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Bifunctional CoFeVO, Catalyst for Solar Water Splitting by
using Multijunction and Heterojunction Silicon Solar Cells

Minoh Lee,* Xinyu Ding, Swarnendu Banerjee, Florian Krause, Vladimir Smirnov,
Oleksandr Astakhov, Tsvetelina Merdzhanova, Benjamin Klingebiel, Thomas Kirchartz,

Friedhelm Finger, Uwe Rau, and Stefan Haas

Photovoltaic driven electrochemical (PV-EC) water splitting technology is
considered as one of the solutions for an environmental-friendly hydrogen
supply. In a PV-EC system, efficient catalysts are required to increase the rate
of both oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER). Here, the development of a CoFeVO, bifunctional catalyst produced
by a simple electrodeposition method is presented. It is found that after

the water splitting reaction, vanadium is almost completely depleted in the
mixture of elements for OER, while its concentration at the HER catalyst is
similar or even higher after the reaction. For the OER catalyst, the depletion
of vanadium might lead to the formation of pores, which could be correlated
with the activity enhancement. The developed catalyst is integrated into
PV-EC devices, coupled with different types of silicon PV. An average solar
to hydrogen efficiency of 13.3% (9.6 cm? PV aperture area) is achieved with
a shingled module consisting of three laterally series-connected silicon

is one of the pathways among three dif-
ferent solar driven hydrogen production
approaches (i.e., photocatalyst, photoelec-
trochemical,l’! PVI®)), where the PV part as
power supply can be directly connected to
the electrochemical (EC) part.”] Although
water electrolysis can be operated in any
pH condition, efficient and stable cata-
lysts made of earth-abundant materials are
mostly found for strong alkaline electro-
lytes.®l Among the promising candidates
in alkaline electrolysis, inorganic Co-based
compounds have been intensively inves-
tigated due to their reasonable perfor-
mance."% Tron is relatively well known
as a dopant in the Co-based catalysts,
and the activity of Fe-doped Co catalysts
is significantly enhanced by synergistic

heterojunction solar cells.

1. Introduction

Water electrolysis operated with renewable energy is considered
to be an environmental-friendly approach for hydrogen produc-
tion.l The hydrogen can be used as energy storage medium/?
or as industrial raw material, for example, in climate neutral
steel production.®! Photovoltaic (PV) driven water electrolysis
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effects between Co and Fe.l'!! Recently,
it was found that the incorporation of
high-valence vanadium (V) in Co-based
catalysts is beneficial for the oxygen evolution reaction (OER)
performance.l'? It is suggested that V doping may play a role in
adjusting the electronic structure in the Co-based catalysts. In
order to increase the activity of the OER catalysts also ternary
Co—V—Fe compounds have been prepared and investigated.["’]
We have investigated the use of different Co-based catalysts
in bifunctional configuration. A bifunctional configuration (one
type of the catalyst for both, anode and cathode at the same time)
offers a great potential for reducing the cost of catalyst produc-
tion and thus of the entire system.'! The composition of the
binary and ternary catalysts was adjusted according to the metal-
hydroxide (M—OH) bond strength theory.'? Each type of
mixed compound was explored in both OER and hydrogen evo-
lution reaction (HER) in the same alkaline electrolyte. We found
that the sample consisting of CoggFey3Vy10, shows the best
performance (at 10 mA cm™2) with an overpotential of 269 mV
for HER and 266 mV for OER, respectively. An X-ray photoelec-
tron spectroscopy (XPS) analysis has revealed that vanadium is
almost completely depleted in the OER catalyst after the reac-
tion. In combination with the Pourbaix diagram of V species, we
assume that for OER vanadium does not modify the electrical
property,*® the M—OH binding energy,'?? or the coordination
environment in the mixed film?1 as previously suggested.
Probably the dissolution of the vanadium results in the creation
of pores in the mixed catalyst that might be related to the positive
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effects on the OER activity."”l Importantly, this result means
that the “M—OH bond strength theory” may not be applied to
all metals as an experimental design guidance. The bifunctional
Cog¢Fey3V(10, catalyst was integrated into Photovoltaic driven
electrochemical (PV-EC) devices together with different types of
silicon-based PV cells (triple-junction a-Si:H/a-Si:H/uc-Si:H solar
cells and a shingled module consisting of three series-connected
silicon heterojunction (SHJ) solar cells; hereafter denoted as the
shingled module). The initial solar to hydrogen (STH) efficiency
was found to be 76% for the triple-junction thin-film Si approach
and 13.5% for the device using the shingled module.

2. Result and Discussion

2.1. Design of Bifunctional Electrocatalyst by Means of Metal
Hydroxide (M—OH) Bond Strength Theory

The development of a theoretical description of surface reac-
tions on metal-based catalysts has attracted great attention
from many research groups.™® Accurate activity descriptors
can be a useful experimental guide to identify an optimal cata-
lyst. Although there are still some questions on how to predict
an efficient electrochemical water splitting catalyst in alkaline
electrolytes, in many cases the metal-hydrogen (M—H) bond
strength for the HER and the metal-hydroxide (M—OH) bond
strength for the OER are considered significant descriptors.®!
Here, we have used the M—OH bond strength instead of the
M—H bond strength in the development of the bifunctional
catalyst because OER is generally considered to be the bottle-
neck process in electrochemical water splitting systems due to
its slow kinetics involving a four-electron process compared to
the counterpart of HER with a two-electron process.!'’)
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Figure 1. Volcano plot of mass activity for OER as a function of M—OH
bond strength. The M—OH bond strength of two samples prepared in the
current study near the optimal value for the mass activity (137 kcal mol™)
is exemplarily shown (dashed purple lines). The purple dotted oval rep-
resents the range of M—OH bond strengths investigated in the current
study. Note that the values of our samples are only correlated to M—OH
bond strength in x-axis, not for mass activity in y-axis. This figure is com-
piled on the basis of the data given from ref. [12a] (Figure 1). Reused with
permission from ref. [12a]. Copyright, ACS Catal. 2018, 8, 644-650.
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For a series of Co-based mixed catalysts we have calculated the
M—OH bond strength based on the data previously published
by Bockris and Otagawa (see Table S1, Supporting Informa-
tion).?% The volcano plot of mass activity versus M—OH bond
strength is represented in Figure 1. This graph is compiled based
on the data given by Liardet and Hu.'?? Several 3d metal oxide
catalysts and mixed-metal oxide catalysts are predicted with their
mass activity and M—OH bond strength in the volcano plot.
The maximal mass activity is expected at a bond strength of
137 kcal mol™.. The M—OH bond strength of CoO, is calculated
to be 130.4 kcal mol™, positioning in the left branch of volcano
plot, whereas FeO, is located in the right branch of the plot with
a bond strength of 141.8 kcal mol™. The bond strength of VO, is
shown to be 188.5 kcal mol™, which is located on the far right
side in the plot. As shown in Figure 1, two kinds of mixed cata-
lysts (i.e., CoggFey40, with 135 kcal mol™ and Coq¢Fey3V10,
with 139.6 kcal mol™) are positioned near the optimal peak
(137 kcal mol™) suggested by Liardet and Hu."® These two cata-
lysts might be beneficial for OER, and highlighted by the purple
dotted oval. Notably, the values of our samples are only correlated
with M—OH bond strength shown on the x-axis, not for mass
activity shown on the y-axis.

2.2. Realization of an Electrodeposited Bifunctional CoFeVO,
Water Splitting Catalyst

In Figure 2a,b, the overpotentials of all prepared samples are
compared for HER and OER, respectively. To precisely eval-
uate overpotential values, chronopotentiometry measurements
were conducted with three samples each. The values were
extracted at a current density of 10 mA cm™ after initial sta-
bilization. In case of HER (Figure 2a), the overpotential gradu-
ally decreases with an increasing Fe content in the mixed film.
Although Cog¢Fe( 40, shows the best average performance for
HER of three samples (288.7 + 8.3 mV), it is still worth men-
tioning that the best individual sample was found in the batch
of CoggFep3Vp10, (269 mV). Similarly, for OER the average
overpotential decreases with an increasing Fe content up to
30% (Cog gFey3Vo10,). However, further increase of the Fe con-
tent (Cog ¢Fey40,) has negative effect on the OER performance.
This trend in the OER performance quite similarly comes into
line with the prediction by M—OH bond strength. A stability
test was carried out with the Cog ¢Fe, 3V, 10, sample by tracking
the applied voltage at a constant current density of 10 mA cm™.
The corresponding overpotentials of HER and OER are given
in Figure 2b. The overpotentials first gradually decrease and
reach steady-state conditions after =30 min. This stabilization
is perhaps correlated to the dissolution of V (for OER, will be
discussed in the following section) and a rearrangement (e.g.,
redox reaction, dissolution, electromigration) of the catalyst
surface.’!l They are maintaining stable within 2 h.

2.3. Role of Vanadium in Co, ¢Feg 3V ,0, Catalyst: A Forgotten
Pourbaix Diagram

In order to test for relative compositional changes of
Coy¢Fey V10, after the water splitting reaction, XPS analysis

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Electrochemical characterization of the electrodeposited Co-based mixed catalysts. a) Overpotential of HER and OER for the different
catalysts studied. The measurements were conducted with three samples each (size 1.2 cm X 4.6 cm) in 1 M KOH at ambient condition. The values
of overpotential were extracted from chronopotentiometry plots at a constant current density of 10 mA cm™2 after reaching steady-state conditions.
b) Electrocatalytic chronopotentiometry measurement for 2 h with the Coq gFeg 3Vo,0, sample.

was employed (Figure 3). In the XPS spectra of Co 2p, shown in
Figure 3a, two main peaks for Co 2p3, and Co 2p,, are located
at 781.2 and 797.3 eV in the as-prepared sample (red line).?
The peak intensity increased significantly after OER while it
remained similar after HER. Notably, the Co?* peak placed near
7973 eV was shifted to lower energies after OER, which indi-
cates a relative oxidation of Co?" species to Co*". This is con-
sistent with previous results from the literature.® In the case
of Fe 2p, which is shown in Figure 3b, two peaks for Fe 2p; ),
and Fe 2p;;, appeared near 711 and 725 eV.??l Here, no signifi-
cant changes were observed after the water splitting reaction.
Interestingly, the signal near 517 eV in the V 2p;, spectral?’]
(Figure 3c) disappeared after OER while the relative ratio of
vanadium to oxygen increases after HER (from 0.06 to 0.17).

The concentration of vanadium in the catalyst was qualita-
tively investigated by means of scanning electron microscopy
(SEM) and the corresponding energy-dispersive X-ray spectro-
scopy (EDX) analysis. Figure S6, Supporting Information shows
a comparison of the Co, ¢Fe 3V, 0, catalyst composition before
and after water splitting. The different EDX spectra only show
very little variations. The vanadium peak is slightly decreased
after OER, but does not completely disappear. However, this
result is no proof that vanadium is still present on the surface,
since EDX has a relatively large penetration depth (1-3 pm/?’))
compared to XPS (5 nm[®%). To support the V dissolution
hypothesis in OER, we prepared a sample having a higher com-
position of V (Coy(V(40,). The intensity of the EDX V peak was
much higher in the as deposited state compared to the previous
sample (Coq¢Fey3V(10,, see Figures S6a and 7a, Supporting
Information). After OER, the intensity of V peak was severely
reduced. This implies that V is not stable during OER (see EDX
spectrum in Figure S7b, Supporting Information).

The dissolution of V is supported by the Pourbaix diagram
(E-pH), which can be very helpful to elucidate the inorganic
solution chemistry of the various chemical elements. This dia-
gram, however, has not been much considered as guidance in

Adv. Mater. Technol. 2020, 5, 2000592

2000592 (3 of 9)

the water splitting field to date. Figure 4 shows the different
vanadium species as a function of pH value (x-axis) and voltage
with respect to the standard hydrogen electrode (SHE; y-axis).
The red dashed box placed on the right side in Figure 4 indicates
the region where water splitting occurs (pH: =13.6). The black
dashed diagonal lines over the whole pH range represent OER
(upper dashed line) and HER (lower dashed line), respectively.
The dashed lines are drawn according to the equilibrium poten-
tials (E,q) listed below, which are determined on the SHE scale.

HER : Foq (V) =—0.059 V x pH (1)
OER : Eeq (V)=-0.059 VX pH+1.23V 2)

Note that the E.q shifts with varying pH while the potential
difference between OER and HER stays constant at 1.23 V for
any pH value.”’) The Pourbaix diagram shows that vanadium
is present in the ionic state (VO,3") under OER conditions,
while it is in a solid state (V,03 phase) under HER conditions.
That means, vanadium is thermodynamically unstable for OER
conditions at high pH values and can be dissolved from the
anode (CoggFe(3V(10,) into the electrolyte. This is consistent
with the measured XPS spectra of V 2p (cf. Figure 3c). How-
ever, the Pourbaix diagram was not considered in the previous
studies,[121316.28] thereby they concluded the synergetic effects
by vanadium doping as a reason of enhancement of OER
activity. Although they proved the existence of V, mostly orig-
inal (as-prepared) samples were considered for the prediction
and experiments. Also, possibly the samples might be investi-
gated after precipitation of V (or intermediate/internal migra-
tion state prior to dissolution) during the in-situ and ex-situ
measurements (after OER). V can also remain in the catalyst
after OER because the inner part of catalysts can be imper-
meable to the electrolytes from the barrier of evolved gases/
or mass transfer limitation. In contrast to the explanations of
the synergetic effects by vanadium doping, we assume that the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Investigation of the CoggFeq3V(10, catalyst by XPS analysis.
XPS spectra of a) Co 2p, b) Fe 2p, c) V 2p and O 1s of CoggFeq3Vy10,
before and after water splitting reaction.

improvement of OER activity by increasing the amount of vana-
dium in the catalyst (CoggFey3V(10,) could be related to the
formation of pores that are created by the dissolution of vana-
dium from the mixed film.l”] However, further in-depth investi-
gations are required to explore the exact mechanisms.
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2.4. Integration of Catalyst into PV-EC Devices

We either used PV cells (or modules) with a vertically inte-
grated multijunction structure or a laterally series-connected
structure to provide the voltage (>1.6V) required for the realiza-
tion of spontaneous (bias-free) PV-EC devices.?! In this study,
three different types of Si PV (a-Si:H/a-Si:H/uc-Si:H thin-film
cells, a-Si:H/uc-Si:H/uc-Si:H thin-film cells, and the shingled
module consisting of three series-connected SHJ solar cells)
were prepared for the integration in three different device con-
figurations. In all devices the Cog Fe( 3V 10, mixed catalyst was
chosen since it offers the lowest total overpotential (calculated
by sum of each half reaction) among all investigated CoFeVO,,
catalysts. Even though the error deviation of the Cog ¢Fe 3V, 10,
catalysts for both OER and HER is shown to be larger than for
other catalysts, the overpotential of Coy4Fey3V(;0, shows the
lowest value even at the worst case for OER, and shows com-
parable values for HER. The different devices are compared to
each other and to literature values as well (see Table S3, Sup-
porting Information).

Figure 5a shows a schematic image (inset; optical photo-
graphy) of the type I PV-EC device, which consists of triple-
junction thin-film silicon solar cells as power source and
Coy¢Fen3V(10, as catalyst for water electrolysis. The PV part
(1.5 cm? active area), which is completely separated from the
electrolysis reaction chamber (Figure S11, Supporting Infor-
mation), is connected to the EC part (catalysts each 1.85 cm?
active area) by a pin-contact. A cross-sectional schematic image
(Figure 5b) of an integrated PV-EC device (type 1) is given, and
the respective [-V characteristics of the PV part and the EC part
are shown in Figure 5c. The I-V characteristic of the EC part
was drawn in reverse direction with respect to the voltage axis
in order to find the intersection point, where both -V curves
of PV and EC meet. In general, the intersection point can be
considered to be the operation current of the integrated PV-EC
device under unbiased conditions. In case of the a-Si:H/a-
Si:H/uc-Si:H cells, the operation current was expected to be
Iop,pre = 8.76 mA, which is much higher than the expected oper-
ation current of the configuration using the a-Si:H/uc-Si:H/uc-
Si:H PV cells (I =0.70 mA).

Even though a-Si:H/uc-Si:H/uc-Si:H solar cells have a
higher short circuit current J. than the a-Si:H/a-Si:H/uc-Si:H
solar cells, the photovoltage of the former type of cells is not
sufficient for an efficient spontaneous operation. Therefore, we
selected a-Si:H/a-Si:H/uc-Si:H PV cells as power source for the
integrated PV-EC device (type I). As shown in Figure 5d, the oper-
ation current of an integrated PV-EC device was monitored
(left y-axis) for 2 h under 1 sun of AM1.5G illumination inten-
sity without assistance of additional bias. The operation cur-
rent was I, = 8.88 mA at the beginning of the measurement,
which is close to the predicted value from the intersection point
(8.76 mA). The operation current continuously decreased with
time and finally reached I, = 6.78 mA. In order to investigate
the reason for the significant operation current decrease, we
monitored the current density of a-Si:H/a-Si:H/uc-Si:H cell
at maximum power point V., (175 V), which is gener-
ally close to the operation voltage in the integrated PV-EC
water splitting device. Here, a strong decrease of the cur-
rent is observed for the 40 h operation time (cf. Figure S12a,

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

1.4

www.advmattechnol.de

1.2
1.0
0.8
0.6
0.4}

= 0.2

~

w O
-0.2
-0.4
-0.6
-0.8
-1.0

-1.2 I :

V40 42%(2)
colorless

Reaction I

region ~T==’

0, .
H O™ =~ --.

V40,4
colorless

N OER

V40902+(?)

brown

Figure 4. Pourbaix diagram of V species compiled from the data given in ref. [24] (Figure 1.20 in page 19). Reproduced with permission.?l Copyright

2012, Springer.

Supporting Information). Additionally, we also compared
the I[-V characteristic of a separate a-Si:H/a-Si:H/uc-Si:H
cell after preparation, after 40 h continuous illumination and
after an additional resting time of 5 min without illumination
(cf. Figure S12c, Supporting Information). The current den-
sity of the solar cell at Vp,,,, 1.75 V decreases significantly after
40 h of operation (=54% decrease; from 6.45 to 2.95 mA cm™2),
mainly due to a decrease of the open circuit voltage V,, while
the short circuit current density J,. is much less affected (from
741 to 735 mA cm™2). The decrease of the V. upon a tempera-
ture increase in similar a-Si:H/a-Si:H/uc-Si:H device structures
as used in the present study has been investigated recently.*"!
Based on the strong difference between the current densities at
short circuit (Ji) and at Vi, STH efficiency loss would not be
closely correlated with solar to electricity efficiency loss. After
5 min without illumination, the current density at 1.75 V was
partially recovered. This temperature induced “metastability”
indicates how the a-Si:H/a-Si:H/uc-Si:H PV used here is very
sensitive to the temperature or a mixture of temperature and
bias (especially to the V. in the device). Therefore, we must be
cautious to precisely measure the STH efficiency of a-Si:H/a-
Si:H/uc-Si:H-based integrated PV-EC water splitting devices.
Details of the measurement conditions such as illumination
intensity and time, self-healing of PV due to the preparation
time for the measurements; mounting PV to holder, refilling
the electrolyte, and connecting electrical line etc. can affect the
real temperature of the solar cell which in turn can significantly
influence the performance of the integrated PV-EC device.

In order to verify our assumption of temperature dependent
degradation, we prepared an integrated PV-EC device (type II)
composed of the a-Si:H/a-Si:H/uc-Si:H PV and the
CoyFe( 3V 10, catalyst. Contrary to the PV-EC device (type I),
the PV is positioned in the electrolyte for better thermal con-
tact. The schematic cross-sectional view of the PV-EC device
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(type 1I) is represented in Figure 6a. Corresponding photo-
graphs with back side view (EC side) and front side view (PV
side) are shown in Figure 6b,c, respectively. The operation cur-
rent of the PV-EC device was measured for 2 h (Figure 6d).
The operation current was quite stable for the first (below =1%
loss; from —3.11 to —3.08 mA) and the second (=2.6% loss; from
—3.08 to —3 mA) hour of operation. The reason of the decrease
in current density after around 80 min might be due to the bub-
bles effect (attached—decrease in current, detached—increase
in current).?) Noticeable is a clear difference in performance
between the PV-EC devices (type I and type II), depending on
where the PV device is located, which supports our assumption
regarding the importance of thermal coupling for the a-Si:H/a-
Si:H/uc-Si:H PV-powered water electrolysis devices.

In order to achieve higher STH efficiencies, we finally pre-
pared a PV-EC device (type III) where three series-connected
SHJ solar cells were combined to the shingled module and con-
nected to the CogsFey3V(10, bifunctional catalyst. SHJ solar
cells give already higher solar to electricity efficiencies com-
pared to triple-junction thin-film silicon solar cells (here =20.3%
compared to =11% of type I and type II devices). However, they
cannot supply enough photovoltage with only one cell. Thus,
we used a series connection of three cells for water splitting.
The PV module, which is positioned outside of the EC part, is
connected to the catalysts with an electrically conductive wire
(see the schematic illustration in Figure 7a). Figure 7b shows
the operation current I, of the PV-EC device for 2 h. The device
exhibits a quite stable operation with an average operation cur-
rent of —103.92 mA within the 2 h, which corresponds to an
STH efficiency =13.3%. Although the STH efficiency is not a
record value compared to literature, the result is a promising
demonstration among SHJ powered water splitting devices of
this size (PV: 9.6 cm?) utilizing an earth-abundant bifunctional
catalyst.

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
MATERIALS
TECHNOLOGIES

www.advmattechnol.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

~rm

Triple-junction Si solar
Measuring module

e

Electrocatalyst
(Cog6Fey5V0.10,)

action chamber

Electrolyte

output
kN

Electrolyte
input

Membrane
holder

Gasket EC part

Glass
sealing

b)

Solid body

Anion exchange membrane
Electrolyte (1M KOH)

Catalysts on nickel sheets

Pin contact

Back contact (AZO/Ag/AZO)
Deliberate short between back and front contact
Triple junction Si solar cells

Front contact (FTO)

Glass

* 4+ *

Light illumination

c) — e
—EC (CopgFeg3Vo.10,) —_
L —— PV (a-Si:H/a-Si:H/uc-Si:H| i << I
ST E:—S::H/ic-ISi:Hsﬁc-ISi:&) E &,
T 571 - E
E0 1z 1?2
= o o)
g 5 1 2 T—%T 8
3 S 178
-10 | ® gl PV EC T
g / &
8 o« < 4
-15¢ 1 . L L ] -10 L L L L L L L] 8
0.0 0.5 1.0 1.5 2.0 25 0 20 40 60 80 100 120
Voltage V [V] Time ¢ [min]
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(left y-axis) and corresponding STH efficiency (right y-axis) of PV-EC device as a function of time under unbiased (V =0 V) condition. Triple-junction
Si solar cell (a-Si:H/a-Si:H/uc-Si:H PV: 1.5 cm?) as power source and CoggFeq3Vo 0, (EC: 1.85 cm?) as electrocatalysts for water splitting were
used. The faradaic efficiency was assumed to be 100%. All the experiments were carried out under 1 sun of AM1.5 illumination intensity in 1.0 m
KOH at room temperature.

3. Conclusion

In the present study, a series of Co-based bifunctional cata-
lysts were successfully prepared by electrodeposition. The
metal-hydroxide (M—OH) bond strength theory was used to
design the mixed metal catalyst films. The Cogg¢Fey3V(0,
sample showed the lowest overpotentials of 269 and 266 mV
(at 10 mA cm™?) for HER and OER, respectively. According to
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the XPS analysis, vanadium is strongly depleted after OER.
This result is in contradiction with previous studies where syn-
ergetic effects by vanadium doping were proposed as a reason
for the enhancement of OER activity by vanadium incorpora-
tion. Together with the Pourbaix diagram of vanadium species,
we conclude that the depletion of vanadium might lead to the
formation of pores, which could be a factor to improve OER
performance. It is worth emphasizing that our work proposes

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Integrated PV-EC device (type Il), where the PV cell is immersed in the electrolyte for cooling purposes (PV: 0.5 cm? active area, EC: both
2 cm?). a) The schematic cross-sectional view of the PV-EC device (type I1), and the corresponding photographs. b) Back side view (EC side) and c) front
side view (PV side). d) Chronoamperometry measurement (left y-axis) and corresponding STH efficiency (right y-axis) of integrated PV-EC device (type
1) as a function of time under unbiased (V = 0 V) condition. Triple-junction Si solar cell (a-Si:H/a-Si:H/uc-Si:H PV: 0.5 cm?) and Cog¢Fe3Vo,0; (EC:
2 cm?) were used for spontaneous water splitting. The faradic efficiency was assumed to be 100%. The experiment was carried out under 1 sun of AM1.5
illumination intensity in 1.0 m KOH at room temperature.

the change of the prevailing view of addition of V as a dopant,  separated from the electrolyzer (type III). For type I, the initial

and the more important message would be that the “metal-
hydroxide (M—OH) bond strength theory” might not be applied
to all metals as an experimental design guidance.

Three different types of PV-EC device were developed. The
first concept is based on triple-junction thin-film silicon solar
cells completely separated from the electrolyzer part (type I),
the second based on triple-junction thin-film silicon solar
cells completely immersed in the electrolyte for thermal cou-
pling (type II) and the last one based on a SHJ] mini module

STH efficiency (7%) continuously decreased within 2 h (5.6%
after 2 h). The main reason was probably the light induced tem-
perature increase on the PV part. The STH efficiency loss has
significantly decreased by immersing the PV part directly in the
electrolyte for the type II device. Here the STH efficiency was
only slightly decreased from 7.6% to 74% within 2 h. Finally, in
order to realize a high STH efficiency, we employed a SH]J shin-
gled module with three series-connected cells. Here a stable
average STH efficiency of 13.3% was achieved for 2 h.

a) Light illumination b)
-40
‘ ‘ ‘ Front contact T 16 =
o =] Crystalline Si solar cells £ &
e l T e Back contact :8* 60r 18 5
5 )
E. B 3 -80 10 _é
5l 0 %g |3 5 §
5o Oo,|3 2 {12
% © Electrolyte (1M KOH) g-mo . E
I 3 Catalysts on nickel foam O 114
120 0 20 40 60 80 100 120

Time ¢ [min]

Figure 7. Integrated PV-EC device (type I1l) consisting of the shingled module (three series-connected SH) solar cells, total PV area: 9.6 cm?) and the
Cog ¢Feo3Vo10y bifunctional catalysts (EC: 120 cm?). a) Schematic illustration of integrated PV-EC device where the shingled module is connected to
the CoggFeq V10, bifunctional catalyst with wire. b) Operation current (left y-axis) and the corresponding STH efficiency (right y-axis) of integrated
PV-EC device (Ill) as a function of time under bias-free (V = 0 V) conditions. The faradaic efficiency was assumed to be 100%. The experiment was
carried out under 1 sun of AM1.5G illumination intensity in 1.0 M KOH at room temperature.
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4. Experimental Section

Fabrication of Triple-Junction Si Solar Cell: Two different types of triple-
junction Si solar cells (a-Si:H/a-Si:H/uc-Si:H and a-Si:H/uc-Si:H/uc-
Si:H) were prepared on the F-doped SnO, (SnO,:F) coated glass
(10 X 10 cm?). All the thin-film Si layers were deposited by means of
plasma enhanced chemical vapor deposition (PECVD). A layered stack
of Al-doped ZnO and Ag (ZnO:Al/Ag/ZnO:Al) were deposited as back
contact through radio frequency magnetron sputtering. More detailed
information regarding preparation of thin-film Si solar cells can be found
in some of our previous works.?*32

Fabrication of Silicon Heterojunction Shingled Mini Module: SH) solar
cells were prepared on n-type double side textured Czochralski (CZ) M2
silicon wafers with the thickness of 1770 um. The wafers were chemically
cleaned with RCA Standard Clean 1 (NH,OH: H,0,: deionized water),
RCA Standard Clean 2 (HCl: H,0,: deionized water) and subsequently
dipped into 1% HF solution for 5 min to remove the surface oxide.
Passivating and doped amorphous silicon layers were deposited with
PECVD at 200 °C in rear junction configuration. Approximately 90 nm
thick indium tin oxide (ITO) layers were deposited with magnetron
sputtering on top of thin-film Si-doped layers on both sides of the
device. The cells were finalized with Ag screen printed contacts. The
mask for screen printing was designed to achieve a number of individual
cells with an area of 17 x 21 mm, each with one busbar at the top and
bottom side of the device. The cells were cut out of the wafer with laser
and characterized individually. After selection the cells were soldered
with aid of low temperature soldering paste in shingled configuration
to prepare a module with the required number of cells. The bottom
busbar of one cell has been soldered to the top busbar of the next cell
in the overlapping region. The module was finalized with copper ribbon
contacts soldered to the busbars at the edges.

Preparation of Electrocatalyst: In the present study, all mixed
metal catalysts were prepared by electrodeposition. A two-electrode
electrochemical system was utilized for the electrodeposition where
nickel sheet and carbon rod were used as working and counter
electrodes, respectively. As shown in Table S2, Supporting Information,
five different types of catalysts were prepared under the same conditions
based on a different composition ratio. For the preparation of the
precursor solution, CoSO, (Acros Organics, Finland, 99%), FeSO,-7H,0
(Sigam-Aldrich, USA, 99%) and VOSO, (Alfa Aesar, USA, 99.9%) were
weighed according to their molar mass. The mixed precursors were
added in 200 mL of deionized water. Prior to electrodeposition, Ni
sheet was cut into 46 mm x 12 mm pieces and carefully cleaned with
diluted hydrochloric acid (3 m HCI), ethanol, and deionized water in
an ultrasonic cleaning bath. Subsequently, the substrates were dried
in ambient air. At the beginning of electrodeposition, nitrogen was
blown into the precursor solution for 10 min to prevent the unexpected
oxidation of metal ions in the solution. The electrodeposition was
carried out with a potentiostat/galvanostat (Gamry Instruments,
Reference 600) applying constant current density of =60 mA cm™ at a
temperature of 60 °C. The deposition time was maintained at 1 min for
all cases.

Electrochemical Measurements: All measurements were conducted
with potentiostats (Gamry Instruments Reference 600, 1010E, and
source measure unit) in a three (or two) electrode configuration. Pt
foil and Ag/AgCl (3 m KCI) were used as the counter and the reference
electrode, respectively. The potential measured with Ag/AgCl reference
electrode was converted to a reversible hydrogen electrode (RHE)
potential according to the following formula, E (vs RHE) = E (vs Ag/AgCl)
+ 0.21 + 0.059 V x pH. Notably, no ohmic voltage loss (iR drop) was
compensated here because such a loss cannot be ruled out in a real
PV-EC system. The integrated PV-EC device was measured with
an in-house built sun simulator at AM 1.5G (1 sun; 100 mW cm™,
25 °C) spectrum conditions. The STH efficiency was calculated using
Equation (3) assuming a faradaic efficiency of 100%.

I1x(1.23V)xn¢
AM1.5G
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Where | is operation current of the device, Epermo (at 25 °C) =1.23 V,
N is the faradaic efficiency, Py is incident illumination power density
(100 mW cm?), and A is the active area of PV.

Spectroscopy Characterization: XPS measurements were conducted
with a MULTIPROBE MXPS system from Scienta Omicron, which is part
of the JOSEPH cluster system in the research center Jiilich. The system
uses an XM 1000 AlKor X-ray source operated at 300 W. The resultant
spectra are collected in constant analyzer energy mode with an ARGUS
hemispherical electron spectrometer. Path energies of 100 eV for the
survey spectrum and 20 eV for the high-resolution spectra were used.
Binding energies were referenced to the C 1s peak at 285 eV. Intensities
for oxygen and vanadium were determined by measuring the area
of each peak, after subtracting a Shirley-type background and fitting
the experimental curve to a combination of Lorentzian and Gaussian
lines with a fixed proportion of 30:70. Following the procedure given in
ref. [22], the spectra of Co 2p and Fe 2p were corrected for the Auger
LMM peaks that each metal has in the 2p energy range of the other
metal. To perform the correction the ratio of Auger to metal 2p peak area
was determined on FeO, and CogV,0, samples treated in the same way
as the catalysts. Then the intensities of Co 2p and Fe 2p were determined
from the integrated peak area (without a fitting procedure) corrected by
the LMM area of the respective other metal. In addition, for the Co 2p
and Fe 2p spectra depicted in Figure 3 the scaled signal of the LMM
peak of the other element (determined on the reference samples) was
subtracted.

The surface state of the samples was investigated using grazing
incidence X-ray diffraction (GIXRD, Empyrean (Malvern Panalytical
GmbH)) with CuKe radiation (45 kV/ 40 mA). For the investigation of
the surface topography and the composition of the samples, a scanning
electron microscope (SEM, FEI Magellan 400 at accelerating voltages
of 20 kV) equipped with EDX (Oxford X-Max 80 mm?2) analysis was
carried out.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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