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ABSTRACT

Thin film silicon based multi-junction solar cells were developed for application in combined
photovoltaic electrochemical systems for hydrogen production from water splitting. Going from
single, tandem, triple up to quadruple junctions, we cover a range of open circuit voltages from
0.5V to 2.8V at photovoltaic cell (PV) efficiencies above 13%. The solar cells were combined with
electrochemical (EC) cells in integrated devices from 0.5 cm? to 64 cm?2. Various combinations of
catalyst pairs for the oxygen and hydrogen evolution reaction side (OER and HER) were
investigated with respect to electrochemical activity, stability, cost and — important for the
integrated device — optical quality of the metal catalyst on the HER side as back reflector of the
attached solar cell. The combined PV-EC systems were further investigated under varied
operation temperatures and illumination conditions for estimation of outdoor performance and
annual fuel production yield. For 0.5 cm? size combined systems a maximum solar-to-hydrogen
efficiency nstv=9.5% was achieved under standard test conditions. For device upscaling to 64cmz?
various concepts of contact interconnects for reduced current and fill factor loss when using large
size solar cells were investigated. To replace high performance noble metal based catalyst pairs
(PY/RuO: or Pt/IrOy), more abundant and cheaper NiMo (HER) and NiFeOx (OER) compounds
were prepared via electrodeposition. With the NiMo/NiFeOy catalyst pair we obtained nstv=5.1%
for a 64 cm2 size solar cell which was even better than the performance of the Pt/IrO; system
(nsth=4.8%). In simulated day-night cycle operation the NiMo/NiFeOx catalyst pair showed
excellent stability over several days. The experimental studies were successfully accompanied by
simulation of the entire PV-EC device using a series connection model which allowed studies and
pre-estimations of device performance by varying individual components such as catalysts,
electrolytes, or solar cells. Based on these results we discuss the prospects and challenges of
integrated PV-EC devices on large area for hydrogen and solar fuel production in general.



INTRODUCTION

Generation of chemical fuel (hydrogen and related compounds) from renewable sources and
storage of surplus renewable energy quantities such as from solar or wind, is one of the important
research and development issues for future energy scenarios in view of replacement of fossil fuel
sources and reduction of carbon-dioxide and other environmentally hazardous emissions.

The research activities in this field are considerably vast and numerous excellent review articles
exist, see e.g. 2, which summarize the state of the art. One major topic of investigation is the
application of electrochemical processes for water splitting, CO, reduction and related reactions
to generate e.g. hydrogen as clean energy carrier. In this context research has been done, among
many other topics, on the development of (i) effective, cheap, and stable catalysts*3-1€l, (ii)
photoelectrode materials to directly couple sunlight energy to the electrolysis processes, such as
e.g. a-Fe,03"17 BiVO,1*8¥ WO3?% oxide based tandem photoabsorber systems with e.g.
silicon*® or perovskites?!,(iii) semiconductor photoabsorbers frequently combined with TiO-
protection layers???° and (iv) combined systems of photovoltaic devices with optimized
electrolyzers, using various solar cell absorber materials such as crystalline silicon2627, 1I-V
semiconductors?®-32 CIGSE® or dye-sensitized solar cells??. For the combined systems of
photovoltaic devices with electrolyzers one usually distinguishes (i) wired systems where a
photovoltaic module is connected to a possibly locally remote electrolyzer and (i) closely coupled
systems of solar cells or modules with an electrolyzer as a compact solar-to-hydrogen device
where one envisions an integrated device which can ultimately be used similar to a photovoltaic
module — generating hydrogen instead of electric power.

We have been concerned with this latter approach — an integrated photovoltaic (PV)-
electrochemical (EC) device feasible for stand-alone operation under sun-light illumination,
yielding high solar-to-hydrogen conversion efficiencies, using preferably natural abundant and
non-toxic materials and having an up-scalable technology®-"], one of the main requirements for
any future commercial application*221:38],

For a solar cell material we have chosen thin film silicon (hydrogenated amorphous and
microcrystalline silicon: a-Si:H, puc-Si:H). The thin film silicon approach has the unique features of
(i) an easy vertical and lateral integration of multi-junction cells which allows for tuning of the
required output voltage while making very efficient use of the solar spectrum, (i) an already
established scalable production technology, and (iii) earth-abundant and non-toxic photovoltaic
base materials.[3%-45]

In this development the first focus was on the solar cells materials and devices. This included

- preparation of a-Si:H and pc-Si:H with tunable band gap energies and solar cells with
corresponding output voltages,“®!

- integration of single cells into multijunction devices, 354748

- development of the solar cell back contact which is at the same time the cathode electrode of
the electrolyzer. Thus, with view on the multifunctional requirements of this contact, high optical
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reflectance, loss-less carrier transfer, high catalytic activity and last but not least chemical stability
are concerned.!64

Next we concentrated on the integration of such solar cells into a PV-EC coupled cassette systems
for small (0.5cm?) and large (64cm?) size solar cells to be operated stand-alone under sun light
illumination. Emphasis was put on the development of appropriate current collection arrangements
for large size solar cells and on the preparation of alternative catalyst systems to replace noble
metal materials.6:37]

Finally, we did performance tests with a focus on stability and simulated outdoor conditions
(temperature, illumination spectrum and intensity) and estimated the annual hydrogen production
on the basis of the developed PV-EC system.0-52

In the present review we will summarize and highlight some corner stones of this development
and discuss possible future challenges and alternative approaches.

General considerations on photovoltaic-electrochemical coupled systems for water
splitting.

To understand the concept of using multi-junction solar cells in a coupled photovoltaic-
electrochemical system for water splitting under the boundary condition of using solar illumination
and aiming at a high solar-to-hydrogen conversion efficiency, it is useful to make some simple
considerations on the related potentials and energies in the materials and systems. Different from
the following rather illustrative approach there are several much more rigorous calculations of
possible STH efficiencies in the literature. Compare 354 as early and more recent references.
The present illustrative estimation is based on our practical experience with reference to
photovoltaic materials like silicon, CIGS or IlI-V semiconductors.

The energy AE needed to split water into hydrogen and oxygen is AE > 1.23 eV. This process can
run in an electrolysis cell. Figure 1a shows a schematic of an electrolysis cell with the power
supply, two electrodes and the aqueous electrolyte. Due to resistive losses at the contacts and in
the electrolyte, the energy in a real but still very optimized system reaches to about AE = 1.6 eV.
For the PV-EC coupled systems this will have to be the energy which a photovoltaic device has to
provide for electrons from photo-absorption processes. Fig 1b illustrates the set-up of such a
system where the power supply in Figure 1a is replaced by a solar cell — in the present case a
stacked tandem solar cell. In this set-up the solar cell is coupled to the cathode of the electrolyzer
i.e. the hydrogen evolution reaction (HER) side.

When illuminating such a device, electron-hole pairs are generated by photon absorption. The
resulting charge carrier density is described in terms of the quasi Fermi levels Ef, and Egn. The
maximum output potential of these electronic charge carriers is given by the distance between the
qguasi Fermi levels. This is equivalent to the achievable maximum open circuit voltage C. In case
of multi-junction solar cells, the value will be the sum of the individual quasi Fermi level splittings.
Erp and Er,, are also indicated in Figure 1b. As the maximum power operation point of a solar cell
is always below the Voc one has to consider to add an additional required voltage to the 1.6V
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minimum potential for electrons, which usually is > 0.1 V i.e. resulting at > 1.7 V. If a single
photoabsorber material had to provide such an output voltage of 1.7 V, the minimum bandgap
energy for high quality photoabsorber materials would have to be typically between 0.4eV to 0.6ev
higher®®l. When using an average value of 0.5eV, this results in a band gap energy of 2.2 eV.

Figure 2 illustrates these considerations schematically. Starting with the thermodynamic energy
for the water splitting process of 1.23 eV (bottom), overpotential and resistive losses vyield a
minimum energy in real systems of about 1.6 eV. To provide this energy with a solar cell, we add
another 100 mV for the difference between Voc and operation point and end up with a required
optical band gap of 2.2 eV, if a single photoabsorber® were to be used for watersplitting in a
coupled stand-alone PV-EC device.

In fact, this is far from being the optimum energy gap for high efficiency solar light absorption and
conversion. This can be easily understood by looking at the solar irradiation spectrum. Figure 3a®”!
shows the solar spectrum vs. wavelength with some corresponding energies indicated. With a 2.2
eV band gap, one will only absorb a small portion of the solar spectrum, which results in a
moderate maximum solar conversion efficiency of about 18% (Figure 3b). Furthermore, Figure 3b
only depicts the optimum solar-to-electricity efficiency not considering any additional losses of the
total system.

A straightforward way for getting an appropriately high output voltage while making sufficiently
efficient absorption of the solar spectrum, is the use of multi-junction stacked solar cells — a well-
established approach in solar cell manufacturing. Hereby individual solar cells are stacked on
top of each other and connected in series such that the cell with the highest band gap is on top,
absorbing the high energy part of the spectrum and letting the low energy part pass. The
material with the lowest band gap is at the bottom absorbing light with energies that pass
through the other cells on top. With such a series connection the output voltages of the individual
cells add up while the total current is divided between the sub-cells.8 Adequate candidates for
such a cell stack are pc-Si:H and a-Si:H, which cover a range of optical gaps appropriate for
efficient solar light absorption®®. Figure 4 shows the optical absorption curves of a-Si:H and pc-
Si:H. The data for c-Si is shown for comparison. As can be seen from the absorption curves, the
combination of a-Si:H/uc-Si:H makes a very good match when used as a stack in solar cells with
the a-Si:H having a high absorption coefficient in the blue part of the solar spectrum and the pc-
Si:H absorbing a much larger portion of the red part of the solar spectrum. What makes these
materials additionally attractive is the fact that they can be prepared with the same deposition
processes (such as plasma enhanced chemical vapour deposition) by simple adjustment of the
process parameters and that they can be alloyed with e.g. Ge, C, N, O to further tune the band
gap and other material properties. Using these absorber material and going from single (pic-Si:H,
a-Si:H) to tandem, triple, quadruple junctions, the open circuit voltage increases from 0.5 to
almost 3.5 V while the short circuit current density decreases accordingly (Figure 5a)®546.60.61],
All cells have similar overall efficiencies, which is also seen by the simulation curve with
assumed 10% and 14% efficiency and fill factor (FF) of 72%. At the same time such a solar cell
stack makes efficient use of the solar spectrum. This is demonstrated in Figure 5b which shows
the quantum efficiency (QE) of a quadruple cell stack with the QE of the individual cells as solid
lines and the sum of all four cells as shaded red area. Such a cell stack has typically an efficient
absorption between 300 and 1100 nm, and provides voltages up to Voc = 2.8 V. Maximum solar
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cell efficiencies achieved during the present study were between 11.0 — 11.3 % for a-Si:H/a-Si:H
and a-Si:H/pc-Si:H tandem cells, 13.6 % for a-Si:H/ a-Si:H/uc-Si:H triple junctions and 13.2% for
a quadruple junction. !

Note: This approach is not the only possible solution. Alternatively one can use a close to ideal
solar absorber such as c¢-Si with a band gap of 1.1eV and make a lateral series connection which
will give multiples of about 0.7 eV?%27, We will briefly discuss this approach later.

With this in mind it is obvious that any single photoelectrode material to be used as power source
in electrolysis processes will have to face these boundary conditions. Output voltages of about 1.7
V can only be delivered with a considerable loss in efficiency when sun light illumination is to be
used.®® For the semiconductor absorber materials in multi-junction solar cells on the other hand
the requirements on high optical band gaps are not as stringent because the output voltage can
be delivered as the sum of several cells.?58l

Consequently we have focused our development of the photovoltaic power generator for the
coupled PV-EC device on the development of stacked multi-junction solar cells with amorphous
and microcrystalline silicon based absorber materials.

We prepare thin film silicon solar cells in p-i-n configuration that is sandwiching an intrinsic
absorber layer between p- and n-doped layers, which span out an internal field for charge carrier
separation via drift. Cells are conventionally deposited on transparent conductive oxide (TCO)
covered glass substrates and have an optically highly reflective ZnO/Ag back contact. The cells
are illuminated through the glass/TCO substrate. For multi-junctions, sequences of p-i-n are
stacked on top of each other with higher band gaps towards the glass/light entrance side. Typically
we cover a range of Voc= 0.5 - 2.8V from pc-Si:H single junction to a-Si:H/a-Si:H/uc-Si:H/pc-Si:H
quadruple junctions®>¢l, A schematic of the layer sequence of these different solar cells is shown
in Figure 6.1

Sample preparation and experiments

Solar cell fabrication

Solar cells were deposited on TCO-covered glass with substrate size 10x10cm?2. Two types of
TCO were used: a commercially available fluorine doped tin-oxide (SnO.:F; ASAHI Type VU), and
an etched aluminum doped zinc oxide (ZnO:Al) prepared in-house by magnetron sputtering. Both
TCOs have a rough surface (indicated in Figure 6) with feature sizes of a few 100 nm up to 1 um
for increased optical scattering.

Amorphous and microcrystalline silicon (a-Si:H, pc-Si:H) layers were prepared by plasma
enhanced chemical vapor deposition (PECVD) in multi-chamber PECVD systems from process
gases silane and hydrogen. Variation of the amorphous to microcrystalline volume fractions of the
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layers were obtained by variation of the silane-to-hydrogen process gas mixture. Variation of the
optical band gap in a-Si:H was obtained by variation of the deposition temperature in the range
100°C to 200°C. For doped layers phosphine or trimethylboron was added for n- and p-doping,
respectively. Alternatively doped mixed phase (amorphous/microcrystalline) silicon oxide (a/pic-
SiOy) layers were prepared with additional carbon dioxide gas.®®

The solar cell ZnO/Ag back contacts were deposited by sputtering processes. Back contact areas
were defined by shadow masks and/or laser ablation processes.

In case solar cells smaller than the 10x10cm? size substrates were to be used (typically 1 cm?),
these were also isolated by laser processes and finally mechanically cut out from the substrates.

For solar cells with larger total area of up to 64 cm? two concepts of contact grid lines were
investigated using combinations of shadow mask metallization and laser ablation processes (see
below). For more details and process parameters of the solar cell fabrication see ref 6,

Catalyst deposition

In the combined PV-EC device the solar cell back electrode in direct contact with the electrolyzer
has a multi-functional task as (i) highly optically reflective (ii) low electrical resistance (iii)
catalytically active and (iv) chemically stable layer. In one approach we investigated various metal
layers (Ag, Al, Au, Cu, Ni; Pt, Ti) and metal layer stacks (Al/Ni, Ag/Pt) for this purpose as solar cell
back reflector and HER catalyst. Metals were deposited via electron beam evaporation with typical
thickness of a few hundred nm. 9!

RuO: coated titanium (Metakem GmbH) or IrOy (titanium substrate, Metakem GmbH) was used
as OER electrode catalyst for experiments with these HER metal combinations.

As alternative for high performance noble metal based catalysts — in particular in view of upscaling
to large area PV-EC systems — we also prepared NiFeOx and NiMo as OER and HER catalyst
materials. These materials were prepared via electrodeposition on areas of up to 50.3 cm?. Ni
sheets with a thickness 300 pm were used as substrates®’,

Solar cell measurements

The current density — voltage (j-V) dependency of solar cells and of the combined PV-EC systems
were measured under simulated AM1.5G illumination conditions at 25°C. To study the
performance for outdoor conditions, j-V measurements were also performed at temperatures up
to 80°C and the illumination was varied both with respect to intensity and spectral shapel>°-5262,



For the development of multi-junction solar cells, measurement of quantum efficiencies of the
individual cell components were performed%,

Electrochemical Measurements and PV-EC system design

Electrochemical performance of the various catalyst systems was measured both individually in
two or three electrode configuration as well as in the combined PV-EC system under illumination.
In most cases 0.1M or 1.0M KOH solution was used as electrolyte for measurements on the
electrochemical part of the PV-EC system. In some selected applications we also used acidic
electrolyte solutions (for example in ref. E°),

As a PV-EC measurement system we started with a commercial cell (PECC-2) from Zahner-
elektrik GmbH & Co KG. This device had the possibility to connect a solar cell but did not allow
for exchange of the Pt counter electrode, which when used as OER electrode gave high
overpotentials, and had no option to place a membrane and to separate gases. (Figure 7a).

For more flexibility in particular for investigating different types of electrode materials we built a
PV-EC device compatible with our solar cell design, where electrodes could be exchanged easily
(Figure 7b). However, gas separation and collection, electrolyte flow, or installation of a membrane
was not possible.

In a next step therefore a PV-EC device was developed which included all necessary features:
flexibility as concerns exchange and integration of all individual components (solar cells, catalysts,
and membranes), functionality during operation (gas separation, exchange and pumping of
electrolyte fluid) and measurement modus (2- vs. 3-electrode measurements). This system is
shown in some detail with more description in Figure 8.

For all above systems the maximum solar cell aperture area was 0.5 cm?2.

Finally we worked on up-scaling a combined PV-EC system into a compact cassette. This is shown
in Figure 9a&b. The system can carry a solar cell substrate of size 100cm?. It is modular in the
sense that one can easily replace solar cells, catalyst electrodes and membranes. It allows for gas
separation and electrolyte flow. As it is meant to simulate real operation conditions, only 2-
electrode operation is possible. As a special feature it contains a metal sheet (typically Ni foil with
300 pm — 1 mm) which forms at the same time the substrate for HER and OER catalyst deposition
as well as the electrical contact to the solar cell on the cathode (HER) side. Further solar cells to
be used in this up-scaled system require a grid contact design to collect the current on the solar
cell front contact. Details will be shown in the results section. The total active area of the solar cell
in this set-up is 64 cm2. This corresponds to an area increase by a factor 128 as compared with
above described smaller PV-EC systems.

For further details of the measurement routines and additional experimental studies please refer
to [36.37.46,49]



RESULTS

Amorphous and microcrystalline silicon for solar cells with high open circuit voltages

A main requirement for solar cells in our PV-EC device is a sufficiently high output voltage. It is
therefore of interest to focus the material and solar cell optimization primarily on high open circuit
voltage while not scarifying total efficiency and with this current density (jsc) and fill factor (FF).

Figures 10 and 11 show results of our development for a-Si:H and pc-Si:H. When a-Si:H is
prepared at different substrate temperature this leads to a variation of the hydrogen concentration
which results in a variation of the optical band gap and with this in the achievable open circuit
voltage in solar cells. At the same time however, any deviation from the ideal substrate
temperature which is in the range 200-250°C, might cause deterioration of the electronic quality
of the material. Therefore temperature variations have to be counterbalanced by adjustment of
other deposition parameters such as hydrogen dilution, gas flow and pressure or discharge power.
Figure 10 shows how the Voc can be varied between 800 and 946 mV when the substrate
temperature is decreased from 250°C to 110°C. For the lower substrate temperatures (< 110°C)
a stronger hydrogen dilution, i.e. lower silane concentration SC is clearly beneficial. Total
efficiencies remain in a range of about 8-10% showing therefore reasonable quality solar cells with
a considerable range of output voltages for appropriate adjustment in multi-junction devices.[“853

In pec-Si:H as a phase mixture of amorphous and crystalline regions, an effective optical gap and
the open circuit voltage in solar cells varies as a function of the crystalline volume content. In
addition the Voc depends on the absorber layer thickness of the pc-Si:H in solar cells and can
further be influenced by a-Si:H based buffer layers between the doped and the intrinsic absorber
layers in the p-i-n cell structure. Figure 11a-c shows results of optimization of solar cells with pc-
Si:H absorber layer plotted as a function of the open circuit voltage. It is seen that for the individual
parameter series in general current density, fill factor and efficiency decrease strongly for
increased Voc. The lines in Fig 11 are only guides to the eye. The different behaviors of FF, Jsc
and n vs. Voc for the individual series is linked to the complex relationships between the structure
composition of pc-Si:H, its homogeneity along the growth axis as an absorber layer in a solar cell
and related with this, the interface to the p- and n- doped layers including the quality of nucleation
and number of defects. These various dependencies overlap and result in the observed complex
dependencies. The overall general trend however for this material is that with increasing
amorphous volume fraction the open circuit voltage increases but the optical absorption and with
this the short circuit current decrease at a stronger rate resulting in lower efficiencies.

The optimization task was to keep these parameters high for higher Voc. This was achieved by
careful adjustment of absorber layer thickness, process gas profiling during the absorber layer
growth and application of buffer layers 168, Solar cells with Voc of 570-580mV with about 8%
efficiency at current densities of 20mA/cm? were obtained.



With these materials and solar cells at hand multi-junction solar cells were prepared. One
challenge in preparing stacked solar cells is that the current in the sub-cells should be evenly
distributed such that no individual sub-cell with a low current will limit the total stack performance.
Figure 12 shows an example of such a current matching process. In a three junction a-Si:H/a-
Si:H/uc-Si:H an pc-SiOx:H layer® is introduced between the middle and the bottom cell as an
intermediate optical reflector to enhance the current density in the middle cell (Figure 12). The QE
curves of the two devices with and without intermediate reflector are also shown in Figure 12. We
find that indeed the current density of the middle cell is enhanced, therefore reducing its limiting
character and resulting in an overall efficiency enhancement from 13.1% to 13.6%. Similar
adjustment, by introduction of intermediate reflectors or variation of the absorber layer thicknesses
were performed for all multi-junction solar cells to get optimum current matching conditions and
keeping voltages and overall efficiency on a high level.[F54¢l

Application of multijunction solar cells in combined PV-EC devices and solar-to-hydrogen
efficiencies

A summary for the various types of multi-junction solar cells is given in the form of |-V curves for
a-Si:H/a-Si:H and a-Si:H/uc-Si:H tandem, a-Si:H/a-Si:H/pc-Si:H and a-Si:H/pc-Si:H/pc-Si:H triple
and a-Si:H/a-Si:H/uc-Si:H/uc-Si:H quadruple junctions in Figure 1318, The Voc increases from
1.5V to 2.8V from the a-Si:H/pc-Si:H tandem to the quadruple cell with the jsc decreasing from 10
mA/cm? to about 7 mA/cm?. Also indicated is the potential at 1.23V which would be the minimum
for water electrolysis. We see that at that voltage level all types of cells would deliver sufficient
voltage and current. However, with the overpotential losses which are to be expected, this
operation point will be shifted towards higher voltages, at minimum by about 300-400mV (compare
Figure 2). In that case some of the solar cells may not have a high enough output voltage and the
operation points may shift into the steep slope of the j-V curve.

These effects are seen nicely when the various multi-junction solar cells are connected with the
electrolyzer system in a combined PV-EC system (Figure 14)¢l. The current density of the entire
device is plotted vs. the applied voltage. At zero bias (0V) the device is driven without external
bias only by the charge carriers generated by the solar cell under illumination. With the charge
carrier energy being high enough, H. and O is formed at the electrolyzer electrodes, the electric
loop is closed and an electrical current can flow through the system. Comparing the j-V curves of
the solar cell alone (Figure 13) with the PV-EC system (Figure 14) we observe two main effects:
(i) the slope of the curve towards higher voltage gets less steep and (ii) the operation point (0V)
in the PV-EC device is shifted to the right. The first effect is mainly due to the additional and non-
negligible resistance of the electrolyte (see also below). The second effect is a result of the catalyst
overpotentials. In the case of the a-Si:H/pc-Si:H tandem cell, which as a solar cell alone provided
the highest j-value, both effects lead to a considerable reduction of the maximum current densities
obtainable at the operation point to almost 0 mA/cm?2.

From the current density at the operation point jop we can make a simple calculation of a solar-to-
hydrogen efficiency nst using the following equation:
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with the potential for the water splitting process of 1.23V, the power density of the light illumination
Pin (100mW/cm? in standard AM1.5G test condition) and the Faraday efficiency ng, describing the
percentage of charge carriers supplied from the illuminated solar cell which transform into
hydrogen atoms. This value was determined to be close to 100% for our systems (536, The
corresponding nstw values are shown on the right ordinates of Figures 13 & 14. Note that the STH
value on the right hand y-axis in Figures 13 & 14 is only defined at the operation point jop(V=0)
and that in Figure 13, the nstu values correspond to a theoretical maximum value just considering
the operation point of the solar cell and assuming zero additional losses in the electrolyzer system.
In Figure 14 the nstv should represent a fairly realistic value once the nris known precisely. These
considerations also tell us that provided a solar cell delivers a sufficient voltage at the operation
point (1.23V + overpotentials) then it is the current density at the operation point which will
determine the achievable nsrh.

Knowing or having measured the overpotentials of the electrode/catalyst materials (Vuer and Voer)
and the resistance of the electrolyte (Re), one can calculate the PV-EC j-V curve (Vevec) on the
basis of a measured solar cell j-V curve (Vey). This allows estimations of various combinations of
system components using such a series connection model. The corresponding equation would be

Vev—ec() = Vev()) — [Vuer () + J Ry Voer(=)] —1.23V 2

Figure 15 shows these individual j-V curves and the calculated total Vpv.ec(j) curve of a PV-EC
device in close agreement with the measured curve (green and black-dashed curves). This simple
equivalent circuit model is a very valuable tool for system optimization and estimation of the
influence of various system components ©5-67],

Coming back to the j-V curves of the various multi-junction solar cells in the combined PV-EC
device with the Pt/RuO. catalyst pair (Figure 14), the best performance was found for the
aSi/aSi/ucSi triple junction. From the slope of the |-V curve, considering above discussion about
the equivalent series connection model, one can speculate that the performance is also limited by
the resistance of the electrolyte. This was confirmed by increasing the electrolyte concentration
from 0.1M to 1.0M and thereby reducing its electrical resistance. This is shown in Figure 16. With
the increased electrolyte concentration the shape of the j-V curve and the current density at the
operation point (OV) improve resulting in a solar-to-hydrogen efficiency of nstv=9.5% (Pt/RuO;
catalyst pair; 0.5cm?2 aperture area solar cell).[546]

Obviously a low series resistance inside the electrolyzer is of importance. This can be done by
reducing the cathode-anode electrode distance, with serious impact on controlling gas extractions
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and electrolyte flow, and by increasing the electrolyte concentration. The latter unfortunately will
put additional constraint on the system stability as higher ionic concentrations may lead to
corrosion damage of the metal or semiconductor materials. This can obviously be seen in Figure
17 where long time measurements of PV-EC systems in 0.1 and 1.0M KOH solutions are
compared. While in 0.1 M solution the systems remains stable beyond 10.000 seconds, in 1.0M
the systems fail at much shorter times of a few 100s as indicated by the decrease in absolute
numbers of the current density.3546]

The solar cell — electrolyzer contact

This brings us to the aforementioned critical solar cell/electrolyzer contact with its requirements of
multi-functionality:

- high optical reflectivity
- low electrical contact resistance
- high catalytic activity

- high chemical and mechanical stability in view of aggressive electrolytes and outdoor operation
with thermal cycle stress

Figures 18 & 19 show the performance of a number of metals with respect to their optical reflection
as back contact in the solar cell (Figure 18) and the catalytic activity for the HER reaction as a
cathode contact (Figure 19). For the optical back reflector the metals were deposited by electron
beam evaporation directly on the n-doped Si layer of a a-Si:H/a-Si:H tandem solar cell without
ZnO:Al interlayer. There are clear differences in the performances. The quality as optical back
reflector is seen in the value of the short circuit current density with 7.7 mA/cm for the Ag layer
and 6.4 mA/cmz for the Ni layer (Figure 18). On the other hand the onset potential for HER is
clearly lowest (best) for Pt and Ni while the layers with high optical performance show much higher
onset potentials with low catalytic activity (Figure 19). Not surprisingly single metal contacts at the
junction between the solar cell and the electrolyzer will likely not fulfill all requirements for high
nstu performance. This leads to the application of metal stacks to individually provide good optical
properties for the solar cell and high catalytic activity in the electrolyzer. In general such metal
stacks should be straightforward to be prepared. Figure 20 shows an example where we combined
Al/Ni (as a low cost alternative) and Ag/Pt (as best performance material). We see that with the
combination we obtain fairly good performance. The metals maintain their optical (Ag, Al) and
catalytic (Pt, Ni) behavior also in the metal stack. Further we note that the low cost Al/Ni alternative
has an onset potential similar to the noble metal Ag/Pt combination while still showing a
reasonably high current density. 164

Upscaling of a combined PV-EC device and development of non-noble metal based catalysts
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What remains as a serious issue under long term operation of such combined PV-EC systems is
the stability against chemical corrosion combined with mechanical instability. This will be of
particular concern in any case where thin (deposited) metallic layers are used for the solar cell
back contact and the catalyst electrode of the electrolyzer. Possible pin-holes introduced during
deposition or created as a result of internal layer stress, which could be further enhanced by
thermal cycling, will open up chemical reaction paths to the semiconductor or the very sensible
TCO layer in the solar cells. This will lead to corrosion, creation of electrical shunts and finally
break-down of the PV-EC device.

Efforts have been made to overcome this by introducing chemically inert protection layers 23256869
such as TiO, and other corrosion resistant materials. In our work we have decided on a more
simple but robust solution by introducing a metal sheet between the solar cell and the electrolyzer
(compare Figure 9). Such a metal sheet, e.g. Ni with a thickness of a few hundred um, will very
effectively protect the solar cell from corrosion. It allows keeping the optimized ZnO/Ag back
reflector, provides sufficient electrical contact, and serves as a substrate for the catalyst deposition
with considerable reduced constraint on the catalyst deposition process which would otherwise
have to be compatible with the entire solar cell as a substrate. The concept has been used for the
small size substrate devices (see Figure 8) but in particular also for the up-scaled device (Figure
9). The Ni metal sheet is placed between the PV and the EC cell and serves at the same time as
a substrate for the catalyst deposition. Similar metal sheets are also used on the anode side as
catalyst substrate.%37 |t can be discussed in how far, when using a few hundred pm thick metal
sheet, the device can be still qualified as “integrated” or to what extend the metal sheet already
represents a wire connection. In both cases our device is a closely packed, combined PV-EC
system, and as long as it has a metal back contact between the solar cell (PC) and the electrolyzer
(EC), the solar cell is a buried junction anyway. We would therefore consider the conceptual
difference as not relevant.

Besides the development of catalysts for the up-scaled device (which will be presented below),
the structuring of the solar cell front contact can be considered as a main issue for large size
integrated PV-EC systems. For typical current densities of 10mA/cm?2, one ends up at a total
current of 100A for a 1m?2 size solar cell. Such current levels are just impossible to be transported
laterally through the few hundred nm thick front TCO layer of the superstrate type of solar cell
(compare Figures 1&6). The conductance of the front contact has to be enhanced by an additional
highly conductive metal grid. But different from the well-established lateral series interconnection
of thin film modules B, where individual solar cell stripes are connected in series resulting in much
higher voltages, in our device concept we would want to have individual cell areas all connected
in parallel as the cell stack already delivers the necessary voltage.

For this we have investigated two different approaches®® of which one was particularly successful.
A schematic of the process sequence is shown in Figure 21. After deposition of the solar cell stack
(i) an opening is cut with a laser down to the TCO front contact (ii). Then the metal back contact
is deposited, making also a connection to the front contact (iii). This latter connection is then
isolated from the back contact by a second laser ablation process, leaving a separate access to
the front contact with a metal grid (iv). Finally, the front contact is isolated and a planar electrical
connection is made to the EC device i.e. the Ni sheet (v&vi; see also Figure 9). We end up with a
pattern of 64 solar cells of 1cm? size on a 100cm? size substrate (Figure 21) which are all
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connected in parallel and where the front contact has a metal grid. The success of this approach
is demonstrated in Figure 22. Figure 22a shows a comparison of the j-V curve of a 1cm? size cell
with a 64 cm? size cell without metal grid. We observe a strong decrease in both FF and jsc for the
large size cell. Compared with this, the 64cm?2 size “tile” structure with laser processed metal grid
has a much better performance (Figure 22b). The figure shows the j-V curves of the individual
cells (grey lines), the arithmetic average (red line) and the measured large size device (dashed
blue). Compared to the cell without grid (Fig 22a), FF and jsc have improved considerably.
However, additional area losses (of typically a few percent depending on the size of the grid lines)
have to be considered and overall the efficiency may decrease further for a further increase in
substrate size.

Nevertheless, such 10x10 cm? size substrates with a 64cm? size aperture area solar cell structures
have been successfully prepared with stacked solar cells and were integrated into the combined
PV-EC device (Figure 9). Figure 23 shows results for such a combined device comparing Pt/IrOy
with Ni/Ni catalyst pair as a function of operation time. We observe a stable performance over one
hour for both catalyst pairs with a nstv=2.1% and nstw=4.8% for the Ni/Ni and the Pt/IrOy
combination, respectively, thus confirming also the concept of metal sheets as protection layers. =

As a next step, non-noble metal based catalysts were developed for the application in this up-
scaled device.

Promising alternatives to the precious metal catalysts already exist especially in the alkaline
media. Based on literature reports we chose NiFeOx for the OER side and NiMo for the HER
sidel**7%, Beside promising low overpotentials in the range of 0.34-0.47 V (OER) and between
0.07 to 0.30 V for the HER side*®7°, the materials can be readily prepared via electrodeposition
also on areas of 50 cm? considered for application in our modular cassette device.

NiFeOx for OER was electrodeposited on Ni sheet substrates at room temperature from a 0.1 M
electrolyte solution consisting of Ni(NOs) - 6H.0O (98% Alfa Aesar) and FeCl; - 4H,O (Emsure)
dissolved in DI water. The ratio of Ni to Fe was varied from 100 : 0 to 60 : 40 (mol : mol).

NiMo for HER was electrodeposited on Ni sheet substrates at room temperature in an electrolyte
solution consisting of NiSO4 - 6H,0 (1), NaMoO. - 2H,0 (2) and NazCsHs07 - 2H,0 (3) (quantities:
3.19g (1), 1.92 g (2), 3.52 g (3)Y)) dissolved in NH,OH.**71 Deposition parameters were based
on reports in the literature. Further details are described in ref &7,

Figure 24 shows the two catalysts as deposited on the round 50 cm?2 Ni sheet substrates. The
results of linear sweep voltammetry measurements using NiFeOx and NiMo as OER and HER
catalysts respectively are shown in Figure 25. Also in Figure 25 the IrO,/Pt and Ni/Ni catalyst pairs
are shown for comparison. We observe for the NiFeO,/NiMo catalyst an excellent performance
very similar to the noble metal catalyst pair and a clear improvement over the pure Ni/Ni pair used
in earlier studies!®®.

These NiFeOx/NiMo catalysts on Ni sheet substrates were then implemented into the PV-EC
cassette (compare Figure 9 together with a triple junction solar cell with a laser patterned front
contact (Figure 24). The resulting current-voltage curves under AM1.5 illumination are shown in
Figure 26. Working in 1M KOH electrolyte we conclude a solar-to-hydrogen efficiency nstw=5.1%
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for the NiFeO,/NiMo catalyst pair in a cassette with a 64cm? size triple junction solar cell. With this
value the non-noble metal based catalysts are more than a factor 2 better than the earlier Ni/Ni
pair results (Figure 23) and even slightly outperform the high quality noble-metal based catalysts
IrO,/Pt.136:37]

Simulated outdoor performance measurements with influence of temperature, spectral quality and
stability under day-night cycle operation

In view of possible applications of PV-EC systems as stand-alone devices serious scientific and
technical challenge are still to be met. Not to talk about the economic aspects of this approach to
store energy and/or generate chemical fuel from sun light.

It is therefore useful to already address some of these aspects in case such a system would be
used let us say similar to a solar PV module on a house roof. We then would have e.g. variation
in temperature, light intensity and spectral shape and not to forget day-night cycling for the solar
cell and the electrochemical cell.

In Figure 27 results for the current-voltage curve behavior as a function of operating temperature
for a triple junction solar cell (Figure 27a), Pt and RuO; as HER and OER catalyst system (Figure
27b) and for the combined PV-EC system (Figure 27c) are shown.®? For the solar cell alone, we
observe the well-known behavior of reduction in open-circuit voltage and small increase in short-
circuit current density as the temperature increases. Overall this leads to a decrease of the
efficiency npv from about 13 to 12 % with an increase of Top from 25°C to 60°C. On the other hand
we find that the catalytic behavior improves as concluded from the shift of the onset potential to
lower values i.e. lower overpotentials. Consequently when combining the PV and the EC cell in a
coupled device, the respective temperature characteristics could outbalance each other. This is
in fact confirmed by the data in Figure 27, which shows the temperature behavior of a PV-EC
coupled device. We observe in particular, that the current density at the operation point does not
change as a function of temperature which means the solar-to-hydrogen efficiency nsrs would
remain at about 9.4% in the present case.

A change in temperature under outdoor conditions will also be introduced by changes in the
illumination intensity. Frequently both effects occur simultaneously. In Figures 28 and 29 the
combined effect of temperature and illumination intensity variation on a coupled PV-EC system is
shown.5% We observe that at all intensity levels investigated, the changes in PV cell behavior and
onset potential of the catalyst system are qualitatively similar. The current at the operation point
of the combined system normalized to the current at 25°C (Figure 29) varies by less than + 2% for
illumination intensities 1.0 — 0.364 suns and 25-60°C. For the highest Tss=80°C investigated here
the temperature effect on the solar cell behavior (see Figure 28) can no longer be compensated
by the improved performance of the electrolyzer at all intensity levels. However for a wide range
of illumination/temperature combinations, the combined PV-EC system behaves rather benign in
terms of solar-to-hydrogen efficiency.

What also needs to be considered, in particular when stacked multi-junction solar cells are to be
used, are changes in the spectral shape of the illumination light which will occur as a function of
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day time and season and which will in addition depend on geographical location. The overall
efficiency of a stacked solar cell with different optical gaps depends critically on ideal current
matching between the sub-cells. This current matching will usually be affected by variations in the
illumination spectrum(’. We have investigated such effect in terms of the average photon energy
of the illumination spectrum (APE).

(3)

Figure 30 illustrates how the AM1.5 spectrum is modified with an additional blue LED to receive a
change in the APE value. In Figure 31 the relative solar-to-hydrogen efficiencies over a AAPE
range of 60meV are seen to vary by + 5% for a combined PV-EC system with a triple junction and
Pt/IrO catalysts.[%

With this data available and published data on the annual irradiance (kWh/year * m?) as a function
of APE [ one can estimate the yearly hydrogen production of a coupled PV-EC system with an
aSi/aSi/ucSi triple junction (nev=11.5%) and Pt/IrOx catalyst system as around 30,000
liter/(year*m?2)(e2,

Finally a point of concern for any technical application of combined PV-EC systems will be the
long-term stability under operation. Let us consider three aspects here:

(i) chemical stability of the PV cell in contact with the electrolyte
(i) chemical stability of the catalysts and the electrolyzer system
(iii) light induced degradation in a-Si:H based solar cells.

For (i) the chemical stability of the PV cell we think that a simple and straightforward solution is
the introduction of a metal sheet between the solar cell back contact and the catalyst as presented.
The concept allows us to work on system components independently and to exchange and
investigate them in our coupled PV-EC systems.

For (iii) the light induced degradation (LID) of a-Si:H based solar cells it is known that the effects
are less severe when stacked solar cells are used where the total intrinsic layer thickness is shared
between the sub-cells. Furthermore the LID is found to be very little or even absent in solar cells
with pc-Si:H absorber layers when introduced in a cell stack. The excellent stability against LID of
the herein used multi-junction solar cells has been investigated and confirmed in ref ©0.74],

For the chemical stability of the catalysts (ii) we have investigated the non-noble metal based
systems NiMo/NiFeOy in simulated day-night cycle operation. For this the catalyst pair has been
operated in a 2-electrode configuration at a current density of 20mA/cmz2 in 1M KOH for 6 h, then
kept w/o current in the dark for 18h. This cycle has been repeated for 4 days. Results are shown
in Figure 32. We observe a very stable and reproducible behavior for the NiMo/NiFeOy catalyst
pair. For comparison the result for the Ni/Ni system is also shown where a considerably higher
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potential is needed to maintain the 10mA/cm? and where the systems shows a degradation of the
potential with time.B7]

DISCUSSION AND CONCLUSIONS

We have developed and investigated materials, devices and components for integrated PV-EC
systems for hydrogen production via water splitting.

As solar cell (PV) system we chose the a-Si:H and uc-Si:H based vertically stacked multi-junction
solar cells. The absorber materials allow for a variation of optical gap in total by at least 100 mV.
This together with a great flexibility in stacking individual cells on top of each other results in a
wide and fine-tunable range of output voltages — ideally fitting with many electrochemical
processes - and very good absorption matching with the solar spectrum. PV efficiencies are in the
range of ney= 13-14%. For the resulting solar-to-hydrogen efficiencies it is crucial whether the
catalyst/electrolyzer system with its overpotential will require a 2- or 3-junction device. For a three
junction device with voltages of 1.8V and beyond it is unlikely that current densities much higher
than 9 mA/cm? can be achieved resulting in theoretical maximum nsty of 11% assuming all other
losses in the PV-EC system to be negligible. If catalysts with total overpotentials lower than 200mV
were to be found, then a tandem aSi/ucSi cell could be used with short circuit current densities
exceeding 10 mA/cm? and nsth=12%.

The aSi/pucSi multijunction solar cell approach allows for a very compact total PV-EC system
design, but will be limited in efficiency as discussed above to values not exceeding nstH=12%.
Apparently higher nstu values can be achieved using Si wafer solar cells??627, As an example we
have evaluated a combination of a three-fold series connected Si heterojunction solar cell (SHJ)
together with our best catalyst pairs (Figure 33). The SHJ are placed and connected like shingles
(compare Figure 33) thereby reducing area losses. With an area of 58.5 cmz this shingled module
fits into the cassette system shown in Figure 9. From a combination of the corresponding j-V
curves in the ideal case of no series resistance losses due to the cell connection we find the
operation point at 11mA/cm?2 from which one can estimate nsth=13.5%. This value gets close to
published literature data of nst=14.2-14.5%* 5 using Si based solar cells in coupled PV-EC
systems. It should be noted that c-Si series connected systems may sacrifice considerable
efficiency potential in case individual cells are simply connected in series. With open circuit
voltages of 700mV (or 750mV for highest efficiency cells), very likely only a combination of three
cells will supply sufficient output voltage. Maximum current densities in this case will not exceed
much 13mA/cmz resulting in a theoretical maximum nsth=16%.

Comparing the solar cell (PV) — electrolyzer (EC) coupled systems with approaches using
photoelectrodes as absorber material it has to be pointed out, that multi-junction solar cells provide
an excellent use of the solar spectrum resulting in high efficiencies npy as a basis for high nsm
efficiencies. This can be achieved with a vertical stack of solar cells with different band gaps or
alternatively with side-by-side connected solar cells with high nev such as crystalline silicon. Any
single band gap photoabsorber which will have to deliver a sufficient output voltage on the other
hand will necessarily have a much inferior nsrh.

For the development of different area size cassette systems and especially for the upscaling to
larger areas we have opted for a solution with a metal sheet between the solar cell and the
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electrolyzer (Figure 9). The metal sheet serves as a substrate for catalyst deposition and
guarantees protection of the solar cell from corrosion by the electrolyte solution while still
connecting the PV and the EC part functionally and electronically. We are aware that other
solutions with deposited protection layers with possible advantages (weight, flexibility) are being
worked on. However in the present study the use of protection layers was not further investigated.

A serious challenge for upscaling the PV part is the application of an appropriate contact geometry
to collect all current from the transparent solar cell front contact. Current values of 100A are to be
expected for 1m? size devices. Using a laser patterning technology we have developed a contact
arrangement with parallel connected multi-junction solar cells (Figure 21). Such devices were used
in up-scaled cassette systems showing reasonable performance for areas of 64cm? but also
considerable room for further improvement. Similar interconnection will have to be developed for
any large area PV system in a compact coupled PV-EC device. Concerning technical feasibility
and efficiency corresponding solutions will then be in serious competition with optimized solar
modules combined with an intelligent electronics for voltage adjustment and operation point
tracking.

Based on literature reports we have prepared non-metal based HER and OER catalysts through
electrodeposition on areas up to 50cm2. The technology should be up-scalable to m2 size
substrates. The NiMo/NiFeOy catalyst pair shows excellent performance in alkaline (1M KOH)
solution where it even slightly outperforms the Pt/IrOx system. Further the catalysts show
negligible degradation in simulated day-night cycles. With a total overpotential of 455mV vs. 1.23
V at 10mAcm?2 (Figure 25) this sets a benchmark for an easy to deposit, abundant material based
catalyst system of 50.3 cm2 size in alkaline media. As electrodeposition (electroplating) is a known
process in industry for treatment of surfaces on meter-large scale and as the required chemicals
for the NiMo/NiFeOy deposition are readily available, we would expect no technical problems for
the further upscaling of the catalyst deposition on meter-size dimensions.

In view of possible outdoor application as stand-alone PV-EC coupled systems, also realistic
outdoor test conditions should be investigated for estimation of hydrogen production volume and
cost. This concerns variation in temperature, illumination intensity and spectral shape, and also
long term operation in day-night cycles. For the multi-junction — multi band gap solar cells variation
in the spectral shape will lead to current mismatching between the sub-cells and loss in efficiency.
Adjustment of the cell design depending on the point of operation could be useful. As a benefit of
the coupled PV-EC system it can be seen that the temperature characteristics of the PC and the
EC part respectively balance each other such that the solar-to-hydrogen efficiency remains
unaffected over a certain temperature range. Also illumination intensity variation should be studied
for the coupled systems as they may have effects different from corresponding variations on PV
cells alone. Long-term operation studies for coupled systems, in particular for areas larger than
typical laboratory size devices of 1cm2, are to the best of our knowledge still missing.

For all PV-EC device developments we recommend using a simple equivalent circuit model which
allows reliable predictions of system performance from measured or listed data of the individual
components.
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In conclusion a successful development of a PV-EC coupled system for hydrogen production from
water splitting with aSi/pucSi type multi-junction solar cells was demonstrated on areas up to 64
cm2. Maximum efficiencies of 9.5% were demonstrated on 0.5 cm? size and of 5.1% on 64 cm>.
The investigations give a good basis for estimation of the maximum efficiency to be reached with
the aSi/ucSi stack (12%) but also with alternative approaches with c-Si based solar cells (16%).
Further improvement would be possible in case considerably enhanced catalyst pairs with total
overpotential losses less than the herein shown 455mV are developed and applied.
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FIGURE CAPTIONS

Fig 1 (a) lllustration of an electrolysis cell with power supply to split water into hydrogen and
oxygen (b) lllustrated electrolysis cell where the power supply is replaced by an illuminated
multi-junction (here: tandem) solar cell. Upon illumination electron-hole pairs are generated with
a maximum energy as described by the split-up of the quasi-Fermi levels (Er,psn). The maximum
energy of an electron would be e-Voc. As indicated in b), electrodes will be usually covered with
catalyst materials to keep the overpotential losses as low as possible. However, in principle the
electrolysis could also work without catalyst at the cost of high overpotentials.

Fig 2 Potentials and energies relevant for water splitting using semiconductor based photo
absorber materials. To have sufficient energies for water splitting in electrolysis a single
photoabsorber would need a minimum bandgap of 2.41 eV. Details see text.

Fig 3 (a) Solar spectral irradiance vs. wavelength in space and at sea level compared with the
black body radiation at a temperature similar to the sun surface’s temperature. Also indicated
are the corresponding photon energies on the top axis and some relevant atmospheric
absorption bands [plotted using empirical data from Reference Solar Spectral Irradiance: Air
Mass 1.5, https://www.nrel.gov/grid/solar-resource/spectra-am1.5.html, accessed June 2019].
(b) Maximum solar light to electricity conversion efficiency for single junction solar cells as a
function of the optical band gap “Shockley-Queisser-Limit” [adapted from Ref. %],

Fig 4 Optical absorption of a-Si:H, pc-Si:H and c-Si vs. photon energy

Fig 5 (a) Short circuit current densities vs. open circuit voltage of single and multi-junction solar
cells based on a-Si:H and pc-Si:H. As the number of sub-cells increases, the individual open
circuit voltages add up while the total current has to be shared between the sub-cells. In the
ideal case the overall efficiency would remain constant. This is also seen in the result of a simple
simulation (dashed grey lines). The curves with corresponding Jsc and Voc values are calculated
from the formula nepy=Jsc X Voc X FF, for solar cell efficiencies npy equals 10% and 14%,
respectively and a fill factor FF=72% as typical value for thin film silicon based solar cells. (b)
Quantum efficiency vs. wavelength of a quadruple solar cell with the QE of the individual sub-
cells (solid lines) and the sum of all cells (shaded area).

Fig 6 Schematic of the structure of single and multi-junction solar cells with the TCO covered
glass substrate, sequences of p-i-n layers (for each sub-cell the thick intrinsic absorber layer is
embedded between the thin doped p (red)- and n(blue)-layers) and the ZnO:Al/Ag optically
highly reflective back contact. Also indicated are the achievable open circuit voltages VOC.

Fig 7 (a) Commercially available PV-EC device build by Zahner (PECC-2, ZAHNER-elektrik GmbH
& Co. KG) with replaceable working electrode, reference electrode close to the working electrode.
Gas collection and electrolyte flow are possible, but the counter electrode cannot be replaced and
the gasses cannot be separated [adapted from Zahner-Elektrik web-page, (b) In-house build PV-
EC device with replaceable working and counter electrode, reference electrode close to the
working electrode and 30 mL electrolyte reservoir. No electrolyte flow and gas
collection/separation possibletel,

Fig 8 (a) Photograph of the PV-EC device in the two-electrode, stationary state configuration. The
counter electrode side is shown with an empty counter electrode (sample) holder. The working
electrode (sample) holder set is placed in front of the device. (b) PV-EC device made of polyether
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ether ketone (PEEK). The gas/electrolyte in- and outlets can be replaced by a cover, allowing
electrolyte flow as well as stationary state operation. The reference electrode housing is shown in
yellow and purple and can also be replaced by a cover for two- or three-electrode measurements.
The two parts allow the implementation of a membrane in order to separate the half-cell reactions.
The sample holder is shown in grey and cased by a metal sample holder retainer with screw
threads (blue). In the cross section through the PV-EC device the electrode (sample) is shown in
light yellow; the sample holder is shown in grey. The two metal retainers are depicted in blue. O-
rings are used as sealing and shown in pink. Pumping through the electrolyte channels is possible.

Figure 9 (a) Schematic cross section of the up-scaled coupled PV-EC device. The device is
modularly built in the sense that each component can be exchanged easily and quickly (e.g. solar
cell, catalysts, and membranes). The in- and outlets enable stationary state and flow
measurements as well as gas collection and quantification. The contact design allows the
measurement of the electronic properties of the individual parts (1+2: PV, 2+3: EC, 1+3: PV-EC).
[adapted from 9], (b) Photographs of the upscaled PV-EC device, showing the front side with the
10x10cm? substrate holded by a metal frame leaving an aperture for the 64cm?2 size interconnected
solar cell, side view and back view with the back electrode serving as substrate for the OER
catalyst.

Fig. 10 Photovoltaic parameters of single junction solar cells (efficiency nev (a), open-circuit
voltage Voc (b), fill factor FF (c), and short-circuit current density Jsc (d)) as a function of the
substrate temperature Ts of the intrinsic a-Si:H layer, with 10 % (blue squares) and 4 % (red
triangles) silane concentration SC, respectively. The intrinsic a-Si:H layers had a thickness of
approx. 400 nm. The lines are to guide the eye. The data is taken from Refs. [4863]

Fig. 11 Solar cell parameters: (a) conversion effciency npy, (b) short-circuit current density Jsc,
and (c) fill factor FF vs. the open-circuit voltage Vocin a 1300 nm (black filled squares), a 650
nm (blue filled trianlges), and a 450 nm thick pc-Si:H absorber layer series (red filled stars), in a
1300 nm thickness combined with the SC profiling and incorporated buffer layer (50 nm) series
(black open squares), in a 650 nm thickness combined with incorporated buffer layer (20 nm)
series (magenta open triangles), and in a 450 nm thickness combined with incorporated buffer
layer (5 nm) series (green open stars). The trends of the six series around the best-cell V OC
are indicated by solid lines as a guide to the eye.

Fig 12 Schematic of a triple junction solar cell showing the layer sequence with the position of
the intermediate reflector and quantum efficiency QE for the triple junction cell with (red) and
without (black) intermediate reflector. Also shown the current densities of the sub-cells
calculated from the QE results 14,

Fig. 13 Summary of current density voltage curves of typical tandem, triple and quadruple
junction solar cells developed in the present work under AM1.5 light illumination. Cell size =
1cmz2. The dashed vertical line indicates the theoretical operation point of a PV-EC device at
1.23 V (without overpotential losses).In real PV-EC devices this operation point is shifted due to
overpotential losses, which are plotted on the upper abscissa. From the respective photocurrent
density at a certain overpotential one can estimate a maximum theoretical STH efficiency (right
ordinate). Details see text, adapted from ref. 35.
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Fig. 14 Linear sweep voltammetry measurements of the PV-EC devices using silicon multi-
junction solar cells (same as in Fig 13) with a Pt (HER) / RuO,(OER) catalyst pair in 0.1 M KOH
at a scan rate of 30 mV/s. Aperture area for the solar cells was 0.5 cmz2 in the measurement set-
up shown in Fig 7b. The right ordinate depicts the achievable STH efficiency calculated from the
photocurrent density at 0 V (see text), adapted from ref. 35.

Fig 15 Current density-voltage characteristics of the main four circuit components of the PV-EC
device: the solar cell (Vev(j), orange curve), the RuO; anode (OER(-j), red curve) with the
associated noer, the Ni cathode (HER(j), light blue curve), with the associated nuer, and the
resistance of the electrolyte (jR, dark blue line). The voltammogram of the PV-EC device (Vpv-
EC(j), green curve) was computed via Eqg. 2 . The measured curve of the corresponding PV-EC
devices (dashed black curve) matches the simulation very well.

Fig 16 Influence of the electrolyte concentration on the PV-EC device performance in a system
with Pt/RuO,, catalyst pair at T=25°C, 1 sun (AM1.5G illumination). With increase of the electrolyte
solution from 0.1 to 1.0M, the respective resistance is reduced and the current density at the
operation point (OV) increases resulting in a maximum Nery = 9.5 % for a 0.5 cm? aperture area

solar cell.

Fig 17 Influence of the electrolyte concentration on the PV-EC device stability for a triple junction
solar cell with Pt HER catalyst and a quadruple junction solar cell with a Ni HER catalyst. In both
cases the systems fail much earlier in the higher concentration.

Fig 18 Current density-voltage j-V measurements of a-Si:H/a-Si:H tandem solar cells with different
metals as optical back reflector (note: without ZnO:Al interlayer), adapted from ref. 46.

Fig 19 Linear sweep voltammetry measurements, conducted in 0.1 M KOH, of single metal
layers (approx. 150 nm of Al, Au, Ag, Cu, Ti, Ni, Pt; same as in Fig 18) on glass substrates at a
scan rate of 10 mV/s, adapted from ref. 46.

Fig 20 Linear sweep voltammetry measurements in 0.1 M KOH at a scan rate of 30 mV/s under
AM 1.5 illumination of the PV-EC devices with different single and double metal contacts,
adapted from ref. 46.

Fig 21 Schematic of the process step sequence for the metal interconnect of a 64 cm? size solar
cell (left) and front view of the resulting tile structure with 64 parallel connected solar cells ¢,

Fig 22 (a) Comparison of current density — voltage curves of a triple junction solar cell with sizes
1x1 cm? and 8x8 cm?2 using only the front TCO contact for current extraction. With the increase
in size, the series resistance increases while fill factor and short circuit current density decrease.
(b) Current density — voltage curves of 64 individual solar cells with size 1 cm2 (grey lines), the
arithmetic mean value of these individual cells (red line) and the measured curve of the
interconnected individual cells (dashed blue), adapted from ref. 36.

Fig 23 Bias-free performance under illumination of the PV-EC cassette system (Fig 9) vs.
operation time with a triple junction solar cell and front grid interconnect (Fig 21) of 64 cm?,
comparing two catalyst systems (Ni/KOH/Ni) and (Pt/H.SO./IrO,), adapted from ref. 36.
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Fig 24 Photographs of the NiMo (HER) and NiFeOx (OER) catalysts deposited on 50.3cm? round
Ni sheets for application in the PV-EC cassette system (Fig 9)

Fig 25 Current density-voltage curves of the catalyst systems Ni/Ni (blue triangles), IrOx/Pt
(black squares) and NiFeOx/NiMo (red dots). The thermodynamic water splitting potential is
indicated at 1.23 V (vertical guideline). The overpotentials are determined at 10 mA/cmz?
(horizontal guideline), adapted from ref. 37.

Fig 26 Current-voltage curves of a coupled PV-EC system in the cassette (Fig 9) under AM1.5
illumination in 1 M KOH with a triple junction solar cell (64 cm?) comparing the catalyst systems
NiMo/NiFeOx and Pt/IrOx. The current at zero bias (V = 0 V, vertical guideline) is the operating
current for unbiased, light induced water splitting. The different operating currents and resulting
solar-to-hydrogen efficiencies are indicated (nstH(NiMo/NiFeOx) = 5.1 (£ 0.1)% and nstH(Pt/IrOx)
= 4.8 (= 0.1)%), adapted from ref. 37.

Fig 27 Operation temperature To, dependence of (a) current—voltage curves of an a-Si:H/a-
Si:H/pc-Si:H triple junction solar cell (b) the cathodic and anodic current—voltage dependence of
the Pt and RuO; electrodes, respectively, in 1.0M KOH and (c) the resulting current-voltage
curves of the coupled PV-EC system 52,

Fig 28 Combination of variation in system temperature and illumination intensity for the current-
voltage curves of an a-Si:H/a-Si:H/pc-Si:H triple junction solar cell and the electrolysis cell with
(Pt/IrOx) catalysts. The intersection point between PV cell and EC cell IV curve represent the
operating current of the water splitting device at the respective intensity and temperature 5%,

Fig 29 Normalized operation point current vs. system temperature Tsyst. >

Fig. 30 Blue modified spectrum (blue dashed curve) with an increased average photon energy of
1.75 eV compared to the AM1.5G spectrum (black solid curve) with an APE of 1.71 eV. The
incident power of both spectra is 1000 W/m?2. Operating temperature and incident illumination
angle were constant at 25°C and 0° respectively. 5%

Fig 31 Solar-to-hydrogen efficiency plotted versus the average photon energy of the incident
spectrum for a PV-EC device based on an a-Si:H/a-Si:H/uc-Si triple junction solar cell and the
Pt/IrOx catalyst system. The colors illustrate, which LED was used to modify the spectrum and to
achieve the respective APE B,

Fig 32 Electrolysis cell with a catalyst system consisting of NiMo/NiFeOx coated nickel sheet
electrodes. Measurement of the system potential vs. time over 6 h for four consecutive days at -
10 mA/cmz?, intersected by 18 h resting time (no bias and no current flow). The performance of
the Ni/Ni system is shown for comparison, adapted from ref. 37.

Fig. 33 (a) Photograph and schematic of the module with three shingled crystalline silicon
heterojunction solar cells. The different solar cells are indicated and were connected using silver
paste. The active area is 58.5 cmz. (b) Current density-voltage curve of a module with three
crystalline silicon heterojunction solar cells (produced at IEK-5 Photovoltaics), in the ideal case
without series resistance losses due to the cell connection, plotted together with the curves of
two catalyst systems in alkaline media.
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Fig. 1 (a) lllustration of an electrolysis cell with power supply to split water into hydrogen and oxygen (b)
lllustrated electrolysis cell where the power supply is replaced by an illuminated multi-junction (here:
tandem) solar cell. Upon illumination electron-hole pairs are generated with a maximum energy as
described by the split-up of the quasi-Fermi levels (Erpen). The maximum energy of an electron would be
e-Voc. As indicated in b), electrodes will be usually covered with catalyst materials to keep the
overpotential losses as low as possible. However, in principle the electrolysis could also work without
catalyst at the cost of high overpotentials.

required band gap| Eopticaigap = AEq + 0.5eV=2.2 eV
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Fig. 2 Potentials and energies relevant for water splitting using semiconductor based photo absorber
materials. To have sufficient energies for water splitting in electrolysis a single photoabsorber would need
a minimum bandgap of 2.2 eV. Details see text.
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Fig. 3 (a) Solar spectral irradiance vs. wavelength in space and at sea level compared with the black body
radiation at a temperature similar to the sun surface’s temperature. Also indicated are the corresponding
photon energies on the top axis and some relevant atmospheric absorption bands [plotted using empirical
data from Reference Solar Spectral Irradiance: Air Mass 1.5, https://www.nrel.gov/grid/solar-
resource/spectra-aml.5.html, accessed June 2019].

(b) Maximum solar light to electricity conversion efficiency for single junction solar cells as a function of the
optical band gap “Shockley-Queisser-Limit” [adapted from Ref. [7%]]
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Fig. 4 Optical absorption of a-Si:H, pc-Si:H and c-Si vs. photon energy
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Fig. 5 (a) Short circuit current densities vs. open circuit voltage of single and multi-junction solar cells

based on a-Si:H and pc-Si:H. As the number of sub-cells increases, the individual open circuit voltages
add up while the total current has to be shared between the sub-cells. In the ideal case the overall
efficiency would remain constant. This is also seen in the result of a simple simulation (dashed grey lines).
The curves with corresponding Jsc and Voc values are calculated from the formula nev=Jsc x Voc x FF, for
solar cell efficiencies npv equals 10% and 14%, respectively and a fill factor FF=72% as typical value for
thin film silicon based solar cells.

(b) Quantum efficiency vs. wavelength of a quadruple solar cell with the QE of the individual sub-cells
(solid lines) and the sum of all cells (shaded area).
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Fig. 6 Schematic of the structure of single and multi-junction solar cells with the TCO covered glass
substrate, sequences of p-i-n layers (for each sub-cell the thick intrinsic absorber layer is embedded
between the thin doped p (red)- and n(blue)-layers) and the ZnO:Al/Ag optically highly reflective back
contact. Also indicated are the achievable open circuit voltages Voc.
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Fig. 7 (a) Commercially available PV-EC device build by Zahner (PECC-2, ZAHNER-elektrik GmbH & Co.
KG) with replaceable working electrode, reference electrode close to the working electrode. Gas collection
and electrolyte flow are possible, but the counter electrode cannot be replaced and the gasses cannot be
separated [adapted from Zahner-Elektrik web-page], (b) In-house build PV-EC device with replaceable
working and counter electrode, reference electrode close to the working electrode and 30 mL electrolyte
reservoir. No electrolyte flow and gas collection/separation possible*s.
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Fig. 8 (a) Photograph of the PV-EC device in the two-electrode, stationary state configuration. The counter
electrode side is shown with an empty counter electrode (sample) holder. The working electrode (sample)
holder set is placed in front of the device?’. (b) PV-EC device made of polyether ether ketone (PEEK). The
gas/electrolyte in- and outlets can be replaced by a cover, allowing electrolyte flow as well as stationary
state operation. The reference electrode housing is shown in yellow and purple and can also be replaced
by a cover for two- or three-electrode measurements. The two parts allow the implementation of a
membrane in order to separate the half-cell reactions. The sample holder is shown in grey and cased by a
metal sample holder retainer with screw threads (blue). In the cross section through the PV-EC device the
electrode (sample) is shown in light yellow; the sample holder is shown in grey. The two metal retainers are
depicted in blue. O-rings are used as sealing and shown in pink. Pumping through the electrolyte channels
is possible.
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Fig. 9 (a) Schematic cross section of the up-scaled coupled PV-EC device. The device is modularly built in
the sense that each component can be exchanged easily and quickly (e.g. solar cell, catalysts, and
membranes). The in- and outlets enable stationary state and flow measurements as well as gas collection
and quantification. The contact design allows the measurement of the electronic properties of the individual
parts (1+2: PV, 2+3: EC, 1+3: PV-EC). [adapted from B8] (b) Photographs of the upscaled PV-EC device,
showing the front side with the 10x10cm? substrate holded by a metal frame leaving an aperture for the
64cm? size interconnected solar cell, side view and back view with the back electrode serving as substrate
for the OER catalyst.
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Fig. 10 Photovoltaic
parameters of single
junction solar cells
(efficiency nev (a),
open-circuit voltage
Voc (b), fill factor FF
(c), and short-circuit
current density Jsc (d))
as a function of the
substrate temperature
Tsof the intrinsic a-Si:H
layer, with 10 % (blue
squares) and 4 % (red
triangles) silane
concentration SC,
respectively. The
intrinsic a-Si:H layers
had a thickness of
approx. 400 nm. The
lines are to guide the
eye, The data is taken
from Refs. [48,62].
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Fig. 11 Solar cell
parameters: (a)
conversion effciency
nev, (b) short-circuit
current density Jsc,
and (c) fill factor FF vs.
the open-circuit voltage
Vocin a 1300 nm
(black filled squares), a
650 nm (blue filled
trianlges), and a 450
nm thick pc-Si:H
absorber layer series
(red filled stars), in a
1300 nm thickness
combined with the SC
proffiling and
incorporated buffer
layer (50 nm) series
(black open squares),
in a 650 nm thickness
combined with
incorporated buffer
layer (20 nm) series
(magenta open
triangles), and in a 450
nm thickness
combined with
incorporated buffer
layer (5 nm) series
(green open stars).
The trends of the six
series around the best-
cell Voc are indicated
by solid lines as a
guide to the eye,
adapted from ref. 47.
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Fig. 12 Schematic of a triple junction solar cell showing the layer sequence with the position of the
intermediate reflector and quantum efficiency QE for the triple junction cell with (red) and without (black)
intermediate reflector. Also shown the current densities of the sub-cells calculated from the QE results [46],
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Fig. 13 Summary of current density voltage curves Fig. 14 Linear sweep voltammetry
of typical tandem, triple and quadruple junction solar | measurements of the PV-EC devices using
cells developed in the present work under AM1.5 silicon multi-junction solar cells (same as in Fig
light illumination. Cell size = 1cm2. The dashed 13) with a Pt (HER) / RuO2(OER) catalyst pair in
vertical line indicates the theoretical operation point | 0.1 M KOH at a scan rate of 30 mV/s. Aperture
of a PV-EC device at 1.23 V (without overpotential area for the solar cells was 0.5 cm2in the
losses).In real PV-EC devices this operation point is | measurement set-up shown in Fig 7b. The right
shifted due to overpotential losses, which are plotted | ordinate depicts the achievable STH efficiency
on the upper abscissa. From the respective calculated from the photocurrent density at 0 V
photocurrent density at a certain overpotential one (see text), adapted from ref. 35.
can estimate a maximum theoretical STH efficiency
(right ordinate). Details see text, adapted from ref.
35.
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Fig. 15 Current density-voltage characteristics of the main four circuit components of the PV-EC device:
the solar cell (Vev(j), orange curve), the RuO2 anode (OER(-j), red curve) with the associated noer, the Ni
cathode (HER(j), light blue curve), with the associated nwer, and the resistance of the electrolyte (jR, dark
blue line). The voltammogram of the PV-EC device (Vev-EC(j), green curve) was computed via Eq. 2 . The

measured curve of the corresponding PV-EC devices
well.

(dashed black curve) matches the simulation very

cell.

PV-EC device performance in a system with Pt/RuOg,
catalyst pair at T= 25°C, 1 sun (AM1.5G illumination).
With increase of the electrolyte solution from 0.1 to 1.0M,
the respective resistance is reduced and the current
density at the operation point (0V) increases resulting in
a maximum Nar™ 9.5 % for a 0.5 cm2 aperture area solar
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Fig. 16 Influence of the electrolyte concentration on the | Fig. 17 Influence of the electrolyte

concentration on the PV-EC device stability
for a triple junction solar cell with Pt HER
catalyst and a quadruple junction solar cell
with a Ni HER catalyst. In both cases the
systems fail much earlier in the higher
concentration.
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Fig. 18 Current density-voltage j—-V measurements
of a-Si:H/a-Si:H tandem solar cells with different
metals as optical back reflector (note: without
ZnO:Al interlayer), adapted from ref. 46.

Fig. 19 Linear sweep voltammetry measurements,
conducted in 0.1 M KOH, of single metal layers
(approx. 150 nm of Al, Au, Ag, Cu, Ti, Ni, Pt; same
as in Fig 18) on glass substrates at a scan rate of
10 mV/s, adapted from ref. 46.
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Fig. 20 Linear sweep voltammetry measurements in

0.1 M KOH at a scan rate of 30 mV/s under AM 1.5

illumination of the PV-EC devices with different single

and double metal contacts, adapted from ref. 46.

i) silicon deposition

|

Glass

i) laser processing (LP1)
[ D —

iii) rear contact deposition

(f 1 o 1 w1

v) insulation of the front contact

'
:

vi) electric connection

Fig. 21 Schematic of the process step sequence for the metal interconnect of a 64 cm? size solar cell (left)

and front view of the resulting tile structure with 64 parallel connected solar cells (right) [361.
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Fig 22 (a) Comparison of current density — voltage curves of a triple junction solar cell with sizes
1x1 cm? and 8x8 cmz2 using only the front TCO contact for current extraction. With the increase
in size, the series resistance increases while fill factor and short circuit current density decrease.
(b) Current density — voltage curves of 64 individual solar cells with size 1 cmz (grey lines), the
arithmetic mean value of these individual cells (red line) and the measured curve of the
interconnected individual cells (dashed blue), adapted from ref. 36.
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Fig. 23 Bias-free performance under illumination of the PV-EC cassette system (Fig. 9) vs. operation time
with a triple junction solar cell and front grid interconnect (Figure 22) of 64 cm?, comparing two catalyst
systems (Ni/KOH/Ni) and (Pt/H2S04/IrOx), adapted from ref. 36.
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Fig. 24 Photographs of the NiMo (HER) and NiFeOx (OER) catalysts deposited on 50.3cm? round Ni
sheets for application in the PV-EC cassette system (Fig 9)
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Fig 25 Current density-voltage curves of the catalyst systems Ni/Ni (blue triangles), IrOx/Pt (black
squares) and NiFeOx/NiMo (red dots). The thermodynamic water splitting potential is indicated at 1.23 V
(vertical guideline). The overpotentials are determined at 10 mA/cm?2 (horizontal guideline), adapted from
ref. 37.
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Fig. 26. Current-voltage curves of a coupled PV-EC system in the cassette (Fig. 9) under AM1.5 illumination
in 1 M KOH with a triple junction solar cell (64 cm?) comparing the catalyst systems NiMo/NiFeOx and
Pt/IrOx. The current at zero bias (V = 0 V, vertical guideline) is the operating current for unbiased, light
induced water splitting. The different operating currents and resulting solar-to-hydrogen efficiencies are

indicated (nstH(NiMo/NiFeOx) = 5.1 (+ 0.1)% and nstH(Pt/IrOx) = 4.8 (+ 0.1)%), adapted from ref. 37.
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Fig. 27 Operation temperature Top dependence of

— (a) current—voltage curves of an a-Si:H/a-Si:H/uc-
'g Si:H triple junction solar cell (b) the cathodic and
< anodic current—voltage dependence of the Pt and
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Fig. 28 Combination of variation in system Fig. 29 Normalized opera'éig)n point current vs.
temperature and illumination intensity for the system temperature Tsys:[*l.
current-voltage curves of an a-Si:H/a-Si:H/uc-Si:H
triple junction solar cell and the electrolysis cell
with (Pt/IrOx) catalysts. The intersection point
between PV cell and EC cell IV curve represent
the operating current of the water splitting device
at the respective intensity and temperature 59,
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Fig. 30 Blue modified spectrum (blue dashed
curve) with an increased average photon energy
of 1.75 eV compared to the AM1.5G spectrum
(black solid curve) with an APE of 1.71 eV. The
incident power of both spectra is 1000 W/m2 [50,

Fig. 31 Solar-to-hydrogen efficiency plotted versus
the average photon energy of the incident
spectrum for a PV-EC device based on an a-
Si:H/a-Si:H/uc-Si triple junction solar cell and the
Pt/IrOx catalyst system. The colors illustrate, which
LED was used to modify the spectrum and to
achieve the respective APE 59,
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-16 . . . . . Fig. 32 Electrolysis cell with a catalyst system
consisting of NiMo/NiFeOx coated nickel sheet
-1.7- § electrodes. Measurement of the system
RN o i ity e potential vs. time over 6 h for four consecutive
: days at -10 mA/cmz, intersected by 18 h resting
time (no bias and no current flow). The
performance of the Ni/Ni system is shown for

—+— NiMo/NiFeO, day 1 comparison, adapted from ref. 37.
—+— NiMo/NiFeO, day 2

NiMo/NiFeO, day 3
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Fig. 33 (a) Photograph and schematic of the module with three shingled crystalline silicon heterojunction

solar cells. The different solar cells are indicated and were connected using silver paste. The active area

is 58.5 cmz2. (b) Current density-voltage curve of a module with three crystalline silicon heterojunction solar

cells (produced at IEK-5 Photovoltaics), in the ideal case without series resistance losses due to the cell

connection, plotted together with the curves of two catalyst systems in alkaline media.
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