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ABSTRACT: Tandem photoelectrochemical cells, formed by
two photoelectrodes with complementary light absorption,
have been proposed to be a viable approach for obtaining
clean hydrogen. This requires the development of new designs
that allow for upscaling, which would be favored by the use of
transparent polymer electrolyte membranes (PEMs) instead
of conventional liquid electrolytes. This article focuses on the
photoelectrochemical performance of a water-splitting tandem
cell based on a phosphorus-modified a-Fe,O; photoanode
and on an iron-modified CuO photocathode, with the
employment of an alkaline PEM. Such a photoelectrochemical
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cell works even in the absence of bias, although significant effort should be directed to the optimization of the photoelectrode/
PEM interface. In addition, the results reveal that the employment of polymer electrolytes increases the stability of the device,

especially in the case of the photocathode.
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B INTRODUCTION

The growing use of fossil fuels due to the increasing global
energy demand and the concomitant emission of greenhouse
and pollutant gases to the atmosphere have motivated the
scientific community to search for environmentally friendly
alternative energy sources. In this regard, solar energy and,
more concretely, photoelectrochemical (PEC) water splitting
may play an important role in the future, being used for
producing hydrogen as a carbon-free fuel. Tandem cells
formed by two photoelectrodes with complementary light
absorption are considered to be key devices for obtaining
hydrogen in a carbon-free, renewable, and inexpensive way.' "

Although a substantial effort has been done for the
preparation and characterization of new electrode materials,
the design of realistic devices that can be scaled up in a
straightforward way has received little attention. In this respect,
the use of a polymer electrolyte membrane (PEM) is of
relevant interest to avoid internal recombination of photo-
generated hydrogen and oxygen while allowing for appropriate
ion transport. The use of a PEM allows for efficient gas
separation, which is an important issue of electrolysis and
photoelectrolysis systems.s_7 Moreover, regarding the issue of
photoelectrode stability in aqueous solutions, the employment
of a PEM is a well-known alternative because no concentrated
corrosive electrolytes are, in principle, necessary but just pure
water can be sufficient.” PEM and ionomer dispersions are part
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of the advanced device and they help to maximize the overall
performance of the photoelectrolysis system and to prevent
corrosion, especially in the case of semiconductors with
relatively narrow energy gap.’

Among the large number of semiconductor materials
suggested as candidates for PEC water splitting, hematite has
been widely employed as a photoanode because of its
abundance, stability, low cost, and favorable band gap.*’
However, its use is limited because of the high recombination
rate, low carrier mobility, and slow carrier transfer.”'°™'* To
overcome these limitations, several studies have focused on
different strategies of modification,>™"” the enhancement of
electron mobility being one of them. Zhao et al. have
demonstrated that a nonmetal such as phosphorus can be an
excellent dopant to improve the PEC activity of hematite
photoanodes.'® On the other hand, cupric oxide is a promising
candidate as a photocathode material because of its band gap,
narrow enough to harvest a significant fraction of solar
radiation. It presents low toxicity, low cost, and efficient light
harvesting.'”~>* However, a major drawback for CuO to be
used as an efficient photocathode in PEC water splitting is its
instability in aqueous solution containing corrosive electro-
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Scheme 1. Different Schemes of the Tandem Devices Studied”
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“In the three cases, the interface electrode—membrane is formed by either a droplet (15 uL) of the ionomer dispersion (different dilution levels) or
0.1 M KOH solution. The alkaline membrane FAA-3-20 is sandwiched between both photoelectrodes. The PEC cells studied are (a) formed by a
photoanode P:a-Fe,05 and a Pt dark electrode as a cathode, (b) formed by a photocathode Fe/CuO and an IrRuO, electrode as a dark anode, and
finally (c) formed by a photoanode of P:a-Fe,0; and a photocathode of Fe/CuO, being illuminated through the photoanode side.
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Figure 1. (a) X-ray diffractogram for pristine hematite (red) and hematite modified with phosphorus (blue). The hematite main reflections are
labeled. The unlabeled peaks correspond to the conducting glass substrate (F/SnO,). (b) Fe 2p XPS spectra for pristine hematite (red) and
hematite modified with phosphorus (blue). (c) P 2p XPS spectrum for hematite modified with phosphorus. (d,e) SEM images of hematite
modified with phosphorus by spray pyrolysis at different magnifications and (f) SEM image of pristine hematite.

Iytes. Photocorrosion significantly decreases performance and
shortens lifetime. Different strategies have been studied to
increase the stability of CuO.”>~>" It is noteworthy that the
employment of a thin metal-alloyed CuO layer on a pristine
CuO thin film increases stability, although it decreases the
resulting photocurrent.”

In this work, critical advances in the development of a
tandem solar cell for water splitting using a transparent PEM
are highlighted. The employed photoanode is based on
hematite modified with phosphorus by spray pyrolysis (P:a-
Fe,0;), whereas the photocathode is based on a CuO
nanostructure modified with a Cu,Fe,O, shell to increase the
stability of cupric oxide (Fe/Cu0O).”° The tested devices
consist of an alkaline PEM (anion-exchange membrane
polymer electrolyte) sandwiched between a P:a-Fe,O,
electrode working as a photoanode and an Fe/CuO electrode
working as a photocathode. Either ultrathin films of deposited
ionomer dispersions or small volumes (uL) of the electrolyte
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(0.1 M KOH) are used to improve the contact between
electrodes and PEM (see Scheme 1).

B RESULTS AND DISCUSSION

Both photoelectrodes, hematite modified with phosphorus and
cupric oxide modified with iron, were characterized by means
of X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscopy (SEM).

Figure 1 summarizes the characterization of the phosphorus-
modified hematite photoanode. The XRD patterns confirm the
presence of (110) oriented hematite in both pristine hematite
and P:a-Fe,0;. From Figure 1b, the XPS spectra of Fe 2p are
attributed completely to the Fe** oxidation state in both cases,
pristine and P:a-Fe,O;. The P 2p XPS spectrum shown in
Figure 1c exhibits the main peak centered at 133.5 eV, the
characteristic peak of oxidized phosphorus species. It could be
ascribed to P> atoms in PO,>” anions.””*® As observed from
SEM images (Figure 1d,e), the hematite films modified with
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Figure 2. (a) X-ray diffractograms for copper oxide (blue) and copper oxide modified with iron (green). The CuO main reflections are labeled.
The unlabeled peaks correspond to the conducting glass substrate (F/Sn0O,), (b) Cu 2p XPS spectra for cupric oxide (blue) and cupric oxide
modified with iron (green), (c) Fe 3p XPS spectra for copper oxide modified with iron, (d,e) SEM images at different magnifications of copper
oxide modified with iron by means of drop-casting, and (f) SEM images of copper oxide.

phosphorus present a morphology of nanorods as pristine
hematite (Figure 1f), although some of them seem to be
coalescing,

Figure 2 shows the XRD, XPS, and SEM characterization of
electrodes made of CuO and CuO modified with iron. The
crystal phase of both samples can be readily indexed to the
monoclinic structure. The four peaks obtained in the Cu 2p
XPS spectra (Figure 2b) are clearly attributed to CuO, and the
presence of iron in the film does not affect the oxidation state
of copper.”” In the case of Fe, we have chosen to show the Fe
3p spectrum as the Fe 2p region was overlapped by rather
strong copper Auger peaks. The low amount of Fe dopant
leads to a weak signal at 55.8 eV. It can be attributed to Fe’* in
an environment similar to that in hematite. The presence of Fe
in the films was confirmed by energy-dispersive X-ray
spectroscopy (Figure S1 in the Supporting Information).
The films based on copper oxide modified with iron present
the same morphology of nanowires as the pristine material.
However, the diameter of these nanowires increases from
around 70 nm in the case of cupric oxide to around 88 nm in
the case of Fe/CuQ; this fact is related to the formation of a
Fe,Cu,O, shell covering CuO and thus stabilizing it.

Once both electrode materials were characterized, the
procedure for forming the interface between the photo-
electrode and the ijon-exchange membrane (20 um thick,
quaternary ammonium-based anionic membrane from Fuma-
tech, ie, Fumion Fumasep FAA-3-20)" by applying an
ultrathin layer of an ionomer onto the semiconductor surface
was studied. The ionomer dispersion formulation was the same
as for the FAA-3-20 membrane. Both are characterized by the
presence of fixed terminal quaternary ammonium groups
counterbalanced by mobile hydroxyl (OH™) ions. In the
tandem concept, the PEM separator must be transparent in the
range of wavelengths that are not absorbed by the higher
energy gap semiconductor photoelectrode, first exposed to
sunlight (P:a-Fe,O; in the present case). Thus, the lower band
gap semiconductor photoelectrode can absorb part of the
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transmitted light besides the diftuse light. Figure S2 effectively
shows that the FAA-3-20 membrane is characterized by such
requisite. Drop-casting was used as the ionomer deposition
method and different dilution factors of the ionomer dispersion
(FAA3) with isopropanol were tested (ranging from non-
diluted to dispersion/isopropanol = 1:5). The deposited
ionomer was dried to allow evaporation of the solvent before
being hydrated with water.

Initially, a preliminary study employing only one photo-
electrode and a dark electrode was carried out (see Scheme
la,b). The response of the devices based on the photo-
electrode P:a-Fe,O (Scheme 1a) is shown in Figure 3. An
electrochemical characterization comprising current—voltage
curves recorded both in the dark and under illumination as
well as electrochemical impedance spectra (EIS) obtained
under illumination was undertaken as a function of the degree
of dilution of the ionomer dispersion. For the P:a-Fe,O;
device, the maximum photoresponse was obtained for a diluted
dispersion, a 1:4 dilution being adopted for further studies.
Minimum polarization resistance was observed in this case
(Figure 3c). The need for dilution could be linked to the fact
that the hematite film presents a rather compact nanorod
morphology making it difficult for the ionomer to penetrate in
the nanostructure if dosed from a concentrated dispersion.

An analogous study was performed with a Fe/CuO
photocathode interfaced to the alkaline membrane FAA-3-20
(see Figure 4 and Scheme 1b). In this case, the best
(photo)response at lower potentials is reached with a
nondiluted ionomer dispersion, whereas at intermediate
potentials, a 1:2 dilution appears to be more effective (Figure
4b). The large photocurrent achieved with the nondiluted
ionomer dispersion at negative potentials is probably related to
the structure of the CuO electrode, more open than that of the
hematite counterparts, allowing for the effective loading of
larger amounts of the ionomer, thus providing a suitable
extension of the interface between the semiconductor
nanorods and the polymer electrolyte.
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Figure 3. Current density—voltage curves obtained (a) in the dark
and (b) under standard illumination (AM 1.5G, 100 mW-cm ™) and
(c) Nyquist plots collected at 1 V bias under standard illumination for
the different cells studied using P/Fe,O; as a photoanode and Pt as a
cathode with different dilution levels of the ionomer dispersion.

Taking these results into account, the tandem cell
configurations studied here are those depicted in Scheme 2.
As observed, to improve the contact between the electrode and
the PEM, the simple application of a droplet of a 0.1 M KOH
aqueous solution on the electrode surface prior to its assembly
with the PEM was attempted together with the above-
mentioned application of the ionomer dispersion. A picture
of the experimental device is shown in Figure S4.

Figure 5 shows the photocurrent density versus voltage
obtained for the different tandem cells under standard
illumination. As observed in Figure Sb, the tandem cells can
work without the application of a bias, even if the photocurrent
is still low under these conditions. More concretely, the
tandem cell number 1 employing 0.1 M KOH between the two
photoelectrodes and the membrane presents the maximum
response for a bias-free device. For relatively large applied bias,
the use of an ionomer in one or two of the electrode/PEM
interfaces leads to lower photocurrents. This clearly indicates
that further work is needed for preparing a truly three-
dimensional interface between the electrode and the PEM.
This will require the development of methods for the effective
penetration of the micelles through the pores of the
photoelectrodes. Obviously, the use of a droplet of liquid
electrolyte ensures that the internal surface of the nanoporous
electrodes fully works from an electrochemical point of view.
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Figure 4. Current density—voltage curves obtained in (a) the dark
and (b) under standard illumination (AM 1.5G, 100 mW-cm™>) and
(c) Nyquist plots collected at 1 V bias under standard illumination for
the different cells studied using copper oxide modified with iron as a
photocathode and iridium ruthenium oxide as an anode with different
dilution levels of the ionomer dispersion.

Scheme 2. Schematic Diagram Showing the Configuration
of the Different Tandem Cells Studied”
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“The additive employed for improving the electrode/PEM interface is
indicated in each case together with the nomenclature/color used in
the figures in this work.

The stability of the tandem cells studied was analyzed
through chronoamperometric measurements for 1 h at an
applied bias of 0.65 V. The results show (Figure 6a) that the
tandem cell number 3, combining diluted KOH at the
photoanode and a diluted ionomer at the photocathode for
interface formation, is characterized by a remarkable stability.
This could be linked to the fact that for this tandem cell, a
droplet of the ionomer dispersion was placed at the junction
between the Fe/CuO photocathode and the PEM, alleviating
the intrinsic stability problems in such a way usually observed
for this semiconductor material in liquid electrolytes. The
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Figure 5. Current density—voltage curves obtained under standard
illumination (AM 1.5G) for the different tandem cells. Panel (a)
shows the curves with a cell voltage window ranging from —0.25 to 1
V and panel (b) shows a detail of the region marked with a rectangle
in panel (a), the bias-free region. Cell voltage is defined as the
difference of potential between the photoanode and the photo-
cathode.
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Figure 6. (a) Current density vs time curves and (b) Nyquist plots
collected under standard illumination (AM 1.5G) at a fixed voltage of
0.65 V for the different tandem cells studied.

unsatisfactory results in terms of photocurrent obtained for cell
4 clearly indicate that it is necessary to improve the interface
between the photoelectrodes and the membrane, especially in
the case of hematite. The employment of an ionomer
dispersion increases the stability of the device, particularly in
the case of copper oxide compared with previously reported
stabilities;* however, in the case of hematite, the employment
of an ionomer dispersion leads to a dramatic decrease of the
photoresponse. This behavior is probably related to the fact

that the ionomer dispersion does not completely penetrate the
mesoporous structure. The PEC results agree with the EIS
shown in Figure 6b. The Nyquist plots were collected under
illumination (AM 1.5G) for an applied bias of 0.65 V for the
different tandem cells (see Scheme 2) to study the kinetics of
charge-transfer processes under PEC operating conditions.
The charge-transfer resistance at the semiconductor/electro-
Iyte interface is associated with the radius of the semicircle in
the frequency range 1—100 Hz. Figure 6b shows that the cell 4
(both interfaces formed by the ionomer dispersion) has a
much larger impedance arc radius, indicating that the charge-
transfer kinetics is hindered, which is likely linked to the fact
that the interface electrode/PEM needs to be improved.
Moreover, cell number 1 and 3 present the smallest impedance
arc radius, indicating that the charge-transfer kinetics is much
faster. This result agrees with the fact that in both cases
(Tandem_1 and Tandem_3), the interface between the
photoanode and the membrane includes a droplet of an
aqueous KOH solution, which ensures the complete wetting of
the inner electrode area.

Admittedly, at this development stage of the tandem cell
design, it is not possible to quantify the amount of
photogenerated H, and O,. In fact, part of the photocurrent
is thought to be associated with the photocorrosion of the
electrode material (in the case of CuO-based electrodes). To
assess the potential occurrence of photocorrosion and also to
illustrate the advantage of using a PEM for increasing device
stability, additional experiments were carried out to character-
ize the state of different Fe/CuO electrodes. Samples freshly
prepared or submitted to equivalent PEC experiments in the
tandem cell (TC electrodes) or in a conventional three-
electrode cell with an aqueous 0.1 M KOH bulk liquid
electrolyte (PC electrodes) were studied. The same charge
(0.4 C) was passed through both TC and PC electrodes under
standard illumination. UV—vis absorption measurements,
Raman spectroscopy, and XPS analysis were carried out. The
results are shown in Figures 7 and S3. For the TC electrodes,
the absorbance slightly decreases compared to that of the as-
prepared Fe/CuO electrodes, while retaining the same Raman
fingerprint. In contrast, the Raman spectra for the PC
electrodes show the appearance of a band at 209.5 cm™,
corresponding to Cu,O,”" together with a substantial bleaching
of the electrode. However, the XPS analysis confirms that the
main oxidation state of copper is +2. In any case, a comparison
between TC and PC electrodes clearly reveals the beneficial
stabilization effect of the PEM tandem configuration.

On the other hand, the results shown in Figure S3 show no
significant differences among P:a-Fe,O; samples either freshly
prepared or used in the tandem or conventional cell. This
demonstrates that no significant photocorrosion occurs in the
case of hematite regardless of the nature of the electrolyte.

Bl CONCLUSIONS

In summary, the concept of a bias-free tandem cell based on a
phosphorus-modified hematite photoanode and an iron-
modified copper oxide photocathode for water splitting with
the employment of an alkaline electrolyte membrane
(Fumatech, FAA-3-20) has been demonstrated. However, it
is also evident that photoresponse needs to be dramatically
enhanced under bias-free operating conditions. It is important
to highlight that the employment of a polymer membrane
electrolyte instead of the typical acidic or basic bulk aqueous
electrolyte diminishes the photocorrosion of the photo-
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Figure 7. Characterization of Fe/CuO electrodes: freshly prepared
(black), used in a tandem cell (TC, green) and used in a conventional
three-electrode cell (PC, blue). (a) UV—vis spectra, (b) Raman
spectra, and (c) Cu 2p XPS spectra. The same charge was passed
through both TC and PC electrodes (0.4 C) with 1 sun illumination.
Note that the red curve shown in panel (b) corresponds to a
photocorroded iron-free cupric oxide electrode.

electrodes, increasing the stability of the device. This is
illustrated in the case of the iron-modified copper oxide, for
which the employment of the ionomer dispersion considerably
increases the stability. However, work is still needed for
improving the interface between the photoelectrode and the
membrane. Furthermore, the employment of other electrodes
with better photoresponse, the addition of cocatalysts, and
using alternative PEMs are obvious ways forward under way in
our laboratories.

B EXPERIMENTAL DETAILS

All solutions were prepared with deionized water with a resistivity
higher than 15 MQ-cm ™.

Synthesis of (110) Oriented Hematite Nanorods. The
methodology employed to synthesize the (110) oriented hematite
nanorods is based on the work of Vayssieres et al.>> The synthesis
consists of a chemical bath deposition procedure followed by a
thermal treatment. It entails placing 100 mL of an aqueous solution
containing 0.15 mol-L™" ferric chloride (FeCl;-6H,0, Sigma-Aldrich,
99%) and 1 mol-L™"' sodium nitrate (NaNO,, Sigma-Aldrich, 99%)
into a regular stopped flask containing fluorine tin oxide (FTO) glass
substrates supported vertically on the flask wall. The flask is heated in
a regular stove at 100 °C for 6 h. Finally, a heat treatment in air at 600
°C for 1 h is required to obtain the hematite phase of ferric oxide,
with a nanorod-based morphology.

Hematite Modification with Phosphorus. The modification of
hematite electrodes with P is achieved by spraying a solution
containing 0.1 molL™' (NH,),HPO, (Sigma-Aldrich, 99%) and
isopropyl alcohol in a 1:10 ratio onto the hematite electrodes. The

coated electrode is dried at 70 °C on a hot plate. Finally, the
electrodes are thermally annealed at 450 °C for 30 min in air.

Synthesis of Copper Oxide. The synthesis comprises two steps
and it is based on the works of Kang et al.** and Lin et al." First, Cu
films are electrodeposited from an aqueous solution containing 0.1
mol-L™" copper nitrate (Cu(NO;),-3H,0, Labkem, analytical grade
ACS) and 3 mol-L™" lactic acid (C3HgO5, Sigma-Aldrich, 85%, FCC)
at a fixed pH value of 5, adjusted by adding sodium hydroxide pellets
(NaOH, Scharlau, extrapure). The electrodeposition is performed at a
constant potential of —0.3 V (vs Ag/AgCl) for 1 h. After
electrodeposition, the electrodes are rinsed with deionized water
and chemical oxidation is performed through their immersion in an
aqueous solution containing 2.5 mol-L™" sodium hydroxide (NaOH,
Scharlau, extrapure) and 0.125 mol-L™' ammonium persulfate
[(NH,),S,04 Sigma-Aldrich, 98%] for 3 min. Finally, the electrodes
are thermally treated in air at 450 °C for 1 h.

Copper Oxide Modification by Fe Addition through Drop-
Casting. Once the copper oxide thin films were prepared, the Fe-
precursor was added through an impregnation method (drop-
casting).”® The employed precursor was ferric chloride hexahydrate
(FeCly-6H,0, Sigma-Aldrich, 99%) in a concentration of 3.30 x 107*
mol-L™". This procedure was repeated four times. Finally, a thermal
treatment at 550 °C in air for 10 h was required.

Sample Characterization. The morphology of the different
electrodes was studied by an FEI XL30 field-emission gun scanning
electron microscope, operating at 25 kV.

The crystal structures of hematite and copper oxide were identified
by XRD (Bruker D8-ADVANCE, using Cu Ka radiation) operating at
40 kV and 40 mA in the 26 range from 20° to 70° in the case of
hematite and from 30° to 80° in the case of copper oxide, both at a
step scan of 1°-min™".

XPS was used for compositional analysis and for characterization of
the iron, copper, and phosphorus oxidation states (K-Alpha Thermo-
Scientific).

(Photo)electrochemical Characterization. The experimental
device consists of a tandem cell formed by a photoanode based on
hematite modified with phosphorus (P:a-Fe,0;) and a photocathode
based on copper oxide modified with iron (Fe/CuO). The electrode—
membrane interfaces are formed by adding a droplet of the ionomer
dispersion obtained by dissolving FAA3 powder (5.7 wt %) in iso-
propanol or by using a droplet of the potassium hydroxide solution
(Vitoplet = 15 pL). The hydrated alkaline membrane FAA3 had a
thickness of 20 ym (Fumion Fumasep FAA-3-20 from Fumatech) and
it is transparent to visible light. A silver paste was deposited over the
uncoated edge of each FTO substrate to favor electrical contact with
the current collectors. Different configurations have been tested, as
shown in Scheme 1. In the case of the study of the cells formed by
only one photoelectrode (Scheme 1a,b), the device was illuminated
through the photoelectrode glass substrate, whereas in the case of the
tandem cell formed by both photoelectrodes, the cell was illuminated
through the photoanode glass substrate. The photoelectrode area
exposed to illumination was 0.5 cm’ A scanning potentiostat
(Potentiostat/Galvanostat Metrohm AUTOLAB) equipped with a
frequency response analyzer (FRA Metrohm AUTOLAB) was used to
record linear sweep voltammograms in the dark and under
illumination at a scan rate of 10 mV-s™" and EIS in the range from
100 to 0.01 Hz. An Oriel solar simulator providing an irradiation of
100 mW-cm™2 (AM 1.5G) was used for illumination.
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