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Abstract

The transition from stable fossil fuel energy production to intermittent renewable sources poses a huge chal-
lenge to our generation. The mismatch between electricity supply and demand will become an increasingly
pressing problem, due to the growing share of renewable energy production and the electri�cation of the
automotive industry.

The upcoming �eld of Solar Redox Flow Batteries (SRFB) proposes a possible solution in the search for
feasible energy storage. Integrating a photovoltaic module with a redox �ow battery results in a highly re-
versible storage system, which has both the advantage of �exibility in capacity and charge/discharge power,
as well as the direct and e�cient coupling to solar energy generation. However, due to its early stage in de-
velopment, the SRFB has several challenges to overcome, like low charging e�ciencies and energy densities.
To improve SRFB e�ciency, this work provides a performance estimation model, to identify general sen-
sitivities of SRFB e�ciency with respect to the loss mechanisms associated with the device, such as (but
not limited to) kinetic overpotentials and resistances, to establish device design principles. This model is
also extended to simulate realistic environments, using real (daily/seasonally dependent) solar radiation and
ambient temperature data. Moreover, a �t tool is realized to identify losses in a speci�c system, by varying
parameters and mimicking experimental linear scan voltammetry data.

Experimentally, several conducting layers are tested for their kinetics and conductivity and impact on device
performance. A thin �lm of platinum is found to result in the best kinetics and lowest resistance. However,
carbon-coated electrodes also show promising results and could be a feasible and cheaper alternative to
platinum, when applying layer-optimization.

Based on the design principles derived from the modeled and experimental results, a single-junction silicon-
based SRFB is developed, based on a ferri-/ferrocyanide electrolyte, coupled with Cu2+ =+ , yielding high
solar-to-chemical charging e�ciency of 9.4%. This e�ciency is close to the simulated e�ciency, while multiple
other SRFB photo-charging experiments follow modeled trends, validating the model.

vii



Chapter 1

Introduction

1.1 The challenge of the energy transition

One of the most pressing and complex problems of our current generation is the need for an energy transition
from fossil fuels to sustainable sources. The severity of climate change and global warming has led to policies
aimed towards mitigating it: "The EU is committed to reducing greenhouse gas emissions to 80�95% below
1990 levels by 2050".[1] More recently the Paris agreement prompted all partaking countries to respond to
the threat of climate change by "Holding the increase in the global average temperature to well below 2� C
above pre-industrial levels".[2]

Several approaches in tackling this problem include electrochemical CO2 reduction [3] (recycling CO2 to
produce fuels such as methane) and reducing CO2 emissions. However, CO2 reduction faces problems
concerning selectivity, as mitigating parasitic hydrogen production is a pressing problem in CO2 reduction
setups. [] Reducing emissions is mostly done by transitioning from fossil fuel energy production to renewable
electricity sources, combined with the electri�cation of energy consumption (e.g. in the automotive industry).
In 2017 the contribution from renewable sources to the electricity production in OECD countries totaled
23.7%, of which 26.9% was from solar energy.[4] However, due to the inherent intermittency of solar energy
and the daily/seasonal variation of its power production, which does not follow the trend of electricity usage,
there is a mismatch between energy supply and demand, as shown in �gure 1.1.
Two approaches in mitigating this mismatch can be distinguished. Firstly, e�orts are made into smart and
dynamic electricity grid management, to shape the demand to �t the supply. [6] The second approach is the
storage of energy, using various technologies. Lithium-ion batteries are widely used for energy storage and
could be used for large-scale storage, as a possible solution. However, there is no consensus on the resource
depletion for these batteries.[7] Although it is not expected lithium availability will obstruct its usage in
the booming electric vehicle market, utilization for large-scale storage is questionable. Moreover, thermal
runaway makes a Li-Ion system prone to overheating [8], making large-scale storage facilities unsafe.

1.2 Photo-electrochemical energy conversion

One of the other ways to store a surplus of electricity is to produce hydrogen via electrolysis. Various
upcoming technologies focus on hydrogen production. The battolyser, for example, is a novel system, which
functions as an electrochemical battery until it is fully charged and starts producing hydrogen from thereon
[9].
Moreover, e�orts have been made to introduce photo-electrochemical water-splitting, in which electrolysis
of water is performed in one integrated system, converting incoming solar radiation into hydrogen, using a
photo-voltaic module, combined with a photo-electrochemical cell [10, 11].
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Figure 1.1: The energy supply (wind and solar), as well as the energy demand without variable generation (VG) and the
net load on the grid in California [5]. It is seen that the light blue curve of the net load (de�ned as the demand minus the
variable generation), is highly variable, with a steep and problematic increase around 3PM. This net load curve is known as the
"duck-curve" due to its distinct shape.

This approach has two major disadvantages, regarding device design. Water splitting requires a theoretical
voltage of 1.23V, but due to sluggish kinetics, this extends to 1.7-1.8V in practice.[12] This requires a photo-
absorber, which provides a photo-voltage of 1.23V at the very least. The lack of �exibility in photo-absorber
optimization and cell voltage, combined with the sluggish reaction kinetics [13] suggest a di�erent approach.

1.3 Fundamentals of a Solar Redox Flow battery

A �eld that has attracted a signi�cant amount of attention relatively recently, is the �eld of solar redox
�ow batteries (SRFB). In short, the photo-electrochemical redox �ow battery (schematically displayed in
�gure 1.2, �nds its foundation in two major concepts. The �rst is the photovoltaic cell, while the second is
the electrochemical cell. By analogy, the redox �ow battery (RFB) acts as a reservoir of electrons for two
di�erent energies. In turn, the photovoltaic cell can be seen as the pump, when it is put into contact with
the liquid electrolyte. It is able to drive electrons from the reservoir with lower-energy electrons, to states
with higher energy.
In a physical system, this means that the redox �ow battery consists of two volumes of electrolytes, with
di�erent energy levels for the electrons, which are stored in separate tanks. When an illuminated photo-
absorber comes into contact with an electrolyte, it is able to remove electrons from the energetically lower
state and transport them via an external circuit, to store them in the higher energy states by means of redox
reactions (�gure 1.2a). These electrons can release their stored energy later, due to the reversible nature
of the reactions (�gure 1.2b), thus creating a solar-powered battery, which is able to mitigate (part of the)
mismatch between intermittent solar supply and energy demand.

One of the major advantages of RFBs as a storage unit is the decoupling of capacity and power.[15] Since the
capacity is simply determined by the volume of the electrolyte (thus, the size of the storage tanks) and the
charge/discharge power can be manipulated separately by changing the active area/number of electrodes,
the device can be adapted to the speci�c needs of its various applications.
Moreover, there is a wide variety of suitable redox couples available, necessary to tune the cell voltage to
the bandgap of the photo-absorber as well as aligning the bands of the photo-absorber with the energy

2



Figure 1.2: Schematic representation of a solar redox �ow battery, in which a) and b) depict the charging and discharging
part of the battery respectively. The photons in a) (denoted with h� ) are absorbed by the photo-electrode, which in turn drives
the redox reactions A and B. In b) it is seen that there is freedom in output voltage and current, by stacking multiple discharge
cells. [14]

levels of the redox couples in the electrolytes. This �exibility in cell design gives SRFB an advantage over
photo-assisted water splitting, which has a �xed cell voltage of 1.23V. The recent trend of using organic,
highly tunable redox couples exploits this variety even further.[16, 17]

1.4 The state of the SRFB �eld

The �rst implementation of photo-electrochemical cells as a battery was reported by Hodes et al [18]. After
this, several papers on the device were published in the 80s. However, these devices were not commercialized
and research stagnated, due to the high costs of e�cient photo-absorbers and membranes, used in these
works, as concluded by Sharon et al in a review in 1991.[19]
However, since 2016, renewed interest in the SRFB arose, due to developments in the redox-�ow-battery �eld
(e.g. organic redox couples) and quite possibly the pressing societal need for electrical storage. The two major
parameters in single-junction SRFBs are the thermodynamic potential (the di�erence in energy between the
two active redox couples) and the band-gap of the solar absorber, which is in general proportional to the
voltage the PV module is able to provide under illumination.[12] These two parameters need to be properly
matched to achieve high e�ciencies. In �gure 1.3, an overview of single-junction solar-to-chemical (STC)
e�ciencies is shown, as found in literature, as a function of thermodynamic potential and photo-absorber
bandgap energy.
Recently, several high-performance SRFBs were developed using state-of-the-art PV-modules and optimized
redox �ow batteries, resulting in 14.1 [21] and 10.5% [22] solar-to-electricity e�ciencies. These results are
signi�cant steps towards viable solar energy storage via SRFBs. However, the triple-junction solar cells used
in these works are expensive and complex. To achieve commercialization and avoid the pitfall of the high-
cost devices, which caused the stagnation of SRFBs in the 1980s, simplicity, and cost-e�ectiveness should
be prioritized. Therefore this work focuses on SRFBs, consisting of single-junction cells. Moreover, the well
established, but expensive catalytic use of platinum is compared to cheaper alternatives, like carbon.

3



Figure 1.3: Experimental Solar-To-Chemical e�ciency of several unbiased single photo-absorber cells is shown with di�er-
ent combinations of the photo-absorber band-gap and thermodynamic potential (de�ned as the di�erence between the redox
potential of the respective oxidation and reduction couples). For clarity, Si-based materials are colored in blue; chalco-genides
in yellow; III�V in orange; and metal-oxides in green. Detailed working conditions and citation information for the references
for the chart can be found in the ESI of the original paper published as a part of this work [20]

1.5 Research question and approach

In short, solar redox �ow batteries are a promising solution in mitigating the mismatch between renewable
energy supply and demand. However, this technology is still at an early stage in its development. Therefore,
device optimization and design principles are needed in order to push SRFBs towards feasible implementation.
In this work, the single-junction PEC redox �ow battery will be assessed both experimentally as well as
through mathematical modeling. Through these methods, design principles are derived for optimizing a
photo-electrochemical redox �ow battery, which in turn are used to test a high-e�ciency SRFB.
The approach of this work is as follows:

1. Firstly, a performance estimating model is developed (in python) to create a benchmark for the de-
vice's e�ciency, depending on the loss mechanisms in the system (e.g. parasitic optical loss, internal
resistances, and kinetic barriers) and �nd the general loss-sensitivity trends.

2. Using the modeled trends, experiments are done on PEC-�ow batteries, in which one electrolyte is �xed
to be ferri-/ferro-cyanide, to establish the real performance and create the high-e�ciency PEC-�ow
battery, depending on varying redox-couples and conducting layers.

3. Moreover, a �tting tool is developed to relate modeled characteristics to experimental data. This
tool varies several parameters, associated with device losses, to identify these losses and validate the
model. The modeled loss-sensitivities can then be used to �nd which loss-reduction would have the
most impact.

4. Lastly, the model is extended to include temperature and seasonal dependence, to predict practi-
cal SRFB performance (beyond sterile lab conditions). Due to signi�cant modeled temperature-
dependence e�ects and discrepancies between practical and 'lab-based' performance, this work provides
motivation for further research in this area.
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Using this approach, the following research question is addressed:

Which conducting catalysts, redox couples and design principles result in optimal kinetics of
reactions and performance for an iron-based PEC redox �ow battery?

1.6 Thesis Outline

In the following chapters, these research questions are addressed. In chapter 2, the background theory, the
composition of the model and the experimental methods are discussed. Chapter 3 consists of the experimen-
tal and modeling results and the comparison between the two. The discussion of the results with respect to
the research question is found in chapter 4 and the conclusions follow in chapter 5, followed by the bibli-
ography and the appendix, consisting of detailed derivations, additional supporting experimental/modeling
information, and the python code.

This work includes two original works, one of which has been published and one of which is still under
submission:

1. Dowon Bae, Gerrit M. Faasse, Gerasimos Kanellos, and Wilson A. Smith. Unravelling the practical
solar charging performance limits of redox �ow battery based on the single photon device system.
Sustainable Energy & Fuels, 3:2399�2408, 2019

2. Dowon Bae, Gerasimos Kanellos, Gerrit M. Faasse, Emil. Drazevic, Anirudh. Venugopal, and Wil-
son A. Smith. Design principles for e�cient photoelectrodes in solar rechargeable redox �ow battery
applications. Under submission

Therefore, part of the result section follows the �ow of these articles closely.
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Chapter 2

Theory & Experimental Methods

In this chapter, the two concepts of photovoltaics and electrochemical energy conversion (the building blocks
of the SRFB) will be explored in depth. After this, they are put together to discuss the complete PEC
redox �ow battery, with all its possible advantages and challenges. Moreover, the design of a model for
performance estimation is discussed with the underlying assumptions, applicability, and limitations. Lastly,
the experimental setup and characterization methods used to verify and underpin the modeling results are
discussed.

2.1 Photo-voltaics

The component which actually converts incoming solar radiation to electrical power needed to charge the
integrated storage system is the photovoltaic cell. In this work, the focus will be on a single junction device,
consisting of a semi-conductor pn-junction.

2.1.1 Fundamentals of Photo-voltaics

A semi-conductor is a selective conductor, which has a Fermi level between two bands. The bottom band,
also called the valence band, is therefore completely �lled, while the top (or conduction) band is completely
empty (we are neglecting thermal excitations at the moment). At the bottom band, the electrons are packed,
so there is no possibility to move around, making the semi-conductor insulating. There is an energy gap
between these two bands, from now on referred to as the bandgap orEg. When a photon with an energy
larger than the bandgap enters this material, it can be absorbed by an electron in the valence band, which
gains energy (Eph = hc=� ) and jumps from the valence band to the conduction band. In �gure 2.1, the AM15
solar spectrum is plotted as incoming solar power (W/m2/nm) versus the respective photon wavelength (nm).
The number of photons absorbed, and thus the number of electrons moved from valence to the conduction
band, is proportional to the area under the curve. In other words, if all the absorbed photons result in
conducting electrons, the maximum photo-current density (A/m 2) produced is given by equation 2.1

j max;ph = e
Z � g

0
N (� )d�; (2.1)

in which e is the elementary charge,� g is the photon-wavelength corresponding to the band-gap energy
of the photon-absorber and N (� ) is the incoming photon density (#/m 2/nm/s). Note that all relevant
parameters are scaled by the area of the photo-absorber, to eliminate area-dependence. The view on photon-
absorption, sketched here, turns out to be too simplistic, as seen in section 2.1.3.5, but it su�ces for the
physical understanding of photo-voltaics.
In �gure 2.1, the wavelength corresponding to the silicon bandgap of 1.12 eV is shown as the vertical dashed
line, which results in the shaded area being available for absorption, resulting in electrons being excited
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Figure 2.1: Incoming solar �ux (#/m 2 /nm) versus wavelength, plotted for the AM1.5 benchmark spectrum. The dashed
line represents the wavelength corresponding to a silicon bandgap of 1.12 eV, such that the absorbed fraction of the incoming
spectrum is seen as the grey area under the curve.

into the conduction band. These electrons can freely �ow in the empty conduction band and since they
have higher energy than before, a voltage di�erence arises and could be exploited to make the electrons �ow
around and therefore create electrical power. However, since there is no preferred direction for the electrons
and holes to go, the electrons will not create a net current and will stay within the semi-conductor too long,
allowing them to recombine, generating a photon. To understand why this does not happen in solar cells, it
is necessary to consider its crystalline structure.
For concreteness, let us consider a silicon semi-conductor, which is widely used due to its favorable bandgap
(as seen in �gure 2.1) and its abundance on earth. Crystalline silicon forms a lattice, in which each silicon
atom has 4 valence electrons. When doping this silicon, some atoms in the lattice are replaced by e.g. boron
or phosphorus atoms (the dopants), which have �ve and three valence electrons respectively. Because of this
di�erent number of valence electrons, the dopants introduce extra electrons or vacancies, which is why the
dopants are called donors and acceptors. respectively. In case of crystalline silicon being doped with donors,

Figure 2.2: Schematic representation of the band structure of undoped, n-type and p-type semi-conductors respectively.
The valence band is mostly �lled, while the conduction band is largely empty. In the undoped case, the fermi-level, depicted
by the dashed line, is situated in the middle of the band-gap. For the n-type and p-type semiconductors, the Fermi-level shifts
towards the conduction/valence band respectively.

also called n-type silicon, the Fermi-level shifts towards the conduction band, due to the extra energy levels
introduced by the donors. In case of the p-type silicon (doped with acceptors), there are extra energy levels
for holes, resulting in a lower fermi-level as seen in �gure 2.2. When a p-type and n-type are put into contact,
the fermi-levels equilibrate (when there is no external forcing, like illumination). However, due to the doping
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level, the position of the fermi-level in the bulk has to stay the same relative to the conduction/valence band.
To satisfy these two physical principles, a natural phenomenon called band-bending arises. This is depicted
in �gure 2.3a).

Figure 2.3: Schematic depiction of a pn-junction in the dark (left) and under illumination (right)

This pn-junction results in an electric �eld close to the contact plane also called the depletion layer. Upon
illumination, photons with an energy larger than the bandgap are absorbed, exciting electrons from the
valence band into the conduction band, which leaves an empty spot, or 'hole' in the valence band. Due to
the internal electric �eld, these electron-hole pairs are separated, sweeping the negatively charged electrons
to the n-type and the positively charged holes towards the p-type silicon.
When analyzing a photovoltaic cell, the current-voltage curve (referred to as IV-curve from hereinafter) is a
crucial characteristic. To �nd the current as a function of the voltage, the cell is considered as an electrical
circuit, consisting of the pn-junction, acting as a diode and a current source, caused by photo-absorption as
discussed before. The circuit is displayed in �gure 2.4b. In the ideal case, the resistancesRseries and Rshunt

(which will be discussed in section 2.1.4) are 0 and1 respectively.
The current through a diode is found using the diode-equation:

j D = j 0 �
�

exp
�

qVD

kbT

�
� 1

�
(2.2)

in which j 0 is the dark saturation current, VD is the voltage across the diode,kb is the Boltzmann constant
and T is the diode temperature (naturally equal to the photo-absorber temperature). Analyzing the circuit
in �gure 2.4b) using Kircho�'s law, results in equation 2.3.

j = j max;ph � j D = j max;ph � j 0 �
�

exp
�

qV
kT

�
� 1

�
(2.3)

in which the dark saturation current is determined using blackbody emission theory (as found in the book
by Martin Green [24]):

j 0 = qAph
2�kT
h3c2 � [E 2

g + 2kTEg + 2( kT )2] � exp
�

�
Eg

kT

�
(2.4)

Equations 2.4 and 2.3 result in the IV-curves, displayed in �gure 2.4a for both a silicon (Eg = 1.12 eV) and
a GaP photo-absorber (Eg = 2.26 eV).
On the y-axis, the current density is shown, while the x-axis depicts the voltage. Note that again units of
current density, as opposed to current, are used, to eliminate the area-dependence of the current, due to the
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Figure 2.4: The ideal current-voltage characteristics of a silicon and Gallium Phosphide (GaP) photo-absorber in a. Since
the bandgap of GaP is larger than silicon, it has a higher photo-voltage, but a lower j max;ph , due to lower photo-absorption
(as a lower portion of the incoming radiation has an energy larger than the required Eg ).

absorbed solar radiation being dependent on the area of the photo-absorber.
The short-circuit current (often estimated to be equal to j max;ph ) is the current at V = 0 , while the open-
circuit voltage ( Voc) is the voltage at j = 0 , which can be interpreted as the maximum voltage at which the
photovoltaic cell can still induce photo-current.

Note that the ideality factor is assumed to be unity throughout this work. However, this is not per se the
case when looking at real-life semi-conductors. More insight is needed in the precise in�uence of the ideality
factor on the IV curve of the dry photovoltaics. Just �lling in n in the equations gives non-physical results
(as seen in the appendix), since it increases the open-circuit voltage, however this is certainly not the case
and the precise in�uence of the phenomenological constant is not found in literature.

2.1.2 Performance interpretation

It is seen in �gure 2.4 that a larger bandgap results in a higher open-circuit voltage, but a lower short circuit
current ( j sc) due to the lower fraction of the solar spectrum which can be absorbed. The performance of a
photovoltaic cell is measured in terms of the e�ciency, de�ned as:

Ef f =
Pout

Pin
=

jV
Pin

(2.5)

in which the j and V are the current and voltage, found using the IV-curve andPin is the area normalized
input power, corresponding to the incoming solar radiation (� 90mW/cm 2 in case of the benchmark AM15
spectrum). As seen in �gure 2.5, the maximum e�ciency depending on the bandgap.
In the next sections, several loss mechanisms will be discussed, which change the characteristic IV-curve and
in turn reduce the e�ciency.
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Figure 2.5: The e�ciency plotted as a function of voltage for an ideal silicon/GaP semiconductor respectively. It is seen
that the maximum e�ciency and voltage at which the e�ciency is maximum depend on the bandgap of the photo-absorber.

2.1.3 Fundamental limitations

The �rst fundamental loss mechanism in photovoltaics is recombination, which is the event of an electron and
a hole recombining (in this case an electron, photo-excited into the conduction band, somehow ends up in the
valence band again). There are several recombination mechanisms, which will be discussed in the following
sections. After the discussion on the recombination mechanisms, the concepts of collection probability and
charge generation rate and their in�uence on the maximum photo-current (j max;ph ) are considered in relation
to these recombination mechanisms. Figure 2.6 shows the four recombination mechanisms schematically.

Figure 2.6: Schematic representation of the discussed recombination mechanisms: a) radiative recombination, b) Auger
recombination, c) Surface/Shockley-Read-Hall recombination

2.1.3.1 Radiative recombination

The most intuitive mechanism is radiative (or band-to-band) recombination. In this case, an electron from
the conduction band falls back into the valence band, and in the process emits a photon with an energy
comparable to the band-gap (the opposite process of photon-absorption). However, in indirect bandgap
semiconductors (e.g. silicon), which dominate the PV industry this e�ect is negligible with respect to the
other recombination processes, discussed in the following sections. Therefore, the dark saturation current in
equation 2.4, based on band-to-band recombination, is a very idealized case and can be seen as the intrinsic
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lower limit of the recombination rate. Other mechanisms, such as Auger recombination result in a higher
intrinsic minimum of the recombination rate [25].

2.1.3.2 Auger Recombination

An electron in the conduction band is also able to transfer its energy to another electron in the conduction
band, thereby losing its energy and falling back to the valence band. The electron in the conduction band
which received the extra energy loses its energy due to thermal relaxation. Tiedje and Yablonovic derived
the following equation for the IV-curve, including this e�ect[26]:

j = j max;ph � j 0 exp
eV
kbT

� eLCauger n3
i exp

3eV
2kbT

(2.6)

in which Cauger is the Auger coe�cient, ni is the intrinsic carrier concentration and L is the photo-absorber
thickness.

2.1.3.3 Shockley-Read-Hall recombination

As seen in previous sections, dopants add a donor/acceptor level to the semi-conductor, and in the same
way, defects in the crystal lattice add extra levels into the band-structure. If these are situated within
the bandgap, they could facilitate recombination. Recombination via these mid-gap states, or 'traps', is
discussed statistically by Shockley and Read [27] after Hall found experimentally [28] that the electron
lifetime in germanium depends on the impurity concentration. The electrons or holes are trapped in the
impurities, via photon emission or thermal relaxation processes.

2.1.3.4 Surface recombination

In the same way defects result in trap states, the surface of a photo-absorber has di�erent properties than
the bulk in general, due to the asymmetry in the lattice. Therefore, trap-states could arise at the surface,
when having an energy within the bandgap-region and thereby assisting recombination. The extent of this
e�ect is captured in surface recombination velocity, S and manifests itself in the charge collection probability,
discussed in the following section.

2.1.3.5 Charge generation and charge collection probability

As seen in previous sections, several recombination mechanisms and their e�ect on the open-circuit voltage
are discussed. However, the maximum current density also needs a more rigorous approach. In this section,
the notion of spatially distributed electron-hole generation and charge collection probability are introduced
to further increase theoretical accuracy. Since semi-conductor photon-absorption is a statistical process, the
charge is not generated uniformly across the depth of an absorber. In general a material with absorption
coe�cient � (� ) has a charge generation distribution as a function of depth (z) as given in equation 2.7:

G(z) =
Z � g

0
� (� )N (� )e� � ( � )zd� (2.7)

in which � is the photon wavelength and I 0(z) is the incoming radiation. Furthermore, the electron-hole
pairs generated according to equation 2.7 only contribute to the net photo-current when separated by the
pn-junction before recombination. Simply put, the pn-junction needs to be within a charge carrier di�usion
length to separate electron-hole pairs e�ectively. Mathematically, this is described by solving the steady
state continuity equation to acquire the depth-dependent charge collection probability (Cp(z))[10], which
is found in the appendix, equation A.2. Cp(z) and G(z) are plotted in �gure 2.7. It is seen that Cp(z) is
unity at the pn-junction (since at that location electron-hole pairs are separated immediately) and decreases
with increasing distance as the probability of di�using pairs reaching the junction reduces. Furthermore,
surface recombination in�uencesCp(z), as a higher surface recombination velocity decreases the collection
probability at the surface (as shown in �gure A.3 in the appendix).
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Figure 2.7: Plots of the electron-hole generation rate ( G(z)) and the charge collection probability ( Cp (z)) as a function of
photo-absorber depth with the pn-junction situated 100 � m from the left surface. The maximum photo-current is proportional
to the integral of the product of these two functions. Note that the generation rate is plotted in log-scale, accentuating the
steep decline of the function.

The maximum photo-current can be found by integrating the product of the two probabilities, as only the
pairs that are generated, as well as collected contribute:

j max;ph = q
Z L

0
G(z)Cp(z)dz (2.8)

To maximize the product of G(z)Cp(z), the pn-junction is placed close to the illumination side in general.
Therefore, the placement of the pn-junction in �gure 2.7 is not to scale, but it serves the illustrative purpose.
Because of to the very high depth-resolution needed, due to the thin n or p layer to maximizej max;ph , this
method is fairly slow. For large simulations, a more convenient analytic solution, based on the absorption
spectrum (� (� )) is used:

j max;ph = e
Z 1

0
N (� ) � (1 � exp (� � (� )L )d�; (2.9)

in which L is the photo-absorber thickness. The absorbance of silicon is calculated usingAbs = (1 �
exp (� � (� )L ) as seen in equation 2.9).

2.1.4 Series resistance and Shunt paths

Next to the fundamental limitations, the PV-module exhibits losses due to imperfections, resulting in series
resistance and shunt paths. They are best understood when depicting the photo-absorber as an electrical
circuit, as seen in �gure 2.4b. Ideally, the shunt resistance is in�nite, allowing no current loss through shunt
paths. However, in practice photovoltaic devices do have a �nite shunt resistance, allowing for some electrons
to take this route and dissipate energy, resulting in loss.

j = j max;ph � j 0 �
�

exp
q(V + j 
 s)

nkT
� 1

�
�

V + j 
 s


 sh
(2.10)

The e�ects of �nite series and shunt resistance are depicted graphically in �gure 2.8. Both losses have a
signi�cant e�ect on the output power via a reduced photo-current, as explained in section 2.1.2.
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Figure 2.8: IV-curves of a photo-voltaic cell, while varying the series resistance (a) and the shunt resistance (b) respectively.
Note that for high shunt-path/series resistance losses, the curves become harder to distinguish.

2.2 The electrochemical cell

In short, the concept of the electrochemical cell is the separation of two redox reactions. Since di�erent
ions have di�erent redox-potentials, an energy di�erence can be realized between electrons in the separated
chambers. This means by oxidizing the anolyte (taking electrons out of that solution at an energy of
E = E redox;red ) and reducing the catholyte (placing electrons into that solution at E = E redox;ox ), the
energy of the electrons is increased, creating a voltage di�erence across the cell. In this example, ferri-
/ferrocyanide and Cu2+ =+ redox couples are used, resulting in the following reactions

[Fe(CN)6]4� charging
������� *) �������

discharging
[Fe(CN)6]3� + e � 0.48V vs NHE (2.11)

Cu2+ + e � charging
������� *) �������

discharging
Cu+ 0.08V vs NHE (2.12)

Schematically, this is displayed in �gure 2.9 for an electrochemical cell with Fe(CN)3=4�
6 as redox couples in

the catholyte and Cu2+ =+ in the anolyte at 50% state of charge (for a detailed analysis on state of charge
e�ects, see section 2.2.3). In general, a highly conductive supporting electrolyte is added to the reversible
couples to minimize electrolyte resistance losses.
As seen in the schematic in �gure 2.9, the Cu2+ /Cu + and Fe(CN)3=4�

6 redox potentials are 0.08V and 0.475V
versus NHE. This means, that in an ideal electrochemical cell (neglecting the losses), a voltage supply of
� 0.4V is needed to transfer the electrons from the anolyte to the catholyte, increasing their energy. Con-
versely, discharging the cell (so transferring the electrons from the catholyte to the anolyte) ideally provides
a voltage of � 0.4V.

Note that this implies that the fermi-levels of the conductive electrodes equilibrate and align with their
respective redox potentials. As found in the book by Bard and Faulkner [29], the e�ect of this equilibration
process on the solution is negligible, as "compared to the total charge that could be transferred to or from
ferri- and ferrocyanide in a typical system, only a tiny charge is needed to establish the equilibrium at Pt;
consequently, the net chemical e�ects on the solution are unnoticeable. By this mechanism, the metal adapts
to the solution and re�ects its composition.�
However, kinetic overpotentials (as seen in section 2.2.1) result in a discrepancy between the fermi-level of
the electrode and the redox potential of the active species. [29, 30]
The dashed line in the schematic in �gure 2.9 represents the selective membrane used. In this work, this
is an (an)ion-exchange membrane, but recent developments also show the current scienti�c interest in the
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Figure 2.9: Schematic depiction of an electrochemical cell during charging (a), using a bias voltage and discharging (b),
generating a current. Note that the redox potentials are determined at 50% SOC, while they change with varying SOC as
discussed in section 2.2.3

�eld of bipolar or microporous membranes for this purpose. The membrane separates the two electrolytes,
preventing spontaneous discharging, while still allowing certain charge carriers (e.g. protons or NH3+ ) to
pass through, in order to preserve the charge balance in the system.

In the next sections, several losses and deviations are discussed. First of all, the e�ects of kinetic over-
potentials and mass-transfer limits are discussed as the two main losses associated speci�cally with the
charging and discharging of an electrochemical cell. After this, the e�ect of a variable state-of-charge (SOC)
is discussed and �nally, ion-crossover is brie�y considered as a mechanism that reduces the cell's capacity.

2.2.1 Kinetic overpotentials

The �rst imperfection in the electrochemical cell arises due to the reaction kinetics at the surface of the
electrodes. In most cases, there is a free energy barrier between the reactant and the product. As derived
in [29], this results in the Butler-Volmer equation (equation 2.13), in which mass transfer limitations are
neglected for now:

j = j 0;bv

�
exp

�
� �nq (E � E0)

kbT

�
� exp

�
(1 � � )nq(E � E0)

kbT

��
(2.13)

in which j 0;bv is the exchange current density,� is the transfer coe�cient, which accounts for the symmetry
of the kinetic overpotential losses, as the kinetics for the oxidation and reduction reaction of the same species
are not identical in general. In �gure 2.10, the current-voltage curves are shown for varyingj 0;bv (a) and �
(b).
Furthermore, since j 0;bv is a function of temperature, since the probability of a reaction occurring despite
the kinetic overpotential barrier decreases with increasing temperature [31]:

j 0;bv = j 0;ref e� E a
k b T (2.14)

in which j 0;ref is the exchange current density at a reference temperature, whileEa is the activation energy,
which is typically determined experimentally. Note that the activation energy depends on the electrode and
the reaction kinetics of the redox species involved, which makes it di�cult to predict its value in a speci�c
case.
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Figure 2.10: IV-curves for di�erent values of j 0;bv (a) and � (b), to show the IV-curve-dependence on these kinetic
overpotential-parameters

2.2.2 Mass-transfer limits

In realistic cases, the current density is not allowed to diverge to in�nity as seen in �gure 2.10. To include
mass transfer limitations, which account for the �nite average time it takes for convertable redox species to
reach the electrode, the Butler-Volmer equation is adapted as seen in equation 2.15.

j
j 0;bv

=
�

1 �
j

j mtl;c

�
exp

�
� �nq (E � E0)

kbT

�
�

�
1 �

j
j mtl;a

�
exp

�
(1 � � )nq(E � E0)

kbT

�
(2.15)

where j mtl;c and j mtl;a are the mass transfer limited maximum current densities for the cathode and anode
respectively. This e�ect is graphically depicted in �gure 2.11. Mass-transfer limitations are improved by
more e�ective stirring of the electrolyte (or higher �ow rates) and higher concentration of the electrolyte,
such that species can be converted at the active sites of the electrode at a more rapid succession, thus
increasing j mtl;c=a .

Figure 2.11: Plot of current density relative to the mass-transfer limit versus voltage for di�erent values of j 0;bv relative to
the mass-transfer limited current.

Note that �gure 2.11 as well as equation 2.15 both show that at low current densities (jj j << jj l;a=c j) mass
transport limitations can be neglected, as they have no signi�cant impact on the current-voltage curve in
that region.
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2.2.3 State of Charge

One of the major di�erences between using an electrochemical cell to produce hydrogen or perform CO2

reduction, as opposed to driving reversible redox reactions, is that there is no state-of-charge (SOC) e�ect.
In hydrogen production, for example, the process continuous and steady-state, meaning the electrolyte ideally
does not change over time. However in the case of using the electrochemical cell drive redox reactions, the
concentrations of the redox species change over time, as they are reduced/oxidized (i.e. as the battery
increases its SOC). Intuitively, this would mean that it gets progressively harder to charge the battery since
the concentration of 'chargeable' species decreases. In electrochemistry, this state-of-charge e�ect is described
by the Nernst equation [29]:

E redox = E 0
redox +

RT
nF

ln
CO

CR
(2.16)

in which E redox is the concentration-dependent redox potential, E 0
redox is the standard redox potential,

de�ned at 50% SOC andCO and CR are the concentrations of the oxidative and reductive species respectively.
Rewriting this in terms of the SOC for single-electron reactions gives [17]:

Vcell = � E 0
redox +

RT
F

ln
�

SOC2

(1 � SOC)2

�
(2.17)

in which � E 0
redox is the di�erence in voltage between the two standard redox potentials of the active species

and SOC is the state of charge (between 0 and 1). When plotting the cell voltage in equation 2.17 as a
function of the SOC, as seen in �gure 2.12, it is clear that higher SOCs result in higher cell voltages, which
means higher voltages are needed to keep charging beyond 50%.

Figure 2.12: Cell voltage plotted versus state-of-charge, for a cell with a� E 0
redox = 1V. Note that the

cell voltage is 1V at 50% SOC.

Note that �gure 2.12 and equation 2.17 show that the cell voltage is equal to� E 0
redox at 50% SOC.

2.2.4 Ion-crossover

The membrane of an electrochemical cell is never perfect and there are bound to be redox species crossing
over from the anolyte to the catholyte and vice versa. This decreases the total capacity of the battery
since crossed species cannot be charged anymore. On top of that, minor spontaneous discharge will occur,
decreasing the capacity even further. Although this issue touches on the long-term stability of the battery,
which is crucial in practical applications, this work will focus on optimizing the charging e�ciency and will
not consider cross-over and other membrane-related losses in detail.
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