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Artificial photosynthesis provides a way to store solar energy
in chemical bonds. Achieving water splitting without an
applied external potential bias provides the key to artificial
photosynthetic devices. We describe here a tandem photo-
electrochemical cell design that combines a dye-sensitized pho-
toelectrosynthesis cell (DSPEC) and an organic solar cell (OSC)
in a photoanode for water oxidation. When combined with a Pt
electrode for H, evolution, the electrode becomes part of a
combined electrochemical cell for water splitting, 2H,0 —
O, + 2H,, by increasing the voltage of the photoanode suffi-
ciently to drive bias-free reduction of H* to H,. The combined
electrode gave a 1.5% solar conversion efficiency for water
splitting with no external applied bias, providing a mimic for
the tandem cell configuration of PSIl in natural photosynthesis.
The electrode provided sustained water splitting in the molec-
ular photoelectrode with sustained photocurrent densities of
1.24 mA/cm? for 1 h under 1-sun illumination with no applied
bias.

water splitting | molecular tandem cell | solar fuels | bias-free | organic cell

Artificial photosynthesis, inspired by oxygenic photosynthesis
in nature, uses sunlight to perform water oxidation by
transferring oxidative and reductive equivalents to reduce CO,
to carbon-based compounds with glucose as a final product
(1-4). Meeting the demands imposed by artificial photosynthesis,
with solar water splitting or CO, reduction, presents a series of
challenges. Water oxidation, with the sequential loss of four
electrons and four protons, is especially demanding (5, 6). On
an electrode surface, the initiating photon absorption/electron
transfer steps typically require integration with a catalyst to
complete water oxidation on the microsecond timescale to
avoid back-electron transfer (7). Research improvements have
led to more efficient core/shell photoanode materials, en-
hancements in water oxidation rates, and improved in-
terfacial designs that use electron-transfer mediators to assist
charge separation between photoanode, chromophore, and
catalyst (8-11). It is still challenging to store solar energy in
chemical bonds by artificial photosynthesis. In this applica-
tion, water oxidation is coupled with a bias at the cathode to
drive water reduction. A mechanism is shown in Eqs. 1-3 for
the first step in a water oxidation cycle at a TiO,-based
photoanode.

TiO,| — Chrom — Cat + hv — TiOy(e™)| — Chrom™

— Cat (electron injection), [1]

TiOy(e™)| — Chrom™ — Cat — TiO,(e™)| — Chrom
— Cat* (hole transfer), [2]
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H* + (cathode) — AV — TiOz(e‘)‘ — Chrom — Cat* = 1/2 H,
+ (cathode) — TiOz‘ — Chrom

— Cat*. (cathode activation, AV applied bias).
[3]

There are few literature examples that report single-electrode
water splitting without an applied bias (12, 13). Multijunction
photoelectrochemical solar cell configurations that focus on hy-
drogen production have appeared in the literature (14, 15). They
include: 1) photoanode/photocathode tandem cells with both
reactions driven by light; 2) integrated photovoltaic (PV)/pho-
toelectrochemical (PEC) cells, with one of the electrodes in the
PEC driven by light and the other in the dark with a solar cell
supplying the energy for the reaction, and 3) PV/electrolyzer
hybrid devices that drive both reactions in the dark with all of the
energy supplied by solar cells. In type 1 cells, the device con-
figuration includes a two-sided light-absorptive component with
both the photoanode and photocathode connected in series. In
type 2 cells, a PEC cell (photoanode or photocathode) is in-
tegrated with a PV device and is used to form a PEC/PV tandem
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cell. In type 3 cells, an electrolysis cell is combined with a PV cell
with integrated PV and electrolyzers for water splitting.

For PEC/PV tandem cells, a good companion light absorber is
an organic solar cell (OSC) with low-energy light-absorbing
chromophores that does not compete with light absorption by
the PEC electrode. Compared to conventional semiconductors,
an OSC can feature easy fabrication with low-cost, lightweight
materials and built-in mechanical flexibility, etc. (16, 17). Recent
advances in this area have led to improvements in power-
conversion efficiencies of up to 16.5% for single junction and
17.3% for tandem devices (18-24).

Here we exploit the second configuration with a PEC/PV
tandem cell that utilizes an n-type, dye-sensitized photoanode in
the dye-sensitized photoelectrosynthesis cell (DSPEC) and or-
ganic light absorbers in the PV component cell. The combined
tandem, dye-sensitized PEC cell uses electrodes for the conver-
sion of water into O, and H, with light as the only energy input.
It consists of a DSPEC that includes a photoanode and dark
cathode, wired in series with an organic solar cell. In this con-
figuration, the photoanode of the DSPEC is connected to the
cathode of the OSC and the anode of the OSC is connected to
the cathode of the DSPEC.

The results described here offer a major improvement for
solar-to-H, conversion efficiency for a single visible light-absorbing
electrode and a benchmark for molecularly based solar fuel con-
version efficiencies (15, 25-29). The STH% obtained by combining
a DSPEC photoanode with an OSC for water splitting was 1.5%,
compared to ~1% for natural photosynthesis (30).

Results and Discussion

The water-splitting photoelectrochemical tandem cell is illus-
trated in Fig. 1. Overall, the cell operates by absorbing light over
a wide spectral range and utilizes the resulting excitation to ox-
idize water at a photoanode, electrode 1#(FTO|SnO,/TiO,l-
Chrom-Catalyst) in Fig. 1, reducing H* to hydrogen gas at a
separate cathode, electrode 4#. Under illumination, the PV cell
(electrodes 2#[ITO|ZnO-organic semiconductors] and 3#
[MoOs;]|Al]), connected in series, provide the needed bias to
drive the production of H, at electrode 4# (Pt electrode). Light
first passes through the DSPEC electrode and then to the
ZnO|ITO side of the OSC to the less-transparent MoO;-Al
contact for the OSC cell.

The system design shown in Fig. 1 represents an artificial,
photosynthetic Z-scheme. Although sharing design elements with
natural photosynthesis, the ability to vary and tune the spectral and
molecular levels through a selection of semiconductor materials and

light absorbers can result in efficiencies much higher than those
observed in nature. The design shown here integrates a tandem
DSPEC electrode with an organic solar cell, providing two distinct
light absorbers with complementary spectral and redox properties.
The light-absorbing dye for water oxidation was a Ru(II)polypyridyl
dye. It was integrated with a water oxidation catalyst (Fig. 24) at
external electrode 1#. Chromophore and catalyst were chemically
attached to the surfaces of fluorine-doped tin oxide (FTO)|SnO,/
TiO, core/shell electrode. The inner electrode in Fig. 1, Right was
the organic film of the polymer donor, BhDT-FTAZ (31), and the
nonfullerene acceptor ITIC (32) as the components of the internal
organic solar cell (Fig. 2B). The organic solar cell exploits the
highly complementary light absorption (33), favorable mor-
phology (33), and hlgh moblllty for the BnDT-FTAZ pair (on
the order of 1073 1Y (34) with its capability for large-
area device fabrlcatlon (35) More importantly, as shown in
Fig. 2C, the overall light absorption by the Ru(II)polypyridyl
dye and the organic cell are highly complementary, enabling a
high utilization of the solar input.

Cell Design. In designing the tandem photoanode—PV device, the
optical density of the initial layer was chosen to allow sufficient
transmission of light to the inner absorber. The DSPEC photo-
anode thin films were deposited on optically transparent elec-
trodes on FTO. In detail, 4-pm-thick, 20-nm-diameter-size SnO,
films were prepared by sol-gel synthesis with doctor blading and
sintering. They were coated with 4.5 nm TiO,, added by atomic
layer deposition (ALD). The SnO,/TiO, core/shell structures
were used to maximize electrode performance by decreasing
local back-electron transfer to TiO, following injection and
electron transfer to SnO, (36-38).

The relative configurations for the PA and the OSC are shown
in SI Appendix Fig. S1. The digital basis for assembling the
tandem cell is also shown in SI Appendix, Fig. S1. In the pho-
toanode, the Ru(II)-polypyridyl dye, RuP**, [Ru"(4 4'-(POsH,)-
2,2’-bipyridine) (2,2’-bipyridine),]** Flg , has a molar ex-
tinction coefficient of & = 13, 000 M™" at 450 nm with a
known, near-unity injection efficiency and h1gh aqueous stability
(39). Surface analysis of the electrodes was based on absorption
measurements, with ['(mol/cm?) = A,/(&,1,000), and T the sur-
face loading in moles per square centimeter. Analysis was based
on absorption measurements at a wavelength A with molar ex-
tinction coefficients €,. Analysis of data at 450 nm, shown in SI
Appendix, Fig. S2, gave a surface loading of I' = 6 x 10~* mol/cm?
for the films. As discussed prev10us1y, the water oxidation cat-
alyst, Ru(bda) (4,4'-bpy) (4,4-bpy)** (WOC in Fig. 24 with

H,
H, \
H,0
ai
Photoanode

hode: P
Chromophore-Catalyst © Cathode: Pt

Ohmic contact

Sun light

BHI rayer

Ohmic contact Photoanode

Fig. 1. (Left) Diagram of the tandem device with an OSC connected externally to a DSPEC PA with an external Pt cathode. (Right) Energy-level diagram
illustrating the direction of electron flow in the tandem cell for water splitting.
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Fig. 2. Molecular structures of the molecular components in the DSPEC (A) and the OSC (B) and their combined absorption spectra (C).

4,4’-bipyridine and bda = 2,2-bipyridine-6,6-dicarboxylate), was
added as a second layer on the SnO,/TiO, electrode at a chro-
mophore:catalyst ratio of 5:1, in a subsequent step. The ratio of
the two was established by spectrophotometric measurements on
the final photoanodes (PA) (40). The absorbance of the OSC is
shown in ST Appendix, Fig. S3.

Fig. 3 illustrates the optical transmittance spectrum of the
photoanode, PA. Based on transmittance measurements, the
percentage of visible absorption in the orange-colored PA
was >90% at its maximum in (1-T) at 450 nm. The absorption
characteristics of the electrode determine the maximum photo-
current level that can be generated by the DSPEC PA. Trans-
mitted light controls the fraction of incident light that reaches
the underlying OSC. The procedure for preparing the organic
solar cell is described in SI Appendix. With a transmittance of
nearly 50%, at wavelengths in excess of 600 nm, the PA film
displays considerable light scattering from the external FTO|SnO,/
TiO, film.

Electrodes. Light-driven water oxidation was investigated in a standard,
three-electrode PEC cell under 1-sun illumination (100 mW/cm? by
using a 400-nm long-pass filter). A platinum mesh electrode was used
as the counter electrode with a Ag/AgCl (3 M KCl) reference
electrode.

In characterizing the electrode, Jpgc was the measured pho-
tocurrent density (in mA/cm?) and Ppy was the power density of
the incident photon flux (100 mW/cm? at standard AM 1.5G
conditions). A is the wavelength of the incident photon flux. A
characteristic J-V curve is shown in SI Appendix, Fig. S4. Under
AM 1.5G illumination, the OSC exhibited a power conversion
efficiency of 9.15% with an active area of 1.40 cm”. There was no
obvious loss of short-circuit current density nor open-circuit
voltage when the OSC area was increased from 0.13 to 1.40 cm?.

IPCE = 1,240 X Ly, / (2 X Jiighs ) [4]

Incident photon conversion efficiency (IPCE) values were
calculated by using Eq. 4, with I, the photocurrent in milliam-
peres, Jyg, the incident light intensity in milliwatts, and A the
incident wavelength in nanometers (40). An IPCE value of
20.2% was obtained for the PA at a bias of 0.8 V vs. reversible
hydrogen electrode (RHE), in 0.1 M acetate buffer at pH 4.65,
0.4 M in NaClO,. The potential was converted into Egyg by the

13258 | www.pnas.org/cgi/doi/10.1073/pnas.2001753117

Nernst equation, Erpe = Eagagar + Eapplica + 0.059pH. The
IPCE profiles demonstrate that the current response overlaps
with the visible absorption spectrum of RuP?**. The IPCE value
for the OSC is consistent with the absorbance of the cell as
shown Fig. 2 and SI Appendix, Fig. S3. The integrated photocur-
rent obtained from the IPCE (SI Appendix, Fig. S6, 15.2
mA/cm?) correlates well with the measured short-circuit current
density (Jsc) of 15.5 mA/cm? (SI Appendix, Fig. S5). The mea-
sured OSC open-circuit voltage (Voc) of 0.92 V pointed to an
absence of V¢ loss after placing the PA in front of the OSC.
The high voltage from this single-junction device, in combination
with the large fill factor (0.61), show that its properties are favor-
able for operating as the OSC as an integrated PA.

To simulate the tandem configuration, the same solar cell was
also examined with the PA thin film in front of the light source.
In this configuration, the PA window acts as a long-pass filter
blocking the majority of light below ~600 nm. The switch in
electrode positions resulted in a nearly 50% reduction in power
density compared to 1-sun conditions.

The J-V curve in Fig. 4 demonstrates the exceptional perfor-
mance of the OSC under these conditions. Without high-energy

100 . : : r 100
80 - - 80
IPCE of OSC

- §
e * %
§ £
T 4 E
T ®
[rasmi =

IPCEofPA /
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04— N‘;:; v

|
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Fig. 3. IPCE spectra for the DSEPC at 0.8 V versus RHE, and OSC under short-
circuit conditions in the absence of the DSPEC.
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Fig. 4. (A) Overlay of J-V plots for PA and OSC in 0.1-M acetate buffer solutions (pH 4.65). The PV parameters were recorded in the OSC after the PA film.
The crossing point of the two curves designates the anticipated photocurrent output of the series-connected, tandem assembly. (B) Current vs. time plots of

the DSPEC with no applied bias over 30-s dark/light cycles.

excitation, Jsc remained at 7.14 mA/cm?® which is nearly half of the
value under 1-sun irradiation (15.5 mA/cm?). In these experi-
ments, a slight decrease in open-circuit potential (Voc = 0.90) was
observed with an increased fill factor of 0.68 that gave a power
conversion efficiency of 4.24%. Given that the voltage and fill
factor in the underlying solar cell in the PAOSC system have a
profound impact on overall device performance, the constancy of
the parameters in the presence of the PA was essential for effi-
cient tandem solar fuel generation. The J-V" and IPCE value at the
OSC with and without the added PA film in a glove box was also
measured. Results are shown in SI Appendix, Figs. S5 and S6. In
analyzing the data, the near constancy in the shape of the IPCE
curve is consistent with absorption by the organic semiconductors.
Integration of the IPCE curves further confirmed that OSC loss is
by PA electrode scattering.

In assembling the PA-OSC device, the light-harvesting mod-
ules were arranged in a layered fashion and connected in series
(27, 29). A scheme depicting the overall PA-OSC architecture is also
shown in Fig. 1. It illustrates transmission at wavelengths > 600 nm
through the PA electrode. In this configuration, complementary
spectral sensitization of the components in the tandem assembly fa-
cilitates selective harvesting of photons during single-pass excitations.

Water Splitting. A series of experiments were performed in 0.1 M
acetate buffered aqueous solutions (pH 4.65) to test the ability of
the tandem device to mediate water splitting. The photocurrents
generated with illumination resulted in an STH efficiency of
1.5% for the PA-OSC tandem device (Fig. 4B). Fig. 44 shows the
anticipated operating point for the PA-OSC water-splitting

device which was dictated by the intersection between the J—V
curves for the component electrodes. The latter predicts a pho-
tocurrent output of 1.61 mA/ecm? The performance of the tan-
dem device in 0.1 M acetate buffer solutions (pH 4.65) is shown
in Fig. 5B. The photocurrent response verifies that the combined
cell, PA-OSC, does produce sufficient energy for water splitting.
Taking the ng as unity, and given the thermodynamic potential
for water splitting of 1.23 V, the unassisted STH efficiency
(nSTH) can be calculated from Eq. 5 (29). In Eq. 5, Jop is the
operating current density (mA/cm~), the ng is assumed to be
100%, and Py, is the irradiance intensity of 100-mW cm™?
which gave STH = 1.5% for the combined PA-OSC tandem cell.

STH = (Jop X 1.23 X 11g)/ (Psolar)- [5]

The output of the cell was consistent with water splitting driven
at the Ru(bda)L, catalyst. In order to verify that the measured
photocurrents were due to water splitting, evolved gases were
monitored at the electrodes by probe electrodes over a period
of 60 min. As shown by the data in Fig. 5, the results were
consistent with water splitting, Eq. 6, with 7z of 95% or above.

2H,0 + 4 hv - O+ 2H,. [6]

Water splitting was observed for more than 1 h with the current
falling by 30% (Fig. 54). After an hour, analysis of the electrodes
showed that degradation in overall performance was due to loss of
activity by the DSPEC electrode with a potential for significantly
enhanced performance by improvements in its the stability (S/
Appendix, Fig. S7).

34 —— 0 Bias water spliting »

0 10 20 30 40 50 60 70 80
Time (min)

40
Time (min)

Fig. 5. (A) Photocurrents during gas evolution. (B) Quantification of H, and O, produced during water splitting. Red and black lines correspond to H, and O,
measured externally. The black and red dotted lines correspond to integrated photocurrents over time with the theoretical value of gas produced from

current curves shown.
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Conclusion

We demonstrate here that an efficient, stable, water-splitting,
tandem PEC—PV PA can be prepared for solar water splitting
with a solar-to-hydrogen efficiency of 1.5%. The key in designing
the cell was the alignment of an appropriate DSPEC and an or-
ganic solar cell in series at the PA. Analysis of the tandem cell for
water splitting, with a Pt cathode, based on photovoltage and in-
ternal OSC power measurements, was undertaken to give con-
version efficiencies with and without light, and by linear scan
voltammetry. The high open-circuit voltage in the water-splitting
cell, > 0.9 V, arises from the driving force from the organic solar
cell which is sufficient to drive water oxidation at the PA. The two
in parallel provide the potential required for unassisted, light-
induced water splitting. The performance of the tandem elec-
trode was limited by low photocurrents for O, generation at the
PA, as shown by comparisons with photocurrent densities for the
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Data Availability. All data analyzed in this study are included in
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