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Green hydrogen is a clean fuel aiming to revolutionize the transportation industry in the coming
decades. It can be produced via several processes with solar electrochemical (EC) and solar
thermochemical hydrogen (SCTH) as the most attractive routes. High-temperature solid oxide
electrolysis (SOE) is a relatively mature technology; however, these systems suffer low durability
due to delamination, build-up of nonconductive phases and separation of metallic electrode contacts.
Alternatively, two-step solar thermochemical hydrogen (STCH) exhibits ample durability and benefits
from cheaper thermal energy, although solar-to-hydrogen efficiencies remain low.! To address the
efficiency losses due to high temperature heat recovery, an alternative electrically assisted
thermochemical pathway has been proposed, outlined in Figure 1.2 This work presents the first
experimental demonstration of an electrically assisted thermochemical cycle for water splitting based
on ceria, CeO,. By introducing an electrical potential during the thermal reduction step, CeO: is
reduced at temperatures below 1000 °C and then re-oxidized with water to produce hydrogen
spontaneously without the addition of any electrical potential. For the first time, it is demonstrated
that CeO; can be reduced at temperatures between 750 to 950 °C under an oxygen partial pressure
of 2 ppm, obtaining an extent of reduction from 0.002 to 0.01 when an electrical potential between
0.75 and 2 V is added. Here we have studied two configurations (pure CeO;, and composite CeO-
YSZ), the effect of the reduction temperature and the applied electrical potential on the degree of
non-stoichiometry as well as demonstrating its cyclability and hydrogen production capacity.
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Figure 1. a) Schematic of the thermo-electrochemical cycle based on CeO, composite with YSZ
and b) Gibbs free energy of water splitting (AGws), thermal reduction (AGR), electrically assisted
thermal reduction (AGg(V)) and re-oxidation reactions (AGox) using CeO..

The construction of pure CeO; pellets was conducted via uniaxially pressing at 1.3 ton. To which, Pt
contacts applied using platinum paste (from Fuel Cell Materials). Additionally, composite pellets,
containing a layer of YSZ from Fuel Cell Materials where prepared by the same prcedure, illustrated
in Figure 2.
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Figure 2. Schematic of sintered pellets for a) pure CeO, (thickness 1.95 mm) and b) composite
CeO,/YSZ (thickness 3.67 mm: 1.98 mm of CeO; and 1.69 mm of YSZ).

The results of the thermo-electrochemical reduction followed by hydrogen production using the pure
CeO: pellets under different conditions is presented in Table 1. Results of oxygen production, degree
of non-stoichiometry (8), including the thermal only reduction temperature (the expected temperature
of reduction for the same vacancies using conventional STCH), energy consumption (E) and field
strength (F) are also gathered for all experiments.

Table 1: Results of oxygen formation under different temperatures and electrical potentials
conditions of pure CeO; pellet

libri Energy |- g
~ | Equilibrium | Oxygen Tof | consumption

Temperature | Potential . Produced thermal strength

Potential 5 onl (E)

(°C) (V) for (mL g y . (F

5 (V) Ce0y) ecy | (mol oy

Hy)
750 15 0.67 0.250 0.0035 1150 2.08 104 761.42
850 15 0.55 0.354 0.005 1188 1.94 104 761.42
850 2 0.64 0.721 0.010 1265 1.90 104 1015.2
950 15 0.46 0.585 0.0083 1244 1.50 104 761.42
950 0.75 0.32 0.227 0.0032 1141 1.02 104 380.71

Likewise, the following table summarises the results under the same experimental condition using
the composite YSZ pellet. The composite pellet has a larger resistance due to the addition of YSZ
and the larger thickness and therefore the magnitude of the applied field is also lower than the single
material pellet at the same potential. For the experiment at 900 °C and 1.5 V the maximum current
now is around 2 mA, as compared to 400 mA observed previously for unmodified CeO.. The oxygen
production observed in this experiment is 0.253 mL g of CeO; corresponding to 6§ = 0.00357 (see
Table 2). The power required to operate under these conditions is now 231.5 kJ mol* for the same
amount of oxygen vacancies observed by the 950 °C and 0.75 V experiment (
& =0.003 and 1.02 -10* kJ mol?) with the CeO- only pellet. The same vacancies will be produced by
heating CeO- at 1150 °C implying that the electrical potential was able to reduce the reduction
temperature in 250 °C in this case, without considering that the experiment was performed only for
30 minutes while thermal only processes commonly require hours to reach equilibrium.
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Table 2: Results of oxygen formation under different temperatures and electrical potentials

conditions of composite YSZ-CeO; pellet

_ T
e s 20 D2 ey |t
(°C) V) 6fc()\r/ ) (éneLO%) ey | (ImoltHa) | (v m)
900 1.5 0.34 0.253 0.0036 | 1150 2315 412.1
0.44 0.154 0.0022 | 1103 449.8
850 2 0.51 0.267 0.003 | 1159 457.7 549.5
0.52 0.273 0.0039 | 1162 481.4

Furthermore, we have proved that if a dielectric such as YSZ is added to the system, under the same
operating conditions, the power consumption decreases by 2 orders of magnitude. This research
presents a new type of thermo-electrochemical cycle that could be explored in the future for other

materials to ameliorate the temperature conditions of conventional thermochemical cycles.
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