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Abstract: Homemade non-critical raw materials such as Ni or NiCu co-catalysts were added at the
photocathode of a tandem cell, constituted by photoelectrodes made of earth-abundant materials,
to generate green solar hydrogen from photoelectrochemical water splitting. Oxygen evolving
at the Ti-and-P-doped hematite/ TCO-based photoanode and hydrogen at the cupric oxide/GDL-
based photocathode are separated by an anion exchange polymer electrolyte membrane placed
between them. The effect of the aforementioned co-catalysts was studied in a complete PEC cell in
the presence of the ionomer dispersion and the anionic membrane to evaluate their impact under
practical conditions. Notably, different amounts of Ni or NiCu co-catalysts were used to improve
the hydrogen evolution reaction (HER) kinetics and the overall solar-to-hydrogen (STH) efficiency
of the photoelectrochemical cells. At —0.6 V, in the bias-assisted region, the photocurrent density
reaches about 2 mA cm 2 for a cell with 12 pug cm~2 of Ni loading, followed by 1.75 mA cm~2 for
the cell configuration based on 8 pg cm~2 of NiCu. For the best-performing cell, enthalpy efficiency
at —0.4 V reaches a first maximum value of 2.03%. In contrast, the throughput efficiency, which is a
ratio between the power output and the total power input (solar + electric) provided by an external
source, calculated at —1.225 V, reaches a maximum of 10.75%. This value is approximately three
times higher than the best results obtained in our previous studies without the use of co-catalysts at
the photocathode.

Keywords: low-cost semiconductors; tandem cell; cupric oxide photocathode; solar to hydrogen
efficiency; photoelectrochemical cell; Ni-based co-catalysts

1. Introduction

Environmental emergencies that our planet is tackling, such as climatic change and
global warming, result from the thoughtless employment of fossil fuels over past decades to
satisfy the increasing world energy demand for supporting demographic, industrialization,
and urbanistic growths [1,2]. Hydrogen fuel is characterized by a high mass—energy
density (120-142 MJ/Kg); it is recognized as the most attractive “green” alternative to the
dwindling supply of fossil fuels, such as gasoline (45 MJ/Kg), because its reaction, coupled
with the oxygen reduction reaction occurring in a polymer electrolyte membrane fuel cell
(PEMEFC), gives the spontaneous formation of water and electricity without the release of
pollutant gases. However, hydrogen formation from water splitting is a process requiring
an external surplus of energy that could be provided by renewable and sustainable power
sources, such as sunlight or wind [3-5].
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In this field, the research on photoelectrochemical (PEC) water splitting (WS) relies on
semiconductor electrodes (generally metal oxides) that exhibit appreciable photogenerated
charge separation at the solid/liquid interface when illuminated by sunlight [6-9]. To
the best of our knowledge, studies on photoelectrochemical cells were conducted, even
recently [10-14], in a liquid electrolyte, thus requiring post-processing energy to sepa-
rate evolved gas from water splitting. In our recent work, tandem photoelectrochemical
cells were constituted by a solid polymeric membrane, acting as both gas separator and
electrolyte, sandwiched between a photoanode and a photocathode [15-17].

As shown in Figure 1 and in our previous papers [18,19], an n-type Titanium-doped
hematite photoanode is characterized by a dark orange color corresponding to a UV /vis
absorption edge below 600 nm. The support, herein represented by a drilled transparent
conductive oxide (TCO), is designed to permit both the water flow inside the scalable
photoelectrochemical cell and the escape of the oxygen produced by water splitting. On
the other side, light reaches the photocathode after passing through a yellow-hued anionic
membrane. The CuO-based photocathode, characterized by a dark grey color, absorbs
lower energy near-infrared (NIR) and visible light at wavelengths above 600 nm. Moreover,
a gas diffusion layer (GDL) carbonaceous substrate, previously hydrophobized to avoid
water flooding, was used to guarantee selective hydrogen escape from the electrode.
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Figure 1. Sketch of reactants and products in a membrane-based photoelectrochemical tandem cell.

The working principle of a tandem cell relates to the generation of electron-hole pairs
at the anode and the cathode, respectively, through the interaction with incoming light,
as described in our previous studies [17-19]. In the Fe,Os-based photoanode, band edge
bending drives photogenerated holes towards the electrolyte; the edge of its valence band
(VB) is at a sufficiently high potential for triggering the evolution of oxygen from water.
In the CuO-based photocathode, band bending drives photogenerated electrons towards
the electrolyte; the edge of its conduction band (CB) is at a sufficiently low potential for
the evolution of hydrogen from water. In the tandem cell architecture, all photons with
energy above the narrower band gap, which should have a value close to 1 eV (1.25 eV
for CuO), can contribute to the water-splitting process. The wide band gap oxide should
possess a band gap in the range of 1.65 to 2.1 eV (2.1 eV for Fe;O3). The band gaps of CuO
and Fe,Os are adequate for capturing most of the solar spectrum; approximately 75% of
the incoming light energy can be utilized.

The main drawbacks of PEC WS are derived from expensive electrode materials,
with the complexity needed for achieving a high hydrogen purity, but with limited dura-
bility due to the employment of corrosive electrolytes and low solar to hydrogen (STH)
efficiency [20-26].

Herein, we present a tandem PEC cell based on low-cost and non-critical raw materials
such as iron oxide and copper oxide. A solid polymeric membrane is employed as the
electrolyte and gas separator with very low hydrogen and oxygen crossover [19,27-29].
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A liquid ionomer based on the same ammonium quaternary structure of the electrolyte
is spread over the photoanode and photocathode. Particularly, Ni-based co-catalysts are
deposited onto CuO/GDL to improve the hydrogen evolution reaction (HER) and the
overall STH efficiency.

Among several semiconductor materials thoroughly investigated as candidates for the
HER [30-32], p-type CuO was chosen to be employed as a photocathode. This choice relates
to its low cost, low toxicity, proper band gap and band level position in relation to the
reversible potential for hydrogen evolution, and good absorbance for the light transmitted
through the photoanode and membrane [15,20]. However, this semiconductor exhibits
low stability and limited efficiency [30,33]. To overcome these drawbacks, the introduction
of co-catalysts, layered onto the CuO photocathode, appears to be a suitable strategy to
enhance STH efficiency, thus improving the HER kinetics.

This study concerns a novel tandem cell architecture with a 0.25 cm? exposed area
composed as reported in Figure 1 and focuses on the co-catalyst effect. To form a suitable n-
type hematite semiconductor, Ti-doping [19] was adopted to increase the photo-response of
the bare «-Fe;O3/TCO. The GDL-based-CuO photocathode was optimized in our previous
study [18], achieving greater efficiency than that obtained with TCO-based electrodes
(conductive glass). Herein, the investigated Ni and NiCu co-catalysts were prepared in-
house, and their characteristics were evaluated in comparison with the bare materials used
to fabricate the PEC cell.

2. Results
2.1. Physicochemical Characterization
2.1.1. X-ray Diffraction (XRD) of In-House-Prepared Co-Catalysts

Figure 2 shows the XRD physicochemical analysis of Ni and NiCu (1:1 wt%), in which
the JCPDS card of Ni was used for the identification of the peaks. The NiCu alloy was
characterized by a 1:1 weight ratio. A face-centered cubic (fcc) phase, corresponding to
peaks and Miller indices at 44.4° (111), 51.7° (200), 76.4° (220), 92.3° (311), and 98.5° (222),
characterized the structure of the metal nanoparticles in both catalysts and the crystallite
sizes, as calculated by the Debye—Scherrer equation, were found to be 40 nm and 8 nm for
Ni and NiCu species, respectively.

—NiCu —Ni Ni (JCPDS 040850)
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Figure 2. XRD patterns of in-house-synthesized Ni and NiCu catalysts.
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The crystalline size is different due to the different temperatures used for the reduction
of the respective oxides: 400 °C for the NiO powder and 300 °C for the NiCuOx alloy.

2.1.2. Morphological Characterization

Scanning electron microscopy (SEM) images for Ni (Figure 3a) and NiCu (Figure 3b)
are shown at low magnification in Figure 3. Both images show quasi-spherical particles
with significant agglomeration.
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Figure 3. SEM images of in-house-synthesized Ni (a) and NiCu (b) catalysts.

2.2. Electrochemical Tests
Co-Catalyst at the CuO-Based Photocathode

Polarization tests were carried out in a PEC cell composed of Ti-and-P-doped hematite
deposited over TCO glass, an anionic FAA-3 membrane electrolyte, and a photocathode
formed by cupric oxide over hydrophobized (with 7% FEP, fluorinated ethylene propylene)
Sigracet 35BC substrate, onto which metallic Ni or NiCu co-catalysts were deposited by
drop-casting to investigate the effect of different metal loadings (8, 12 ug cm~2). Thereafter,
the annealing of CuO+Ni/GDL at 300 °C for 1 h was adopted to prevent the detachment
of metal particles.

Before experiments, 25 uL. cm ™~ ionomer loading was deposited over the electrodes
to guarantee a good interaction between photoelectrodes and the membrane. Furthermore,
ionomer deposition creates a protective layer to enhance the durability of both CuO and
the overall PEC. Finally, the photoanode, electrolyte, and photocathode were treated in a
1 M KOH solution for 1 h to facilitate the anion exchange process.

Polarization curves illustrated in Figure 4 were carried out in the dark (dashed lines)
and under illumination (continuous lines). Figure 4a shows the behavior of the four
PECs without a co-catalyst addition and with different amounts of co-catalysts at the
photocathode between OCP and —0.6 V. Figure 4b displays the current density between
OCP and —1.3 V in the bias-assisted region. Loadings of 8 or 12 ug cm ™2 were used
for metallic Ni, and a loading of 8 g cm~2 was tested for the NiCu alloy in order to
compromise between being cost-effective and optimizing performance for PEC cells.

2
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Figure 4. Polarization curves in the dark and under illumination from (a) OCP to -0.6 V bias-assisted region and (b) from

03to-13V.

The bare PEC, without a co-catalyst, was investigated for the sake of comparison,
and was characterized by a lower value of the photocurrent density (difference between
current density under illumination and in the dark) than those obtained with a Ni co-
catalyst-based PEC. From Figure 4a, in the bias-assisted region at —0.4 V, the photocurrent
density was —0.96, —1.57, and —1.73 mA cm~2 for the bare PEC and for PECs loaded with
8 and 12 pg cm 2 of Ni co-catalysts, respectively, and —1.56 mA cm~?2 for the NiCu-based
cell. At —0.6 'V, the photocurrent density shows a similar value for the PECs based on 8
and 12 pg cm~2 (about 2 mA cm~2) of Ni loading followed by 1.75 mA cm~2 for the PEC
based on 8 pg cm~2 of NiCu. From Figure 4b, the photocurrent density below —0.6 V
is affected by the different behavior of the response provided mainly in the dark. For
example, at —1.3 V, the potential at which water electrolysis happens, ]ph was —2.2, and
—7.7 mA cm 2 for PECs based on 8 and 12 pg cm ™2 of Ni co-catalyst loading, respectively,
and —8.1 mA cm~2 for the NiCu-based cell.

Figure 5a shows both the enthalpy and throughput efficiencies of the three PEC cells
based on Ni and NiCu co-catalysts at the photocathode together with the values achieved
with the bare PEC between OCP and —1.6 V. The enthalpy efficiency (orange lines) reached
the maximum value in the bias-assisted region between —0.4 V and —0.6 V, whereas the
throughput efficiency (blue line) increased as the bias voltage became larger, due to an
enhancement of the overall photocurrent at high bias voltages. Calculating the throughput
efficiency for a tandem cell is the same as in a conventional (dark) electrolyzer, where the
total energy output is divided by the total energy input.

The bare PEC without co-catalysts (Figure 5a) provided lower enthalpic and through-
put efficiency in the same voltage range. In the case of Ni (8 g cm~2), Figure 5b shows a
maximum enthalpic efficiency lower than 2% at about —0.5 V, and the throughput efficiency
was about 3% at the same voltage. The best-performing PEC, in terms of efficiencies in the
potential range of interest, was displayed in Figure 5c with Ni (12 ug cm~2), followed by
the PEC with NiCu (8 pg cm™2) at the photocathode.

Table 1 summarizes data of the photocurrent (Jpn), enthalpy (nen), and throughput
(Wthroughput) efficiencies for the best-performing cell, where a 12 pg cm~2 Ni co-catalyst
(Figure 5¢) was added to the hydrophobized CuO/GDL photocathode. J,p, increases from
1.73 to 7.33 mA cm 2 in the potential range from —0.4 V to —1.225 V, corresponding to a
growing difference between the current density values under illumination and in the dark.
The enthalpy efficiency at —0.4 V reaches a maximum value of 2.03% and then decreases to
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1.89% at —0.6 V as a result of the balance between the larger photocurrent and lower bias
potential (Ep;ps)-
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Figure 5. Enthalpy and throughput efficiency of PECs with photocathode co-catalyst loading: (a) bare PEC, (b) Ni
(8 ug em—2), (¢) Ni (12 pg cm™2), and (d) NiCu (8 pg cm~2). Bias is reported as the cathode potential minus the

anode potential.

Table 1. Photocurrent density (J,p,), enthalpy efficiency (nens), and throughput efficiency (Nunroughput)
achieved by the addition of Ni co-catalyst to the photocathode.

Vbias (V) Joh (mA cm~2) Nenth (%) Nihroughput (%)
—0.4 1.73 2.03 2.76
—0.6 1.97 1.89 3.13
—1.225 7.33 2.03 10.75

The throughput efficiency is a ratio between the power output and the overall power
input (solar + electric) supplied by an external source; thus, it increases in the function of
a larger Jpp, and it achieves a maximum calculated at —1.225 V of 10.75%. This result is
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three times higher than the best results obtained in our previous study with PEC cells in
which co-catalysts were added at the photoanode.

Impedance spectra were performed in the bias-assisted region at —0.6 V under illu-
mination to evaluate the kinetic and electrochemical effect of the PEC with a Ni or NiCu
addition to the photocathode in comparison with a bare PEC. As evidenced by Figure 6,
the value of charge transfer resistance is higher for the cell without co-catalysts, followed
by the NiCu-based PEC and the Ni-based PEC. According to polarization curves and the
calculated efficiencies, the addition of Ni and NiCu improves the charge transport and the
photoelectrochemical activity of the overall photoelectrochemical cell.

750 ~
= NiPC12 o
e NiCuPC8 Under illumination
Bare PEC 06V
500 -
&
e
[&]
<3
N
250 -
[ ]
'f-.‘.- .::.’o
[ ]
; N
O T | T T T T r T . | . |
0 250 500 750 1000 1250 1500

Z' (Qcm?)
Figure 6. Impedance spectra for Ni- or NiCu-based PEC in comparison with the bare cell.

3. Materials and Methods
3.1. Synthesis of Photoelectrodes
3.1.1. Preparation of (110) Oriented Hematite Nanorods as Photoanodes

Hematite-based photoanodes were prepared as reported in our previous studies [34].
Briefly, the synthesis consists of a chemical bath deposition procedure followed by a
thermal treatment. A transparent conductive oxide (TCO) glass substrate was vertically
arranged in a solution containing 0.15 mol-L~! FeCl3-6H,O (Sigma-Aldrich, St. Louis, MO,
USA, 99%) and 1 M NaNOj (Sigma-Aldrich, 99%), treated at 100 °C for 6 h and dried
in air (FeOOH/TCO). A final heat treatment at 650 °C for 1 h was performed to achieve
hematite-based nanorods (a-Fe,O3/TCO).

3.1.2. Hematite Modification with Titanium and Phosphorus

The modification with Ti was achieved by dip-coating the FeFOOH/TCO electrode in
a solution 0.1 mol-L~! of Ti-isopropoxide in isopropanol. The electrode was immersed
and kept in the solution for 1 min using immersion and withdrawal rates of 450 mm/min.
After coating, electrodes were dried at 100 °C for 30 min and then thermally annealed at
650 °C for 1 h in air. This treatment leads to a Ti-doped x-Fe,O3/TCO.

Ti-doped o-Fe,O3/TCO electrode was modified with P by dip-coating into a 0.1 mol-L
NH4NaHPOy (Sigma-Aldrich, 99%) aqueous solution. Immersion and withdrawal cycles
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of 1 min were performed at a rate of 450 mm/min. After coating, the electrodes were dried
at 100 °C for 30 min and then thermally annealed for 30 min in air at 450 °C.

3.1.3. Preparation of Cupric Oxide onto Sigracet Gas Diffusion Layer (GDL) as
a Photocathode

The optimized procedure to obtain CuO/GDL is detailed in our previous work [18].
First, CuO was prepared according to the oxalate method described in a patent [35]
and thermally treated at 350 °C for 2 h allowing the CuOx nanoparticle formation. In
a subsequent step, the formation of metallic Cu was achieved by the reduction of the
powder in a 10% H;—90% N, atmosphere at 200 °C. Simultaneously, a backing layer of the
GDL was hydrophobized for 5 min with a 1:1 v.v. Fluoro-Ethylene-Propylene (FEP):H,O
solution. Thus, metallic Cu was dispersed in isopropyl alcohol under sonication for half
an hour and then sprayed with an airbrush (high-performance HP-CPlus from IWATA)
onto hydrophobized GDL (Sigracet 39BC) until reaching a total load of 2.0 mg/cm? of
metallic Cu. After spray-deposition, the Cu/GDL was washed with deionized water,
and chemical oxidation was performed by immersion in 2.5 mol-L~! aqueous solution of
sodium hydroxide (NaOH, Scharlab, extra pure) and 0.125 mol-L~! ammonium persulfate
((NH4)25,0g, Sigma-Aldrich, 98%) for 11 min. Finally, the electrode was thermally treated
in air at 300 °C for 1 h. The intermediate step of metallic copper formation led to an even
deposition of the metal over the GDL substrate and, in general, good adhesion of the
semiconductor on the backing layer.

3.1.4. Synthesis of Co-Catalysts for the Photocathode

The raw catalysts, consisting of NiOx and NiCuOx, were prepared by the oxalate
method [35]. Ni and Cu nitrates were dissolved in distilled water and mixed with a solution
of oxalic acid neutralized at pH 6.5 with NaOH. A molar ratio of 10 was adopted between
the chelating agent and the metal. The formed complex was treated at 80 °C with H,O,
until precipitate formation occurred. The precipitate was filtered from the solution, washed,
and dried at 100 °C for 24 h. It was then calcined at 350 °C for 120 min. This last thermal
annealing led to the formation of NiOx or NiCuOx when a Cu precursor was employed.
Thus, metallic Ni was obtained by reducing the corresponding oxide at 400 °C for 1 h and
NiCu by reducing NiCuOx at 300 °C for 1 h both in a 5 mL/min H; + 95 mL/min N
environment. The catalytic inks were prepared by sonicating the co-catalyst powder with
2-propanol for half an hour in order to obtain a 2 mg mL~! dispersion. Afterward, 8 and
12 pg cm~2 promoter loadings were collected and deposited on the CuO/GDL electrode
using a doctor blade technique. Finally, the photocathode was subjected to a second heat
treatment at 300 °C for 1 h before ionomer deposition.

3.1.5. Ionomer Preparation

The ionomer dispersion was prepared by solubilizing the received solid ionomer
powder (FAA3-shredded film) in a mixture of solvents. An alcoholic solution of n-propanol
and ethanol (1:1 wt) was used for this purpose, and the FAA3 ionomer was solubilized at
room temperature under stirring to have ~5 wt% dispersion.

3.2. Assembly of the Photoelectrochemical Cell

Each of the four photoelectrochemical cells assembled with clamps for this work has a
geometric area of 1 cm?, with an active area of 0.25 cm?. An anion exchange Fumasep mem-
brane (FumaTech, Bietigheim-Bissingen, Germany), with a geometric area of 1.1 x 1.1 cm?,
was based on a polysulfone backbone and aminated functional groups; it was subjected
to an anion-exchange process in 1 M KOH aqueous solution for 24 h before assembly to
exchange the chloride by hydroxide. The FAA3 ionomer dispersion was deposited on
both the photoanode (PA) and photocathode (PC) surfaces at 25 uL cm 2 ionomer loading
(FAA3, 5 wt% in 1:1 ethanol-n-propanol mixture).

Ti-and-P-doped hematite, Ni- or NiCu-based PC, and the hydrated membrane were
then brought into contact according to the following arrangement: photoanode/ionomer/
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membrane/ionomer/photocathode. Before the cell assembly, the membrane and photo-
electrodes were soaked in pure water, thus providing the necessary water content for the
photoelectrochemical reaction. To insulate the back side of the hematite electrode, a black
insulating tape was used so that the photoactive area was 0.25 cm?.

Finally, the assembled cell was clamped with two paper clips for each side to provide
sufficient pressure to secure all of the cell components. The PEC cell was tested in a solar
simulator (Oriel) in a vertical position at 1.5 AM, corresponding to a power density of
92 mW cm ™2, as measured by a calibrated photovoltaic cell.

3.3. Physicochemical Characterization

X-ray diffraction (XRD) patterns for powder co-catalysts were acquired with an X'Pert
3710 X-Ray (Philips, Eindhoven, The Netherlands) diffractometer using a Cu-K« source
operating at 40 kV and 20 mA. The peak profiles of the X-ray reflections were obtained
by applying the Marquardt algorithm to calculate the crystallite size by means of the
Debye-Scherrer equation. The morphology of the co-catalysts was studied by scanning
electron microscopy (SEM) with an FEI-XL 30 SEM microscope.

3.4. Electrochemical Tests

Working and sensing electrodes (WE, SE) were connected to the conductive part of
FTO at the photoanode; reference and counter electrodes (RE, CE) were connected to the
CuO-free GDL at the photocathode.

Polarization tests were carried out by sweeping the potential between the open circuit
potential (OCP) value up to a bias of —1.3 V. Some graphs were reported in the region
of interest (avoiding drastic conditions for degradation) up to —0.6 V (bias-controlled
region) and recording the current density of the PEC first in the dark and thereafter
under illumination. The sign of the recorded photocurrent and the potential bias are
reported as negative (reverse current and applied bias) as in the case of photodiode mode.
When a spontaneous photovoltage is recorded, it takes a positive sign, as is the case
for the photodiode. The photocurrent measured between the OCP and the short circuit
(i.e., 0 V) is driven by illumination only (spontaneous photocurrent); in this region, the
potential is positive, whereas, in the negative potential region, an external bias-assisted
photocurrent occurs.

Impedance spectra were carried out at a bias of —0.6 V under illumination for the best-
performing electrochemical cell with and without the addition of co-catalysts. Frequency
was varied from 1 KHz to 0.1 Hz (10 mVrms) with a frequency response analyzer (FRA)
supported on Metrohm Autolab potentiostat/galvanostat.

3.5. Efficiency of the PEC

The efficiencies of photoelectrochemical cells were calculated as reported in
Equations (1)-(3) and in previous papers [17-19,36,37].

Enthalpy efficiency: 1 = Iph (AH/nF — Ebias)/Pin = Iph (Etn — Ebias)/Pin (1)

Free energy efficiency: n = Iph (AG/nF — Ebias)/Pin = Iph (Erev — Ebias)/Pin  (2)
Throughput efficiency: n = Iph (AH/nF)/(Pin + Iph Ebias) = Iph Etn/(Pin + Iph Ebias)  (3)

where Etn = 1.48 V, Erev = 1.23 V, Ebias = V, Pin = mW cm 2, and Iph =Ilight — I

dark = mA cm—2.

4. Conclusions

A small amount of homemade Ni-based co-catalysts were deposited onto a CuO/GDL-
based photocathode of a photoelectrochemical cell formed using Ti-and-P-doped hematite
photoanodes and an anionic exchange membrane used as a gas separator between oxygen
and hydrogen evolution from photoelectrochemical water splitting. By comparing bare
PEC with those obtained with 12 ug cm~2 of Ni co-catalysts, it appears that the use of
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the co-catalyst promotes hydrogen evolution under illumination with the achievement of
10.75% in throughput efficiency at —1.225 V. At —0.6 V, the photocurrent density reaches
approximately 2 mA cm~2 for the cell based on 12 ug cm~2 of Ni loading followed
by 1.75 mA cm~2 for that based on 8 ug cm ™2 of NiCu. For the best-performing cell,
enthalpy efficiency at —0.4 V reaches a maximum value of 2.03%. Interestingly, these
co-catalysts can be loaded directly on the photocathode material, without the need for the
previous deposition of a buffer layer. This simplifies the electrode modification and favors
its viability.

The scalability of such a kind of PEC could enhance the production of hydrogen for
possible future applications for green technology.
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