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1. Introduction

Nowadays, fossil fuels cover most of the world's energy
demand worldwide. These fuels supply the energy needed 
by our industry and transportation sectors and provide en-
ergy for residential applications[1,2]. However, it is clear 
that these resources are not sustainable in the long term 
and cause climate change issues such as global warming 
through greenhouse gas emissions. Thus, there is an increas-
ing interest in renewable energy sources' role in the future. 

Photoelectrochemical (PEC) water splitting (WS) is con-
sidered the most promising solar process for hydrogen pro-
duction and represents a proper backup solution to store 
energy[3,4]. The research on PEC WS relies on semiconduc-
tor electrodes that exhibit appreciable photogenerated 
charge separation at the solid/liquid interface when illumi-
nated by sunlight. To the best of our knowledge, studies on 
PEC cells were conducted, even recently, in a liquid electro-
lyte, thus requiring post-processing energy to separate 
evolved gas from water splitting. Furthermore, the facile 
scalability of a PEC device could also be helpful for hydro-
gen-powered vehicles, which shall complement battery-
powered vehicles, especially for long-range journeys. 

In our recent works, tandem PEC cells were constituted 
by a solid polymeric membrane, acting as both gas separator 
and electrolyte, sandwiched between a photoanode (PA) 
and a photocathode (PC)[5–8]. Attention was focused on in-
vestigating non-critical raw materials (non-CRM) for the Eu-
ropean Union (EU) in a 0.25 cm2 PEC cell.  

The most suitable tandem couple, achieved in a small 
cell area, was based on n-type P- and Ti-doped Fe2O3 pho-
toanode and p-type CuO photocathode, including ionomer 
coatings as protective layers.  

An anion-exchange membrane was optimized for PEC 
WS applications in a low-cost tandem cell. Furthermore, the 
use of a hydrophobized gas diffusion layer (GDL), as a sub-
strate for the CuO photocathode, produced a relevant in-
crease in efficiencies, doubling the performance of the con-
ventional FTO photocathode substrate-based cell.  

Herein, the pros and cons of scalable production of the 
main components of PEC cell, constituted of a PVC case, in-
ternal connectors, gaskets, photocathode/GDL, membrane, 
photoanode/drilled FTO, glass frame, current slab, and clo-
sure frame is reported. 

2. Experimental

2.1 Synthesis of Photoelectrodes 

Hematite-based photoanodes were prepared by a chem-
ical bath deposition procedure followed by a thermal treat-
ment. The modification with Ti was achieved by dip-coating 
and successive thermal annealing at 650 °C for 1 h in air. This 
treatment leads to a Ti-doped α-Fe2O3/FTO. 

The optimized procedure for CuO/GDL photocathode 
was obtained in three steps: 1) spray deposition of metallic 
Cu over GDL; 2) chemical oxidation and 3) thermal treat-
ment at 300°C. 

Home-made metallic Ni and NiCu were deposited on the 
CuO/GDL using a doctor blade technique. The photocathode 
was subjected to a second heat treatment at 300 °C for 1 h 
before ionomer deposition. 

2.2 Assembly of the PEC cells 

An anion exchange Fumasep membrane (FumaTech), 
with a geometric area of 1.1 x 1.1 cm2 was assembled be-
tween photoanode and photocathode. Before the cell as-
sembly, the membrane and photoelectrodes were soaked in 
pure water, thus providing the necessary water content for 
the photoelectrochemical reaction. A black insulating tape 
was used so that the photoactive area was 0.25 cm2. 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. 

For the scaling up, current collectors were previously in-
serted into the plastic case; the H2 gasket, the porous hydro-
phobic photocathode and the membrane were stacked. A 
drilled TCO glass supporting the photoanode and the rela-
tive gasket was settled down with the hematite electrode 
facing the membrane. Finally, a top gasket for preventing 
water/O2 leakage was applied and compressed on the other 
stacked components through the plastic frame closure. The 
PEC was compressed using a torque wrench; the imposed 
torque was lower than 1 Nm per bolt. 
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2.3 Physicochemical Characterization 

X-ray diffraction (XRD) patterns for powder co-catalysts 
were acquired with an X’Pert 3710 X-Ray diffractometer us-
ing a Cu-Kα source operating at 40 kV and 20 mA. The mor-
phology of the co-catalysts was studied by scanning electron 
microscopy (SEM) with a FEI-XL 30 SEM microscope. 

 
2.4 Electrochemical Tests 

Polarization tests were carried out by sweeping the po-
tential between the open circuit potential (OCP) value up to 
a bias of -1.3 V, recording the current density of the PEC in 
the dark and under illumination.  

Impedance spectra were performed in the bias-assisted 
region at −0.6 V under illumination to evaluate the kinetic 
and electrochemical effect of the PEC in comparison with 
the scalable prototype. 

3. Results and discussion 

 

3.1 Polarization measurements in 0.25 cm2 PEC cell 

To obtain suitable performance for the WS, the ap-
proach of using a co-catalyst based on Ni or NiCu at the cath-
ode side was employed. Polarization curves illustrated in 
Figure 1 were carried out in the dark (dashed lines) and un-
der illumination (continuous lines). Loadings of 8 or 12 µg 
cm−2 were used for metallic Ni, and loading of 8 µg cm−2 was 
tested for the NiCu alloy as a compromise between cost-ef-
fectiveness and performance. The bare PEC, without a co-
catalyst, was investigated for comparison and was charac-
terized by a lower value of the photocurrent density Jph (dif-
ference between current density under illumination and in 
the dark) than those obtained with a Ni co-catalyst-based 
PEC. 

 

 

Fig. 1. Polarization curves in the dark and under illumination from 

0.3 to -1.3 V. 

Table 1 summarizes data of the photocurrent (Jph), en-
thalpy (ɳenth), and throughput (ɳthroughput) efficiencies for the 
best-performing cell, where a 12 µg cm−2 Ni co-catalyst was 
added to the hydrophobized CuO/GDL photocathode. Jph in-
creases from 1.73 to 7.33 mA cm−2 in the potential range 

from -0.4 V to -1.225 V. The enthalpy efficiency at −0.4 V 
reaches a maximum value of 2.03% and then decreases to 
1.89% at −0.6 V as a result of the balance between the larger 
photocurrent and lower bias potential (Ebias). The through-
put 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 Jph 

achieving a maximum calculated at -1.225 V of 10.75%. 

Table 1. Photocurrent density (Jph), enthalpy efficiency (ɳenth), and 
throughput efficiency (ɳthroughput) achieved by the addition 
of Ni co-catalyst to the photocathode.  

 

3.2 Scaling up of the main components  

A 25 cm2 prototype was realized and electrochemically 
tested in the dark (dashed lines) and under illumination 
(continuous lines). The photocurrent and consequently the 
efficiency were in this case about 10 times lower than the 
0.25 cm2 lab cell. The main issues appear to be related to 
charge transfer at the photo-electrodes/electrolyte inter-
faces. A very high polarization resistance (Rp) for the 25 cm2 
PEC compared to the 0.25 cm2 reference cell was displayed 
in EIS measurements. The final revision of the unit cell pro-
totype was based on the GEMA concept (Glass Electrode 
Membrane Assembly). This approach improved the interfa-
cial contact between membrane and photoelectrodes with 
a simplified current collection in the module. 

4. Conclusions 

A small amount of homemade Ni-based co-catalysts was 
deposited onto a CuO/GDL-based photocathode of a photo-
electrochemical cell formed by Ti-and-P-doped hematite 
photoanodes and an anionic exchange membrane, used as 
a gas separator between the two electrodes. It appears that 
the use of the co-catalyst promotes hydrogen evolution un-
der illumination with the achievement of 10.75% in through-
put efficiency at -1.225 V. Pros and cons of the scalability for 
PEC prototype are presented and discussed. 
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