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a b s t r a c t

Direct solar-to-hydrogen conversion via water splitting was demonstrated in an integrated photovoltaic–
electrochemical (PV–EC) device using a hydrogenated amorphous silicon thin film tandem junction (a-Si:
H/a-Si:H) solar cell as photocathode. The solar cell was adapted to provide sufficient photovoltage to
drive both the hydrogen and oxygen evolution reactions. The best results, in terms of photoelec-
trochemical stability and performance, were obtained with an Ag/Pt layer stack as H2 evolving photo-
cathode back contact and with a RuO2 counter electrode for O2 evolution. Under irradiation by simulated
sunlight (AM 1.5 spectrum with 100 mW/cm2), we achieved 6.8% solar-to-hydrogen efficiency at 0 V
applied bias in a two-electrode set-up. This sets a fresh benchmark for integrated thin film silicon tan-
dem based photoelectrochemical devices. In addition, the photovoltage at constant current (�3 mA/cm2)
was measured over a prolonged period of time and revealed an excellent chemical stability (operation
over 50 h) of the photocathode. Furthermore, we present an empirical serial circuit model of the PV–EC
device, in which the corresponding photovoltaic and electrochemical components are decoupled. This
allows for a detailed comparison between the solar cell and the PV–EC cell characteristics, from which
the relevant loss processes in the overall system could be identified. The model was further used to
compare calculated and measured photocurrent–voltage characteristics of the investigated PV–EC device
which showed excellent agreement.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Solar-driven hydrogen production via water splitting using
sunlight as the only energy input holds great promise as a sus-
tainable energy source which allows for the direct conversion and
storage of energy in the form of a chemical bond, namely H2. It
addresses the need to produce storable fuels from fluctuating
renewable energy sources and may pave the way for future com-
mercial applications [1–3]. The technical and commercial viability,
however, is closely linked to the efficiency and cost-effectiveness
of such energy concepts. Integrated semiconductor based photo-
electrochemical systems may provide adequate candidates and
have recently been attracting considerable interest among
research groups worldwide [4].

Electrochemical photolysis was first reported by Honda and
Fujishima in 1972 using TiO2 [5]. Since then, a variety of semi-
conducting materials and device configurations have been
B.V. This is an open access article u
examined for their usability as photoelectrodes for solar water
splitting [6,7]. The main requirement to the photoelectrodes is to
generate a photovoltage well above 1.23 V, which is the minimum
thermodynamic potential difference under standard conditions to
produce H2 and O2 from water (disregarding overpotential losses,
typically in the range of 40.4 V [8]) via the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). Once a
sufficiently high photovoltage is exceeded, the efficiency of the
process is determined by the photocurrent density provided by the
photoelectrode. Furthermore, the electrode has to be stable under
the rough conditions present during gas evolution in aqueous
electrolytes or it has to be covered by a protective coating [9].
Examples for investigated photocathodes are III–V semiconductors
(e.g. InP [10], GaP [11], GaInP2 [12]), crystalline Si [13–15], V–I
dichalcogenides [16–19] and CuInxGa1�xSe2 [20]. Candidates for
photoanode materials are mainly metal oxides (e.g. Fe2O3 [21],
WO3 [22], and BiVO4 [23]) due to their stability under oxidizing
conditions. Wide band gap single junction absorber materials may
provide enough photovoltage, but suffer from low photocurrents,
and therefore exhibit low efficiencies. In contrast, photovoltaic
(PV) based tandem structures which combine two solar cells in
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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series, hold great promise for direct applications in photoelec-
trochemical water splitting devices. Tandem structures can gen-
erate a photovoltage large enough to operate a photoelec-
trochemical cell (PEC) system without an external bias and allow
for a more efficient utilization of the solar spectrum and hence the
generation of higher photocurrents [24–26].

To date, standalone solar water-splitting systems have only
been reported for III–V semiconductors [12,27], triple junction
solar cells [28], or for PEC systems, which use tandem structures as
additional bias for a photoactive metal oxide anode [23,29,30]. The
widespread use, in particular of III–V semiconductor structures, is
however still hampered by stability issues and cost limitations. In
this regard, silicon based thin film technology, which stands out
due to its chemical resistance, earth abundance and low cost
production [13,31] may present a promising pathway to sustain-
able solar hydrogen production. Therefore, the main focus of this
study is the implementation and characterization of a high pho-
tovoltage (VOC¼1.87 V) amorphous silicon tandem junction solar
cell as photocathode in a PV–EC device, in terms of chemical sta-
bility and performance. Moreover, to elucidate the overall behavior
of the PV–EC device, a detailed loss analysis was performed based
on an empirical serial circuit model. This will allow to closely link
the photovoltaic (PV) performance of the used solar cell with the
photovoltaic–electrochemical (PV–EC) behavior of the integrated
device.
0

2. Material and methods

The tandem junction photocathode, as shown in Fig. 1, was
made in a p-i-n-p-i-n superstrate configuration and was deposited
on 100 cm2

fluorine-doped tin oxide (SnO2:F) coated glass sub-
strate (Asahi U). Both intrinsic a-Si:H sub cell absorber layers were
deposited at a substrate temperature of 130 °C and a silane con-
centration of 4% from silane-hydrogen gas mixture using a plasma
enhanced chemical vapor deposition (PECVD) process. Top and
bottom cell had a thickness of 90 nm and 400 nm, respectively.
Details on the preparation of thin silicon layers and solar cells can
be found elsewhere [32]. Ag and Pt metal layers were deposited by
means of electron beam evaporation at a thickness of approxi-
mately 700 nm and 50 nm, respectively. A 80 nm thick sputtered
aluminum doped zinc oxide (ZnO:Al) layer between the silicon
and the Ag layer helps in reducing optical losses in the device [33].
As depicted in Fig. 1, the metallic layer at the rear side functions as
light-reflecting back contact and at the same time as electro-
catalyst for the HER. In this regard, a double metal layer back
contact structure of Ag and Pt was applied on the a-Si:H/a-Si:H
photocathode. A 700 nm thick Ag layer was used to ensure a good
reflectivity of the incoming light, and thus allow for a high pho-
tocurrent. A thin Pt layer (50 nm) was deposited on top of the Ag
layer as a catalyst for the HER. The back contact additionally
protects the ZnO:Al layer from the acidic electrolyte.
Fig. 1. Schematic drawing of the integrated PV–EC device under operation with the
a-Si:H/a-Si:H photocathode and a RuO2 anode. Hydrogen evolution occurs at the
rear side of the a-Si:H/a-Si:H photocathode.
The solar cell was characterized by current–voltage (J–V)
measurements under AM 1.5 illumination using a double source
(Class A) sun simulator. The photoelectrochemical performance of
the electrodes (photocathode and anode) was evaluated at room
temperature in an aqueous 0.1 M sulfuric acid (H2SO4) electrolyte
solution using three-electrode and two-electrode configurations
[34]. The photocathode was illuminated with a sun simulator
(Newport Oriel LCS-100) with AM 1.5 G filter (100 mW/cm2). The
set-up of the self-built electrochemical cell consisted of a Teflon
cell body and two or three-electrodes, respectively: a working
electrode (a-Si:H/a-Si:H photocathode, 8 mm diameter), a counter
electrode, composed of a ruthenium oxide (RuO2) coated titanium
sheet (15 g/m2 RuO2, supplied by Metakem) and, for the three-
electrode measurements, a Ag/AgCl reference electrode being in
contact with 3 M sodium chloride (NaCl). The potential of the
working electrode was controlled by a potentiostat (Metrohm,
mAutolab Type III). The distance between the working and the
counter electrode was about 20 mm. Electrical contact to the
SnO2:F coated substrate, i.e. the front contact of the photocathode,
was made by a silver paste.

Under operation of the PV–EC device the electrons are injected
from the rear side (Pt layer) of the photocathode into the elec-
trolyte for the HER (see Fig. 1) and thus the holes are transferred
from the TCO front contact (SnO2:F) of the photocathode to the
anode (RuO2) for the OER. Both electrodes are separated through
an electrolyte (0.1 M H2SO4). This configuration offers the advan-
tage that the light enters the photocathode through the glass
substrate without being attenuated by a surrounding medium (e.g.
the electrolyte or gas bubbles).
3. Results and discussion

3.1. a-Si:H/a-Si:H photocathode

The photovoltaic performance of the investigated a-Si:H/a-Si:H
tandem solar cell along with the photovoltaic parameters is shown
in Fig. 2.

The tandem solar cell was developed with focus on high pho-
tovoltage in order to be suitable for water splitting [32]. The cell
has an electrical conversion efficiency of 9.9% and provides a high
VOC of 1.87 V and a JSC of 6.8 mA/cm2. The PV–EC device operates
most efficiently at the maximum power point of the correspond-
ing solar cell, i.e. below 1.6 V (Vmpp). The water splitting reactions
require a potential of 1.23 V. Hence, additional losses in the PV–EC
system should not exceed 370 mV (1.6–1.23 V). A detailed analysis
of the relevant loss processes will be discussed in Section 3.3.

For water splitting applications highly stable photoelectrodes
are desirable. As can be seen in Fig. 1 the Pt contact is the only part
of the photocathode that comes into contact with the electrolyte.
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Fig. 2. Photocurrent–voltage measurement of the investigated a-Si:H/a-Si:H tan-
dem junction solar cell with a ZnO:Al/Ag back reflector.
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Fig. 3. (a) Chronopotentiometry measurement of the a-Si:H/a-Si:H photocathode
with Ag/Pt contact at a constant photocurrent density of �3 mA/cm2 in a three-
electrode configuration. The measurements were conducted in a 0.1 M H2SO4

solution. The arrows indicate electrolyte refills. (b) Cyclic voltammetry measure-
ment before (black solid curve) and after the 50 h stability test (red dotted curve) of
the investigated photocathode. The measurements were conducted in a 0.1 M
H2SO4 solution at a scan rate of 30 mV/s. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article) .
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Fig. 4. Linear sweep voltammogram of the a-Si:H/a-Si:H photocathode with Ag/Pt
contact in a two-electrode measurement set-up vs. a RuO2 counter electrode. The
measurement was conducted in a 0.1 M H2SO4 solution at a scan rate of 30 mV/s.
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Therefore the stability of the photocathode will be determined by
the electrochemical resistance of the Pt contact against (photo-)
corrosion, which was investigated in a three-electrode photo-
electrochemical measurement set-up. Fig. 3(a) presents a galva-
nostatic stability measurement at a current density of �3 mA/cm2.
The measurement reveals that the photocathode provided a stable
potential of around 1.62 V vs. RHE for 50 h of operation. The slow
decrease of the potential is attributed to a decreasing level of the
electrolyte during the measurement. The two distinct potential
steps at 19 h and 43 h of operation, respectively, originate from a
refilling of the reservoir in order to cover the whole back contact
area of the photocathode with the electrolyte again. In spite of
that, the results clearly showed that the Ag/Pt contact effectively
protects the a-Si:H/a-Si:H photocathode against electrochemical
corrosion and ensures a long-term durability of the photocathode.
This result is also confirmed by the cyclic voltammetry measure-
ments, shown in Fig. 3(b), performed before and after the 50 h
stability test. It is apparent, that the photocathode performance
was not affected by the measurement as both cyclic voltammo-
grams perfectly match. The temperature of the electrolyte slightly
changed from 21 °C to 27 °C during the measurement. Related
studies however have shown that only temperature differences
above 40 °C significantly affect the PV performance, and thus, the
PV–EC performance [35].

3.2. Photovoltaic–electrochemical device performance

The solar-to-hydrogen efficiency (ηSTH) of the PV–EC device
based on the adapted a-Si:H/a-Si:H photocathode was evaluated in
a two-electrode measurement set-up with a RuO2 counter elec-
trode (see Fig. 1). Fig. 4 presents the photocurrent density as a
function of the bias potential, applied between the photocathode
and the counter electrode. When the two electrodes were shorted
together (V¼0 V) the measurement revealed that evolution of H2

occurred at a photocurrent-density of 5.5 mA/cm2 under simu-
lated sunlight irradiation (100 mW/cm2). Assuming that the
measured photocurrent corresponds to the molecular hydrogen
generation via proton reduction (100% faradaic efficiency), the
solar-to-hydrogen efficiency of the a-Si:H/a-Si:H device can be
determined using the following equation [36]:

E jpower out
power in total integrated power input density (1)STH

op F
η

η
= =

Δ × ×

ΔE¼1.23 V is the thermodynamic potential required for water
electrolysis at 25 °C, jop is the operating current when both elec-
trodes are shorted, ηF is the faradaic efficiency for hydrogen evo-
lution, and the input power is the incident light intensity.

The calculation based on Eq. (1) yields an impressive solar-to-
hydrogen conversion efficiency of 6.8%, which presents the highest
reported STH value for integrated thin film silicon tandem based
PV–EC devices. For the given arrangement of the device set-up,
using compact and chemically stable electrodes, it can be assumed
that the measured photocurrent can be translated into H2 evolu-
tion yield (ηF¼100%), even though the generated H2 and O2

volumes have not been quantified [37,38]. Faradaic efficiencies of
close to 100% are commonly reported for photoelectrodes based
on semiconductor structures, including Si and InGaAsP [12,39].

Although, the conversion efficiency is remarkable, the opera-
tion point of the PV–EC device does not lie at the maximum power
point or in the photocurrent plateau reaching from 6.2 mA/cm2 to
6.8 mA/cm2. Thus, the losses in the PV–EC device apparently
exceed the 370 mV, mentioned in the beginning of Section 3.1.
Nevertheless, this result provides evidence that the amorphous
silicon tandem junction PV–EC device concept presented in this
study can generate hydrogen without an external bias. A con-
siderably higher solar-to-hydrogen efficiency can be expected by
reducing system losses, e.g. by using higher electrolyte con-
centrations (40.1 M) or by improving the VOC of the corre-
sponding solar cell, which could shift the operation point of the
PV–EC device closer to its maximum power point. The relevant
PV–EC loss mechanisms will be analyzed in more detail in the
following section.

3.3. Empirical serial circuit model

The two-electrode measurement shown in Fig. 4 displays the
overall behavior of the complete PV–EC device. However, this data
does not allow to quantitatively evaluate the individual contribu-
tions of the PV–EC components separately. To do this, the PV–EC



Fig. 5. (a) Simple equivalent circuit of the PV–EC device system, where the four
main components are connected in series: the solar cell (VPV), the Pt layer as HER
catalyst (ηHER), the electrolyte (jR-drop), and the anode for the OER (ηOER).
(b) Current–voltage and photocurrent–voltage characteristics of the main four
circuit components of the PV–EC device: j–V measurement of the a-Si:H/a-Si:H/
ZnO:Al/Ag solar cell (VPV (j), black solid curve), j–V measurement of the RuO2 anode
in a 0.1 M H2SO4 solution at a scan rate of 10 mV/s (ηOER (j), orange dashed curve),
j–V measurement of the Pt HER catalyst layer in a 0.1 M H2SO4 solution at a scan
rate of 10 mV/s (ηHER (j), blue dotted curve), and the resistance of the 0.1 M H2SO4

electrolyte (jR, red dotted line). The j–V characteristic of the PV–EC device (VPV–EC

(j), gray dashed curve) was calculated based on Eq. (2). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article).
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dashed curve) j–V characteristic of the PV–EC device.

F. Urbain et al. / Solar Energy Materials & Solar Cells 140 (2015) 275–280278
device, as depicted in Fig. 1, must be treated as a series connection
of its four main circuit components: (1) the a-Si:H/a-Si:H solar cell
with the ZnO:Al/Ag back reflector, (2) the thin Pt layer, which was
deposited as HER catalyst on top of the ZnO:Al/Ag back reflector,
(3) the 0.1 M H2SO4 electrolyte, and (4) the RuO2 anode. Thus, the
photocurrent–voltage characteristic VPV–EC (j) of the whole PV–EC
device, as measured in a two-electrode set-up, can be calculated
via

V j V j j j j R( ) ( ) ( ) ( ) (2)PV EC PV OER HERη η= − − + + ·−

where VPV (j) is the photocurrent–voltage measurement of the
a-Si:H/a-Si:H/ZnO:Al/Ag solar cell. ηOER (j) is the overpotential for
the OER at the RuO2 anode including the electrode potential for
the OER (1.23 V) and ηHER (j) is the overpotential for the HER at the
Pt layer (measured as Pt electrode alone). Both, ηOER (j) and ηHER (j)
are measured in a three-electrode arrangement. The resistance of
the electrolyte is denoted by R. In order to take the different sign of
the anodic current for the RuO2 anode into account, the corre-
sponding three-electrode measurement has to be mirrored at the
potential axis, i.e. subtracted in Eq. (2). Fig. 5(a) displays the model
underlying series connection of the PV–EC device components.
Similar photoelectrochemical device modeling approaches have
also been shown elsewhere [40–43].

In fact, as also apparent from Eq. (2), the performance of the
PV–EC cell is deteriorated by the relevant loss mechanisms in the
system represented by ηOER (j), ηHER (j), and R: the OER and HER
overpotential of the RuO2 anode and the Pt layer, respectively, and
the ohmic drop due to the resistance of the electrolyte given by
the value of R (21.3Ω cm2, measured by impedance spectroscopy).
To graphically illustrate this and draw the comparison between PV
and PV–EC characteristics, Fig. 5(b) shows the current–voltage and
photocurrent–voltage measurements of the four circuit compo-
nents given above. The hereout calculated photocurrent–voltage
characteristic VPV–EC (j) of the PV–EV device, based on Eq. (2), is
also plotted in Fig. 5(b).

This graph allows for a decoupled evaluation of the photo-
electrochemical and photovoltaic performance of the complete
PV–EC device VPV–EC (j) and of the integrated solar cell VPV (j),
respectively and highlights the main differences between both. It
is apparent that the saturation photocurrent in both devices is
reproduced quantitatively. This was expected because the light
absorption and photogeneration and separation of charge carriers
in the solar cell remains unaffected in the PV–EC device. The fill
factor of the PV–EC device is reduced compared to the PV device,
which is mainly due to the additional resistance of the electrolyte.
The major difference however occurs in the open-circuit voltage of
both devices, which arises from both, the Pt and the RuO2 elec-
trode overpotential losses as a function of the current. Whereas
the a-Si:H/a-Si:H tandem solar cell exhibits a VOC of 1.87 V, the
PV–EC shows an calculated onset of cathodic photocurrent at
around 1.37 V. This voltage corresponds to a voltage drop of
500 mV, which is higher than the threshold value of 370 mV
defined in Section 3.1). This means that for this particular device
configuration (Pt and RuO2 as HER and OER catalysts, respectively)
the photovoltage provided by the a-Si:H/a-Si:H solar cell is not
sufficient to operate the PV–EC device in its maximum power
point and thus, to entirely compensate the overpotential losses.

Fig. 6 presents the comparison between the measured (see
Fig. 4) and calculated photocurrent–voltage characteristic of the
PV–EC device.

It is apparent, that the calculated j–V curve nearly perfectly
matches the experimental data and thus, mirrors the overall
behavior of the PV–EC device. This confirms that the presented
serial circuit model allows both, the separate evaluation of the
losses of the individual PV–EC components, as shown in Fig. 5(b),
and the prediction of the overall PV–EC performance considering
these losses.

The discrepancy in the region from 0.4 V to 0.8 V, may arise
from additional fluctuations in the open circuit potential region
during Pt and RuO2 measurements (see Fig. 5(b)). Additional
fluctuations may arise from interfacial charging effects at the Pt-
electrolyte and RuO2-electrolyte double-layer interfaces, respec-
tively [44].

Overall, the presented empirical serial circuit model offers a
useful and elegant tool to analyze and predict the performance of
integrated PV–EC devices based on experimental data of each
individual functional component. Therefore, as the model allows
for the decoupled evaluation of all functional device components,
one can estimate to what extend an improvement of an individual
component (e.g. VOC and JSC of the solar cell or catalytic activity of
the HER and OER catalyst material) or a reduction of a specific loss
mechanism (e.g. electrolyte resistance or overpotential loss at one
of the electrodes) would improve the overall PV–EC device per-
formance and increase STH efficiency further.

4. Conclusions

In conclusion, a direct solar-to-hydrogen conversion efficiency of
6.8% was demonstrated in a two-electrode-arrangement without any
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external bias using a photovoltaic–electrochemical device based on
an a-Si:H/a-Si:H photocathode with a ZnO:Al/Ag/Pt layer stack con-
tact for the HER and a RuO2 anode for the OER. Additionally, the a-Si:
H/a-Si:H photocathode exhibited a remarkable chemical stability and
demonstrated stable performance for over 50 h under operation at
�3 mA/cm2. Based on an empirical serial circuit model, we identified
the relevant loss processes in the PV–EC device and could calculate
the experimentally measured photocurrent–voltage characteristic of
the PV–EC device with high accuracy. The empirical model suggests
that further improvements in STH efficiency are feasible when losses
are reduced. Nevertheless, our results provide evidence that thin film
silicon tandem structures fulfill the main thermodynamic require-
ments to generate hydrogen under short circuit conditions. The
presented PV–EC device concept therefore may offer an alluring
approach for related research challenges, including catalyst devel-
opment [45], robust surface coating designs [46], or integrated device
architectures [47] all of which strive for low-cost and efficient devices
for solar hydrogen generation.
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