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1. Introduction

Solar-driven water electrolysis has been considered a promising
way of converting light energy to chemical energy, in the form
of hydrogen gas, that can be used in different ways upon
demand.[1,2] Among different types of solar water-splitting

approaches,[3–6] the photovoltaic�
electrochemical (PV�EC) system, or
artificial leaf, has shown the highest
solar-to-hydrogen (STH) efficiency of
over 30%[7] and has been considered
the most appropriate way for commercial-
ization in the near future.[2] Water-
splitting performance of the PV�EC
device is determined by the intersection
of the polarization curve of the electro-
lyzer and the I�V characteristic of the
PV cell or module,[8,9] which sets the
working point of the artificial leaf.[8,10]

It is widely accepted that a lower operat-
ing current density of the electrolyzer,
either by lowering the working voltage or
by vastly increasing the active surface area,
will not only increase longevity of the sys-
tem but also increase the efficiency.[11–13]

However, lowering the working voltage
results in a corresponding decrease in
hydrogen produced and increasing the area

of the catalyst often requires complex coating procedures[14] or an
uneconomical increase in the loading of the catalyst. Most
artificial leaf[15] solar electrolyzers are designed to work on the
premise that the system only generates hydrogen during illumi-
nation and most of them are optimized for a specific irradiance.
However, natural diurnal irradiance variation, sudden drops of
irradiance related to the state of the atmosphere, and, cloudiness
can cause rapid fluctuations of the electrolyzer current that
results in electrode depolarization.[16] Previous research has
shown that the electrolyzer performance and durability can be
adversely affected by on�off cycles[16] and a small protective cur-
rent is recommended to prevent increased catalyst dissolution
due to electrode depolarization caused by voltage cycling.[17]

One straightforward measure to stabilize operating conditions
of the electrolyzer is to include battery storage into the PV�EC
combination, turning it into the PV�EC�Battery (PEB) system,
as demonstrated at the residential system level.[18] In our previ-
ous work,[19] we have explored how storage can be included in a
directly connected PV�EC system. We have shown the feasibility
of unaided operation of a cell-to-cell, directly connected PEB sys-
tem. It has been shown theoretically and experimentally that a
battery connected in parallel to the EC cell can smoothen out
the PV power fluctuations, facilitate power coupling, and even
improve STH efficiency. The latter point shown theoretically[19]

is of particular interest but is yet to be shown experimentally.
Analysis of the PEB system operation shows that the distribution
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Direct solar-powered hydrogen generation (so-called “green” hydrogen) is
promising as a renewable fuel that can be generated anywhere there is sunshine
and water. Many attempts are made to integrate a water electrolyzer (EC) and solar
cell at different levels (a so-called artificial leaf ) to take advantage of the reduced
losses from the lack of wiring and optionally increased portability afforded by an
integrated unit. However, in many cases, EC catalysts degrade as electrodes
depolarize when shut down at night. Much less attention is paid to the need for a
minimum current across the EC under insufficient illumination to prevent
excessive cyclic degradation. Directly coupling a battery to keep an artificial leaf
running at night can address this need and, in theory, also increase solar-to-
hydrogen (STH) efficiency. A seven-cell silicon heterojunction module, two
bifunctional NiFeMo ECs in series, and a commercial Li-ion NMC battery are
selected to provide the same amount of solar output power despite different
working voltages and tested in a series of simulated diurnal cycles. The increased
average STH efficiency per cycle (11.4% vs. 10.5% without the battery) is analyzed
and discussed with implications for future artificial leaf design and implementation.
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of the PV-generated energy over the whole diurnal cycle of
operation results in a noticeable reduction of the power delivered
to the electrolyzer for the same amount of solar energy collected.
This facilitates reduction of the overpotential loss in the electro-
lyzer and consequently increases the overall STH efficiency
despite the voltage loss inevitably associated with the battery
charge�discharge cycle.

In this work, we present an experimental proof of concept of
our previously described theoretical framework[19] by coupling a
solar electrolyzer with a working voltage matched to that of an
appropriately sized battery. We compared two situations using
exactly the same solar electrolyzer setup, under the same dura-
tion of illumination, with and without a battery attached.
By working on both sides of the solar module maximum power
point (MPP), we also exclude effects associated with different
output power to the two systems working at different voltages
by ensuring that the coupling factors of both systems’ working
points are almost identical. Combining a shingled seven-cell sili-
con heterojunction solar module with a pair of Earth-abundant
NiFeMo catalyst[20] electrolyzers in series and, a commercial
Li-ion battery, we show that such a system not only works as
expected but can be done with relatively inexpensive, accessible,
and abundant materials.

2. The Concept

As detailed by Astakhov et al.,[19] if the current from solar illumi-
nation can be stored and used later during the night, a solar
electrolyzer should see efficiency gains from working at a lower
voltage working point. In Figure 1, a battery attached to an arti-
ficial leaf will store part of the charge collected in the day (QB),
to be released to the electrolyzer at night for conversion into
hydrogen (QH2d) at a lower current rate (IECd< IBl), but over a
longer time. By coupling a solar electrolyzer[20] in parallel to a
battery (PEB) of sufficient size and voltage, the total current
density in the electrolyzer can be reduced during illumination
but a higher current is drawn from the PV module. Running
the electrolyzer on the battery-stored energy in the night, all
charge collected during illumination (QB) can be utilized to split
water if the battery has no charge losses, and the discharge

current, IBd,is sufficiently high to release all the charge before
the next cycle.[19]

The first condition is achieved by very high Faradaic
(Coulombic) efficiencies in modern batteries exceeding 99%
per cycle.[21,22] This is especially so for low state of charge utili-
zation and relatively low C-rates (battery charge/discharge rates
relative to 1 h for full charge) for charge and discharge below 1 C.
The second condition is fulfilled when the product IBd� td
equals or exceeds QB after accounting for storage and transmis-
sion losses. In the experiment, we control the discharge time to
achieve exact charge balance to assess the change in STH
efficiency accurately.

In Figure 2a, without the battery, the solar module (PV) only
powers the electrolyzer (EC) under illumination (PECl) to gener-
ate hydrogen (PH2l). With the battery attached, power diverted
from the PV to the battery under illumination (PB) will be used
to power the electrolyzer (EC) in the dark (PECd) and result in
two-time-resolved streams of hydrogen for the light (PH2l) and

Figure 1. Charge conservation and relative current levels within the PEB
test. Ideally charge is conserved by the battery (Area QB¼ Area QH2d) dur-
ing the “day” (tl) and released over a longer time at “night” (td) for one
diurnal cycle.

Figure 2. a) Power flow and b) circuit diagram for the experimental sys-
tem. For the PV�EC test, switch B will be open to exclude the battery. For
the PEB test, both switches will be closed under illumination, and switch A
will be open during the dark period.
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dark (PH2d) times of operation. This is achieved experimentally
with all three components connected in parallel, (Figure 2b) each
having their own respective voltmeters and ammeters (not
shown). Using switches, A and B, we can switch between
PV�EC and PEB tests with and without illumination. With both
switches closed under operating conditions with the battery
attached (PEB) and switch B open for operation without the bat-
tery (PV�EC) as a comparison, to simulate dark conditions with
the battery attached, switch A is opened and the light is turned off
after the illumination step (PEB dark) and the battery discharges
across the electrolyzers.

The experimental setup detailed earlier enables us to realize
the dual modes of operation using a single setup without stop-
ping the experiment to switch between PV�EC and PEB modes
of operation. This enables both respective current�voltage pro-
files detailed in Figure 3a,b to be realized with one setup.
In Figure 3a, showing a PV�EC system, a hypothetical example
EC (black curve) and PV module (red curve) together will result
in a working point at the intersection of the two curves
(WPPV�EC) under illumination. With the onset voltage of hydro-
gen evolution set at the left vertical axis, the area encompassed by
the gray square at the working point represents the total voltage-
related kinetic loss for hydrogen generated at this working point.

Adding an appropriate hypothetical battery (Figure 3b, light
green curve) to transform the PV�EC system in Figure 3a to
a PEB system should shift the working point of the PV�EC sys-
tem under illumination to a lower-voltage working point deter-
mined by where the new load curve (blue curve, EC-B) intersects
the PV curve (WPPEB). The PV current at this lower voltage is
always higher than before due to the shape of the PV curve, even
if it was working at the PV MPP before. The current, however,
is now split between the battery and the EC. The current going
into the EC is determined by the vertical intersection of the new
working point and the initial EC curve with the battery charging
current, making up the difference between these two points. This
results in lower kinetic losses illustrated by the blue overlapping
shaded regions, which sum up to a smaller area than before.
Essentially, adding a battery is equivalent to working above
the EC curve without adding more catalyst or increasing catalyst

loading with the condition that all the current stored is utilized in
the water-splitting reaction later.

In the directly coupled PEB device presented in Figure 3b, the
voltage efficiency loss from the battery charge�discharge overpo-
tential (ΔVbatt) is directly offset by the voltage efficiency gain
from the electrolyzer. The lower PEB working voltage for the
same amount of energy/power input results in an increase in
total current, and thus total charge converted to hydrogen, lead-
ing to a net gain in hydrogen produced.

The working point during illumination shifts from the black
point before attachment (WPPV�EC) to the blue point after attach-
ment of the battery (WPPEB). Working currents with the battery
attached are found from the vertical intersection of WPPEB and
the EC curve and battery charge curve. In the dark, the working
point for the electrolyzer shifts to the intersection between the
battery discharge curve (WPPEB D). Letting the left axis be E0,
where E0 is the reversible cell voltage of water splitting at
standard conditions (in our case, E0 ¼ 2� 1.23V for a pair of
electrolyzers in series), the shaded boxes indicate the kinetic
losses associated with each scenario, while the battery
charge�discharge overpotential is shown by ΔVbatt. Note that
the areas of both rectangles in plot b) are generally not indicative
for the energy analysis because they represent powers acting for
different periods of time.

3. Results and Discussion

The PV component of the system is represented by a seven-cell
silicon heterojunction module (SHJ) minimodule with an open-
circuit voltage of 5.05 V, short-circuit current of 114.9mA, and
19.9% efficiency. The MPP is located at MPP voltage of 4.1 V
and MPP current of 108mA. Current�voltage characteristics of
the PV module are presented by the blue curve (Figure 4). The
EC polarization curve is plotted in gray and mirrored about
the x-axis for clarity with the red line (EC dark) representing the
same curve operating on battery power in the dark.

Connecting only the EC during illumination (PV�EC mode),
an average current of 96mA was measured, passing through
the EC at 4.23 V (gray square, PV�EC EC), while the PV working

EC 

PV

WPPV-EC

EC BatteryEC-B

PV

WPPEB

WPPEB D

MPP

,tnerru
C

I

Voltage, V Vbatt

(a) (b)

Figure 3. Illustrative curves for a photovoltaic module directly paired with a) an electrolyzer (PV�EC) and b) with a battery attached in parallel (PEB).
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point was 96mA at 4.29 V (blue square, PV�ECPV). The PV work-
ing points (blue squares) are not on the curve as these are all mea-
sured in the two-wire mode, whereas the curve is measured in the
four-wire mode, excluding series resistance. Upon connecting the
battery (PEB mode), the PV working point was seen to shift to
4.03 V and 103.5mA (PEB PV), while the EC working point was
3.96 V and 56.2mA (red square, PEBECl) and the battery charged
at 3.96 V and 47.3mA (teal square, PEBBl). For the PEB measure-
ment, this agrees with the concept where the total current is split
between PV and EC during illumination and the operating voltage
is pinned to the lower battery charging voltage.

The PV�EC test ran at a higher voltage than that of the PEB
test, but the total current from the PEB test is higher. The effec-
tive working point of the PEB system exceeds the possible elec-
trolyzer (EC) current�voltage curve during illumination, with
the total current split between the battery and the EC in an
�45:55 ratio.

In the dark, for the PEB mode, the battery discharges through
the EC, resulting in the working points of the battery (PEBBd) and
electrolyzer (PEBECd) overlapping. The EC operates at a signifi-
cantly lower voltage when powered by the battery due to the bat-
tery's inherent overpotential loss. Although there is a loss in
energy from voltage overpotential loss from the battery, this is
exactly compensated by the reduced overpotential loss in the
EC cell, and total overpotential losses during light and dark peri-
ods are the same in the PEB system, as we described in detail in
our previous work.[19] This can be understood simply by consid-
ering the initial PV input potential during illumination, and the
final hydrogen generation potentials are unchanged and are both
independent of the intermediate storage potential.

Using the same solar module and the same electrolyzer under
the same conditions with and without a battery attached is
meaningless without considering the working point and the

corresponding PV coupling factor. Different working voltages
will cause the PV power output to change. Coupling factor
can be thought of as the proportion of maximum power output
of the PV element that is utilized at a constant working voltage
and will determine the total input power into the EC and/or bat-
tery during one diurnal cycle. Coupling factor is related to the use
of the total proportion of the maximum power of the PV input.
Beyond the direct effect on total input power supplied to the elec-
trolyzer and/or battery in the particular illuminated period, cou-
pling has no direct effect on the operation of the EC cell in the
night, while being under battery power. Coupling factor can be
omitted at night, as the PV input is zero. Thus, it is important to
keep a constant coupling factor, C, between both tests defined by
the following relation.

C ¼ Ppv

Pmpp
(1)

where Ppv is the power output at the working point of the PV
module and Pmpp is the MPP power output. Any value below
1 means that the power generation potential of the PV device
is not fully utilized.

To determine the impact on the addition of the battery to the
STH efficiency, the amount of energy delivered by the PV mod-
ule should be the same in both scenarios. This is done by ensur-
ing that the illumination time and the coupling factor of both
modes are as close to identical as experimentally possible.

In Figure 5, we can see that the coupling factors, C, of the
PV�EC test and the PEB tests were almost identical at 0.925
and 0.932 on average. This results in a PV power output that is
almost constant across both tests during illumination despite
the PV�EC working at 4.4 V and the PEB working at �4 V.
The splitting of current between battery and solar cell also results
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Figure 4. Current�voltage curves for the seven-cell PV module and the
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1.5 cm2. The different working points can be seen for both the PV�EC
and PEB modes. The dark operation (subscript d) mode of the PEB setup
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Figure 5. Representative power and coupling factor versus time curves for
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diately connecting the battery and beginning the PEB experiment for the
same amount of illuminated time. Discharge time is automatically deter-
mined by software charge counting and three cycles were run this way,
assuming 100% Coulombic/Faradaic efficiency of the battery.
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in less-noisy power output at the EC cell likely due to lower bubble-
related loss,[23] due to a lower current density across the EC cell in
both the light and dark parts of the test. Software charge counting
was used to automatically determine the time required to discharge
the battery back to its original state of charge to complete a single
diurnal cycle with 100% charge utilization. Note that the variation
of power for the PV�EC system is from 0 to 400mW, while the
power fluctuates between 100 and 220mW for the PEB system.

3.1. Comparing PV�EC and PEB Systems’ Energy Output

By plotting the energy input and output from the electrolyzer of
both systems to the voltage, the difference of the two tests’ run
time can be effectively reconciled. In Figure 6, we plot the solar
energy input as Epv and hydrogen energy output from the electro-
lyzer as EH2 PV. These represent the boundaries of maximum
energy input and output of the system in one diurnal cycle.

Here we can see clearly that the voltage of the PEB
system is always lower than that of the PV�EC system,
thus having a higher electrolyzer voltage efficiency[24–26] through-
out 58.1% compared with 62–65.1% (voltage efficiency¼
E0=VEC � 100%). Furthermore, we can see that the voltage drop
of the battery from charge to discharge is inconsequential as the
electrolyzer runs for a longer time at a lower potential.

Figure 6 also shows that the total amount of energy input into
the electrolyzer for both cases is almost identical with a differ-
ence of 0.6%. The PEB has a slightly lower energy value
(EPEB< EPV-EC) due to the addition of the battery and additional
wiring adding some losses to the system. However, looking at the

amount of H2 produced, there is a total increase in 8.4%
(EH2 PEB> EH2 PV-EC). Due to the lowered working PV voltage
for the PEB system, which is more or less pinned to the charging
voltage of the battery, the nearly identical energy supplied by
the PV module results in a higher amount of charge delivered
to the electrolyzer. Furthermore, the lower current density across
the electrolyzer electrodes leads to more efficient hydrogen pro-
duction. Attaching a battery is thus akin to having a larger- or
higher-efficiency electrolyzer. In the PEB tests, 53.8% of hydro-
gen was produced under illumination and 46.2% was produced
under battery power.

As the x-axis in Figure 6 starts at E0, the voltage between the
y-axis and the two vertical lines in the PEB curve represents
the overpotential losses of the EC for each mode of operation.
As the battery and electrolyzer are in parallel, the operating vol-
tages also reflect the charge�discharge voltage of the battery and
thus the difference between them also represents the battery
overpotential loss. Note that the electrolyzer overpotential in
the dark is lower than under illumination by the battery overpo-
tential loss.

3.2. STH Efficiency

STH conversion efficiency (ηSTH) is commonly used to quantify
the performance of solar electrolyzers under standard conditions
of AM1.5G irradiance (100mW cm�2) and no applied bias.[27] It
is commonly defined as the ratio of the amount of chemical
energy produced and the amount of solar energy incident on
the solar cell/module.

ηSTHð%Þ ¼
�
Chemical energy output

Solar energy input

�

¼
�
Rate of H2 productionΔGH2O!H2þ1

2O2

Pin⋅APV

�

¼
�

IPV�E0� ηF
100mWcm�2�APV

�
AM1.5G

(2)

where ηF is the Faradaic efficiency of the electrolyzer,E0 is the
reversible cell voltage of water splitting at standard conditions,
IPVis the current of the solar cell/module and of area APV, under
incident solar power density Pin. This can also be seen simply as a
product of the efficiencies of both the electrolyzer and the PV
module and PV coupling factor.

ηSTHð%Þ ¼ ηECðηPVCÞ (3)

However, these two equations are not directly applicable to the
PEB system as the total time the EC is run and the total time under
illumination has been decoupled. Also, as the tests are run back to
back with no break, it was also not possible to accurately split the
streams of gas for direct comparison; thus, an assumption of per-
fect Faradaic efficiency of the catalyst (ηF¼ 100%) is used to sim-
plify the analysis. This assumption helps to isolate gains and losses
to the change in the system from specifically adding the battery.
Nonideal catalyst Faradaic efficiency, as long as it is more or less
constant between the two working modes, will not meaningfully
affect the analysis, as they can be considered constant factors.
Instead, comparing total chemical energy evolved and light energy
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Figure 6. Solar energy input and solar-generated hydrogen curves plotted
against voltage for one representative diurnal cycle. Overall solar energy
collected by the PEB system is lower than the PV�EC system but results in
more H2 produced. Lines plotted below the final amounts of energy col-
lected (stars) trace out the energy collected over time to distinguish the
energy produced during the dark (EH2d) and light (EH2l) working stages of
the PEB test and their respective working voltages. Note that the x-axis
begins from double the thermodynamic potential of water splitting at stan-
dard conditions (E0).
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captured in both PV�EC and PEB is more instructive.

ηSTH PV�EC ð%Þ ¼
�
EH2 light

Etotal

�
¼

�R tl
0 IEC lightdt ⋅ E0 ⋅ ηF

Pin ⋅ APV ⋅ tl

�
PV�EC

(4)

ηSTHPEBð%Þ ¼
�
EH2 light þ EH2 dark

Etotal

�

¼
�ðR tl

0 IEC lightdt ⋅E0 ⋅ ηFÞþðR t
tl
IECdarkdt ⋅E0 ⋅ ηFÞ

Pin ⋅ APV ⋅ tl

�
PEB

(5)

where EH2 light and EH2 dark refer to the amount of hydrogen
energy produced. Etotal is the total energy incident on the solar
module of area APV, with incident solar power density Pin for
the test duration under AM 1.5G illumination solar irradiation.
Total illumination time of the respective systems is tl and total
experimental time is t.

Under certain circumstances, simplified analysis gives acceptable
results which can be used for a quick check of the system at the
design stage to save time and effort. For the analysis of rectangular
irradiance profiles, battery Coulombic/Faradaic efficiency of 100%
are assumed. Equation (5) also can be simplified for the case of the
rectangular irradiance profile to a simple sum of currents to the
electrolyzer and battery during the illumination phase.[19]

η�STHPEBð%Þ ¼ E0 ⋅ IECBl
Pin ⋅ APV

(6)

where IB light is the current into the battery during illumination and
IECBl is the total current input to the battery and electrolyzer under
illumination (or in lossless circuits, the PV current,
IPV may be used).

From Equation (4) and (5), we obtain the STH efficiencies of
both systems, showing an absolute increase of 0.88% with the
addition of the battery.

ηSTHPV�EC ð%Þ ¼
�
EH2 PV�EC light

Etotal

�

¼ 7056.40mWs
100mWcm�2 � 22.4 cm2 � 30 s

¼ 10.50%

(7)

ηSTH PEBð%Þ ¼
�ðEH2 PEB light þ EH2PEBdarkÞ

Etotal

�

¼ 7649mWs
100mWcm�2 � 22.4 cm2 � 30 s

¼ 11.38%

(8)

Comparing these values to Equation (6)

η�STHPEBð%Þ ¼ ð2� 1.23V Þ � 104.13mA
100mWcm�2 � 22.4 cm2 ¼ 11.44% (9)

We can see that η*STH PEB (%) and ηSTH PEB (%) differ by only
0.06%, and thus this proves that the method proposed in our ear-
lier work[19] is sound and the simplified lossless analysis can be
used as a good approximation of the total efficiency of a PEB sys-
tem for the fast optimization or comparison of different PEB sys-
tems. Equation (6) is much more convenient as instantaneous

current and power values during illumination can be used with-
out running the whole system for a full diurnal cycle or can even
be estimated at the design phase from the PV curve without
running the experiment.

3.3. Energy and Loss Analysis

By plotting the maximum efficiencies at each device following
the schematic in Figure 6, we can estimate the losses associated
with each stage of energy conversion. In Figure 7, this is reflected
in the maximum values at the top of each colored bar, with values
obtained without the battery on the left (PV�EC) and with the
battery attached on the right (PEB). There is a significant but
almost equal loss in energy efficiency from utilizing the PV mod-
ule away from its MPP (19.9%) to their respective working points
of 18.3% and 18.5% as per experimental design, represented by
the coupling loss. Next is the red portion, which is the delta in
efficiency from the PV output and EC input voltage and currents.
This is generalized as being resistive losses. Because the power
through the batteries is also an electrolyzer input, any losses
from the batteries manifest as a larger “resistive loss.”

Note that in this analysis Faradaic/Coulombic losses from the
battery are excluded due to charge counting, and voltage losses
from the battery are compensated directly by the electrolyzer upon
production of hydrogen. The low losses from battery storage are
rather expected, given that the size of the battery (160mAh)
and total utilization of the battery during charge was
�0.392mAh or less than 1% maximum capacity at a charge rate
of 47mA (0.294 C-rate) and discharge rate of 33mA (0.2 C-rate).

The blue portion of the graph details the power entering the
electrolyzer, while the green portion is the final STH efficiency of
both systems, with the ratio between them giving the efficiency of
the electrolyzer and the loss given by the delta between the two
thresholds. Note that in this analysis the total efficiency of the PEB
is an average of the voltage efficiency of the light and dark times.
From here it is clear that the addition of the battery causes ηSTH to
increase via the increased efficiency of the electrolyzer. Using the
battery to store charge, the positive relationship between voltage
and efficiency of an electrolyzer is effectively decoupled.

PV-EC PEB
5

10

15

20

 ,ycneiciff
E

]
%[ 

Electrolyser 
loss 

10.5

19.9

STH

EC PV wp

PV 19.9

11.4
STH gain

Resistive loss
Coupling loss

Figure 7. Energy loss analysis of the two systems showing the various
cumulative losses from the solar module efficiency, leading to the final
STH efficiency.
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4. Conclusion

In our work, a battery has been added in parallel to an artificial
leaf (PV�EC system) without power electronics for continued
operation in the dark. The main function of the battery is to
ensure electrolyzer current throughout the diurnal operation
cycle to prevent depolarization of the electrolyzer when illumina-
tion is insufficient. In a broad sense, it is also a logical extension
of the PV�EC system to realize a sustainable combination of PV
generation with short- and long-term storage.

We demonstrate that a simple parallel connection of a battery
system is sufficient for the self-sustained operation of the artifi-
cial leaf without power conversion or matching electronics. The
battery voltage effectively sets the working voltage of the artificial
leaf system when illuminated and the electrolyzer in the dark.
The use of a commercial battery and Earth-abundant water-
splitting catalysts shows that such a system need not be bespoke,
can easily be implemented, and, possibly scaled quickly.
Furthermore, the effect demonstrated is not specific to any
PV, EC, or battery technology and can be observed as long as
the principles of power and voltage matching, as described in
the article, are followed. This result holds promise for simple,
cost-effective, yet, highly efficient solar water-splitting systems.

As it has been predicted in our earlier work,[19] the battery can
facilitate improvement of STH efficiency in addition to the stabi-
lization function. This gain in STH efficiency is confirmed experi-
mentally with high-efficiency components, appropriate voltage
matching, and appropriate power matching of the components.
The distribution of the PV current over the diurnal cycle with
aid of the battery leads to the increase in STH efficiency from
10.5% to 11.4%. This is a result of reduced electrolyzer current
density and related increase in electrolyzer voltage efficiency.

Under periodic irradiance, such as irradiance profiles closer to
those found in the field, the artificial leaf system with storage
(PEB system) has the potential to outperform an equivalent sys-
tem without storage in terms of STH efficiency even though add-
ing a battery brings an inevitable potential loss. The lowered
electrolyzer current density and persistent electrolyzer operation
of a PEB system also have the potential to extend electrolyzer life-
times and lower the electrolyzer geometric factor when com-
pared with a similar artificial leaf system. Though the gain in
efficiency is moderate, it may be relevant when storage is already
planned to be part of the system, as an alternative mode of oper-
ation. Future work may involve quantifying the gain in the elec-
trolyzer lifetime from this mode of operation and possibly with
more economically robust battery technology or simulate the use
of grid-linked storage to make such operating modes relevant to
mass market hydrogen production.

5. Experimental Section
A seven-cell shingled minimodule for the experiment was prepared

using laser-cut silicon heterojunction solar cells. For the full details of
the preparation, see the study by Chime et al.[28] The minimodule with
area of 22.4 cm2 was coupled with a pair of electrolyzers in series
(1.5 cm2 NiFeMo symmetric bifunctional electrodes on 1 cm-wide Ni foam
strips in 1 M KOH, with onset voltage of 1.5 V each) and, a 160mAh com-
mercial NMC Li�Po pouch cell battery with a voltage range of 3.7–4.2 V.
The pair of electrolyzers was connected in series and treated as a single
unit (“the EC”) with an onset voltage of �3 V.

Preparation of NiFeMo catalyst: The preparation of the trimetal NiFeMo
catalyst was based on the procedure of the previous article.[20] Trimetal
NiFeMo catalyst was prepared on an acid-cleaned (3 M HCl) nickel foam
(NF) by electrodeposition in a two-electrode electrochemical system. A
mixture of precursors consisting of 2.4 M NiSO4·6H2O, 0.6 M

FeSO4·6H2O, 0.2 M Na2MoO4·2H2O, and 0.3 M Na3C6H5O7·2H2O was
added in 200mL of ammonia solvent. To prevent unwanted oxidation
of metal ions in the precursor solution, N2 gas was bubbled into the solu-
tion for 20 min before conducting electrodeposition. A continuous
cathodic current of 160mA cm�2 was applied for 5 min in a two-electrode
configuration, where NF and a carbon rod were the working and counter
electrode, respectively.

All solvents and reagents were purchased from Sigma Aldrich and used
as is. NF was sourced from RECEMAT BV (Ni-5763).

All PV�EC and PEB tests were done under AM1.5 illumination
(AM1.5 spectrum, 100mW cm�2) using a class-A sun simulator from
Wacom. This setup allowed for standalone solar cell testing and discharge
of the battery across the electrolyzer with voltage and current monitoring
individually for each of the solar cell, electrolyzer, and voltmeter. The I�V
curves for the solar cell and electrochemical cells were obtained prior to
the test by the four-wire voltage sweep measurements.

Determining the coupling factor of both PV�EC and PEB: The battery was
discharged to�10% state of charge at 3.8 V across the EC. Next, the EC was
disconnected and the battery was coupled to the PV module directly. Under
illumination the charging voltage of the battery was determined. The approx-
imate coupling factor of the PEB system was then calculated as the battery
charging voltage determined the working voltage of the PEB system. Next,
the battery was disconnected and the PV was connected to the EC cells
directly. Under illumination, the size of the electrolyzer electrodes was
adjusted in size to adjust the PV�EC working point voltage to match
the calculated coupling factor of the PEB system. The battery was then dis-
charged back to the initial voltage before running the experiment.

The experiment began with the PV�ECmeasurement (Figure 2. switch A
closed and switch B open) for time t¼ 30 s, immediately connecting the
battery and beginning the PEB measurement (Figure 2. switch A and B
closed) and running it for the same amount of time (tl), during which charge
stored in the battery was counted by the software. At the end of tl, switch A
was opened and the light source was interrupted, allowing the battery to
discharge across the electrolyzer for time td. The same method used to
count the amount of charge stored was used in reverse to determine
the amount of time needed to discharge the battery. The process was
repeated an additional two times. Software-based current counting was
used to automatically determine the amount of time required to fully dis-
charge the battery to its original state every cycle to fulfill the assumption of
100% battery Columbic/Faradaic efficiency. The short illumination time was
chosen to keep EC degradation to a minimum, as well as keeping state of
charge of the battery almost unchanged, so as to keep the system working
close to the predetermined coupling factor.
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