate our assumption that K 8?1‘ is not a strong func-
tion of the conducting current density within a certain range.
However, it is not clear why the KSC{I_ transitions from low

conductivity to high conductivity at around 0.0325 A cm™>
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T
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=
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| Slope =0.133

Slope = 0.965
R =0.961

FIGURE 4 A, Cell voltage as a function R = 0.991

of electrode distance at various current 00F —=w—=— Transition region

density; B, corresponding current density as L L L L 1 L

a function of slope [Colour figure can be 0.2 0.4 06 9.3 1.0 1.2
viewed at wileyonlinelibrary.com] Slope/V cm

Upon further study, it is found that the transition current
density strongly correlates with bubble formation and release
rate at the electrode. During the cell operation period, H, and
O, gas bubbles are generated on the reaction interface of the
cathode and anode, respectively. Figure 5 shows pictures of
both cathode and cathode electrodes as a function of current
density to qualitatively illustrate bubble dynamics. When the
current density is below 0.03 A cm™ in our experimental
setup, few gas bubbles are observed on the electrode surface,
indicating the transport of generation gas occurs primarily
through a diffusion mechanism. While the current density is
above 0.03 A cm™2, it can be clearly observed from the exper-
iments that gas bubbles are generated and rapidly detached
from the reaction sites by buoyancy forces. This bubble flux
creates a convective flow of the electrolyte near the electrode,
which, in turn, increases the effective hydroxide conductivity.

In the subsequent analytical model, a linear transition
from high- to low-effective hydroxide ionic conductivity is
used to prevent discontinuity of the ohmic losses. The current
densities of the transition region are thus estimated to be
between 0.015 and 0.1 A cm™2 as marked in Figure 4B.

3.3.3 | Kinetic activation losses

The kinetic activation losses refer to the amount of over-
potential required to support and sustain the anode and cath-
ode electrochemical reactions. The governing mechanism can
be described by the Butler-Volmer equation, which is applied

Current density/A cm®

0.0057 | o.089 | o0.0152

Anode
4
Py
Cathode
S

| oos09 [=

Tl

FIGURE 5 Pictures of anode (left) and cathode (right) electrodes at
various current density to illustrate bubble dynamics [Colour figure

can be viewed at wileyonlinelibrary.com]
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to the anode and cathode. The basic Butler-Volmer equation

. 23
can be written as®>*:

i=io(eXP<%n)—eXp(—7(l_I:2nFﬂ)>7 ®)

where ij is the exchange current density, o is the charge trans-
fer coefficient, and 7 is the over-potential. The exchange cur-
rent density, as presented by Equation 9, is a composite
parameter, which depends on a rate constant, k°; reactant
and product concentrations, Cp and Cg; and the charge trans-
fer coefficient®*:

iy = nFk°C -0 Cg. ®

Because the exchange current density is extremely diffi-
cult to measure directly, it is often approximated by empirical
results at defined reference states, io(r ¢, ). With the known
exchange current density at standard states, the exchange cur-
rent density under actual operating conditions can be deter-
mined as**

. . C\ " o\ (*EQEYX(I_L))
_ (&R v RT T*

(10)

where E'?; is the reaction activation energy.

The standard Butler-Volmer equation given in Equation 8
can be approximated by linear behavior at small over-poten-
tial, n, and Tafel behavior at high over-potential. For the alka-
line WE study, both HER and OER over-potentials are
generally greater than 100 mV due to low exchange current
density, iy, and high reaction current density, i.>>*® There-
fore, the activation over-potential for both HER and OER
can be calculated as

7 = bxlog (l’) (for 7>100mV),  (11)

(4

__ 2.303%xRT
where b = o

is referred to as the Tafel slope.

The data in Table S1 are processed to obtain the empirical
values for the Tafel slopes and exchange current densities for
both HER and OER. The reversible potential and the over-
potential due to ohmic resistances are subtracted from the cell
potential. Only data from low current densities without appar-
ent bubbles forming on the electrode surfaces are used to
ensure minimum effect from mass transport losses. The proc-
essed over-potentials from HER and OER are plotted in
Figure 6. The Tafel slopes and exchange current densities
are 80.2 mV dec™' and 440E™* A cm™? for HER and
119.6 mV dec™" and 2.32E™° A cm™ for OER, respectively.
The calculated results demonstrate that anode OER has
slower reaction kinetics compared to cathode HER in the
alkaline WE. The main objective of this study is to develop

1.00
» Cathode HER
o Anode OER
orsf__
b | 0.120
i | 2.32e-9 |
2 7| 0.9
= 0.50F
=
=
iy
g 025 L b 0802
L | 4.40e-4
/| 0.997
—i—
0.00 +
0.002 0.004 0.006 0008 0.01

Current density/A cm™

FIGURE 6 Polarization in the kinetic region and the fitted Tafel
slopes and exchange current densities obtained from the over-potential
data for hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). Symbols, raw data; lines, linear fit to the data [Colour
figure can be viewed at wileyonlinelibrary.com]

a method for constructing an empirical resistance-based
model. It is important to note that the reaction kinetics can
be improved by using more active material for OER, ie,
IrO, and RuO,?” or modifying the electrode surface®® to
replace the Pt-wire electrode.

3.3.4 | Mass transport losses

The mass transport over-potential refers to the performance
loss due to the buildup of reactant concentration gradient
from the bulk electrolyte to the electrode surface. The reac-
tants in OER and HER are hydroxide and water, respectively.
Since liquid water has an activity equal to one, the mass
transport over-potential due to liquid water is negligible.
The concentration of hydroxide is more complicated and
can be calculated from the Nernst-Planck equation, as
described below for steady state conditions>*:

F
Jou- = —DOH*VCOH*—EDOH*COH*VQb + Con-v, (12)

where Joy- is the flux of the hydroxide, Doy- is the diffusiv-
ity of hydroxide in water (a value of 5.273 x 10> cm* second
~!is used in the model),'® ¢ is the electrolyte potential, and v
is the solution stirring velocity. In the baseline experiment,
the volumetric hydroxide supply in the solution is calculated
to be 4.0e-4 mol cm™ and the reaction rate of hydroxide at
the highest current density is calculated to be 6.53e-
6 mol cm~2 second™!. Furthermore, the same amount of
hydroxide consumed at the anode is being generated at the
cathode side simultaneously. Therefore, no mass transport
loss results from hydroxide concentration difference through-
out the electrolysis process.
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The only transport-related resistances left in the experi-
ment are related to removal of hydrogen and oxygen bubbles.
During the cell operation period, H, and O, gas bubbles are
formed and partially cover on the cathode and anode reaction
interface, respectively. The size of the bubbles can be calcu-
lated by the surface tension, 7, and the pressure difference
across the meniscus as shown in Equation 13.

4T
Tbubble = (

P=pPy) (13)

The liquid pressure, P,, can be determined by its depth
and the density of the fluid (pg,iq) as shown in Equation 14.

Py = ppuiagh (14)

The bubble release rate (Viuppe) 18 determined by the
buoyancy force acting on the bubble, which is directly related
to the bubble volume as follows:

Fg = piia Vubble 8- (15)

As seen in Figure 5, gas bubbles are clearly visible on the
electrode surface when the current density is above
0.03 A cm™2. When current density is above 0.07 A cm ™2,
nearly the entire electrode surface is covered by bubbles.
The existence of bubbles on and near the electrode surface
has 2 adverse effects on electrochemical reactions. First, the
bubbles on the electrode surface block reactants from
reaching the catalyst for reaction. Therefore, the available
active surface area is reduced and, in turn, the local current
density is increased. The magnitude of this increases is
based on the bubble coverage, 6. Based on Tafel equation
(Equation 11), the effect of bubble coverage on the additional
kinetic loss can be calculated as

1
”mx,kinetic = bX IOg <m) . (16)

Second, the bubbles near the electrode create void space
in the electrolyte, which increases hydroxide transport resis-
tance. This mass transport loss phenomenon is a local effect
due to the formation of oxygen and hydrogen bubbles, which
is different from the bulk effective hydroxide conductivity
discussed in the ohmic resistance section. Assuming the bub-
ble coverage percentage on the electrode surface is similar to
the void volume percentage in the electrolyte near the elec-
trode, the local hydroxide conductivity can be approximated
by Bruggemann correlation.”’ Based on Equation 5, the
effect of bubble coverage on the additional local ohmic resis-
tance due to hydroxide transport can be calculated as

dyubble
157
Kl (1-0)
where dp.p. 1S the radial difference between the bubble

region and the electrode and is estimated to be 0.2 mm from
the pictures in Figure 5. The radius of the local bubble region

Mo~ = IXRGEE = ix (17)

\WAIBSE N ERGY RESEARCH

has a significant impact on overall cell performance, espe-
cially under high current density conditions.

To obtain empirical results for the bubble coverage, the
HER and OER data in Table S1 are processed to remove
kinetic and ohmic losses. The bubble coverage based on
Equation 17 is obtained from the residual mass transport
losses and is plotted in Figure 7. Although the oxygen gener-
ation rate is half that of the hydrogen generation, the data
exhibit similar trends of bubble coverage on and near the elec-
trode. This may be due to multiple factors, including bubble
size, gas solubility, and gas density, and the effect of these fac-
tors could be studied in the future. However, for our empiri-
cal-based model, the same correlation for bubble coverage
as a function of current density is used for both HER and
OER. As observed in Figure 7, bubble coverage grows rapidly
at low current densities, ranging from 0 to 0.05 A cm™? and
reaches steady-state at around 0.1 A cm™2. These results agree
well with the visual observation in Figure 5. In the subsequent
analysis, the calculated data points are obtained by fitting the
data to the nonlinear equation shown as an inset to Figure 7.
The fitted data indicate that the maximum steady-state bubble
coverage on the electrode surface is around 95.8%.

3.4 | Comparison of model prediction and
experimental data

Considering all the components discussed in the above
sections, the electrolysis cell voltage can be approximated as

i i
Ecell = Erev + bOER IOg ( . ) + bHER 10g< )
lo,0ER lo,HER

d 1 1
i —— ) + bopr log [ —— ) + bugg log [ ——
*’(Kafa) hom °g(1—e> o °g(1—e>
+2 (ix oubbie ) (18)

Kg-(1-6)"

100 - ~
e 8OF Eq. | y = a*(1-exp(-b*x))
3 a 95.80
g [ 0.956
8
2 4ot
=]
=3
s3]
20+
= Cathode HER
* Anode OER
0F Curve fit
i i i i i i i i i
00 01 02 03 04 05 06 07

Current density/A cm™*

FIGURE 7 Gas bubble coverage calculated from hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) mass transport
loses [Colour figure can be viewed at wileyonlinelibrary.com]
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All of the parameters discussed in the thermodynamic,
kinetic, ohmic, and bubble-induced mass transport analyses
are included in the analytical model. The model predicts
voltage losses for 5 components, including HER and OER
reactions, ohmic resistance, kinetic, and local hydroxide mass
transfer. Figure 8 A shows that the model predictions are in
good overall agreement with the experimental results and that
the model captures the correct trends. Voltage losses due to
HER and bubble-induced kinetic mass transport have a minor
influence on overall cell voltage. The bulk ohmic resistance
has a linear relationship with current density. At low current
density, OER kinetic loss is the most critical due to its small
exchange current density and high Tafel slope. In contrast,
voltage loss due to bubble-induced local hydroxide mass
transport has the most dominant effect at high current den-
sity, which is also the most challenging component to model
accurately. As a result, the model slightly over-predicts volt-
age losses at high current density. Since the operating current
density typically does not exceed 0.5 A cm™2 for realistic
hydrogen generation application,® this model can be used
for an analytical parametric study, thus saving experimental
time and operation cost.

In addition to the baseline operating conditions, the model
is also applied to perform calculations at KOH concentrations

(A)

Voltage/V

0 i i AL i i i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Current density/A cm™®

(B}

* 0.2MKOH
= (0.4 MKOH
1.0 M KOH

Vaoltagel/V

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Current density/A cm*®

FIGURE 8 Comparison of experimental data (symbols) with
analytical modeling results (lines). A, Polarization curves with detail
voltage components at 0.4M KOH; B, polarization curves at different
KOH concentrations [Colour figure can be viewed at
wileyonlinelibrary.com]

of 1.0M and 0.2M. For different KOH concentrations, the
model assumes that the K 8{1_ varies linearly with its hydroxide
concentration. The average experimental results from 3
repeated tests, together with the analytical model predictions,
are reported in Figure 8B. It can be observed that the errors for
model prediction are within 5% when the current densities are
below 0.315 A cm_z, indicating that the trend of the experi-
mental data is well captured by the analytical model.

Similar to the result obtained at 0.4M KOH, the
largest discrepancies occur at the highest current density
(0.6313 A cm™?) primarily due to the inaccuracy of the com-
puted local ohmic resistance at 0.2 and 1.0M KOH. Unlike the
0.2M and 0.4M KOH conditions, the model under-predicts
the voltage at the 1.0M KOH condition. This is most likely
due to the over-prediction of K&, which is assumed to vary
linearly with the hydroxide concentration. To obtain a more
accurate empirical value for the effective hydroxide ionic con-
ductivity at 1.0 M KOH, a similar study varying the electrode
distance, as discussed in section 3.2, will be needed. While the
analytical model presented here provides insights into funda-
mental mechanisms, an in-depth experimental study of the
local hydrogen and oxygen bubbles is required to further
improve the overall accuracy of the model prediction.

4 | CONCLUSIONS

This study has shown, based on experimental results and ana-
lytical modeling methodologies, that major over-potentials
are caused by OER Kkinetics and mass transport resistance
due to gas bubbles. Compared with cathode HER, OER
occurring at the anode has higher Tafel slope and lower
exchange current density. Depending on the bubble
dynamics, the fitted results indicate that the bulk effective
hydroxide ionic conductivity of the 0.4M KOH electrolyte
is 0.1333 second cm™' and 0.9650 second cm™' at the low
and high current density, respectively. Further analysis shows
similar bubble coverage at the anode and cathode, which
reaches a steady-state condition at around 0.1 A cm ™2
Ultimately, the model predictions for various KOH concen-
trations show good agreement with experimental results.
These findings not only capture all of the fundamental
physics but also provide a practical approach to simulate
complicated electrolysis reaction. This method provides a
framework to study various electrolyzer designs and
minimize energy losses.
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