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Executive Summary

Within this document, ITQ-CSIC, SINTEF and UTW have developed the steps for the fabrication of an integrated intensified
electrochemical PEM-based reactor to produce syngas from CO2 and H20 in a single step at <200 °C and 1-10 bar. The
goal key performance indicators pursued in the project are reaching 25% of CO2 conversion, a current density among 0.5
and 1 A-cm? and a Faradic efficiency higher than 0.8.

The integration, depicted in Figure 1, has been approached from the optimisation of the three components of the reactor
separately, i.e. the HT-PEM electrolyser developed by SINTEF, the low temperature catalyst for the reverse water gas shift
reaction (RWGS) and the thin film catalytic membrane (TFCM) for the extraction of water.

Anode

H* H* Rolymer Electrolyte Membrane
Cathode

/_\ Reaction Chambe
H>
Sy \

_’!__.} CO +H;

Water Extracting Membrane

FIGURE 1. Scheme of the HT-PEM catalytic membrane reactor proposed as a CO2SMOS solution to produce
syngas from biogenic CO2

The proposed optimisation main phases will be described, and a preliminary list of results and main forward steps will be
given and related to specific Key Performance Indicators (KPIs) to investigate the real possibilities and main bottlenecks
of this technology.
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1.Introduction

The following sections describe the scope and the structure of the current deliverable, as well as the interdependencies
with other CO2SMOS tasks and deliverables.

1.1. Scope of the deliverable

This report represents the work carried out in Task 2.4 up to month 20 of CO.SMOS project, which aims for the
optimisation and integration of an electrocatalytic reactor for syngas production from biogenic CO2 emissions. The
approach will deliver an innovative lab-scale solution to convert biogenic CO2 into added-value platform chemicals.

In particular, Task 2.4 is divided into three interlinked sub-tasks:
*  Subtask 2.4.1 named “Development of HT-PEM electrolyser”. The output is presented in the current D2.3 deliverable;

*  Subtask 2.4.2 named “Development of RWGS catalyst”. The output is presented in the current D 2.3 deliverable;

*  Subtask 2.4.3 named “Development of TFCM for selective water extraction”. The output is presented in the current
D 2.3 deliverable;

*  Subtask 2.4.4 named “Integration of the eCMR unit for syngas production” This subtask will be reported separately
in D2.4 “Electrocatalytic reactor assembly and electrocatalytic performance”

Subtasks 2.4.1to0 2.4.3 aims to find the optimal working conditions to integrate the three systems (HT-PEM, RWGS catalyst
and water TFCM) in a catalytic membrane reactor that can be fed with CO2 from biogenic sources and water and allows
the intensification of the overall syngas production reaction.

1.2. Structure of the deliverable

Within this Deliverable, besides Chapter 1 that constitutes the present Introduction, the following sections are
included:
*  Chapter 2 outlines the methodological approach.

*  Chapter 3 presents the main advances and achievements for each technology optimization, i.e. HT-PEM,
low temperature RWGS catalyst and thin film catalytic membrane;

*  Chapter 4 draws the conclusion remarks and next steps.

1.3. Interdependencies with Other Tasks and Deliverables

The figure below shows the interdependencies of WP2 with other work packages.
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FIGURE 2. Interdependencies of WP2 with Other Work Packages

The activities reported in this Deliverable have been performed taking into account the requirements of WP3, in particular
T3.4 “Optimisation and integration of the CMR for aromatics production” and T4.3 for what concerns the adjustment of
the syngas feeding operation conditions and the necessity of scaling up the different components of the CMR,
respectively. Also, information from T2.1 “Upstream processing strategy and upgrading of the industrial CO» streams” is
required to establish the stability limits of the different components against biogenic CO2 impurities in the gas stream. In
particular, activities have been carried out considering the following:

e Task 2.1 “Upstream processing strategy and upgrading of the industrial CO2 streams” with a deliverable D2.1
“Upstream processing and upgrading of industrial biogenic CO>".

e  Subtask 3.4.1 “Development of solid electrolyte Oz separator” with its deliverable D1.2 named “Stakeholders’
requirements and market needs” for use cases links led by ITQ-CSIC;

e  Subtask 3.4.2 “CMR for aromatics production: integration” with its deliverable D3.8 named “Development of BTX
selective synthesis catalyst” and led by ITQ-CSIC;

e Subtask 4.3 “Electrocatalytic reactor testing and validation for CO2 to syngas conversion at TRL 5;” having a
deliverable report on the performance and experimental results of the electrocatalytic reactor prototype, led by
ITQ-CSIC.
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2.Methodological approach

CO2SMOS focuses mainly on valorising the biogenic CO2 emissions from Industrial Fermentation processes, in which CO:
is easy to capture and considerably pure. Electrochemically, this CO2 can be converted to syngas (CO + Haz). Through
selected reactions and catalyst, this syngas is the base to produce chemical building blocks for manufacturing different
long term products. Therefore, the carbon from the CO2 will be fixed as textiles, food packaging, polymers, etc. CO.SMOS
proposes a new concept of electrocatalytic membrane reactor for the direct green syngas production from CO2 and H20.
This approach aims to conduct the electrocatalytic reduction of CO2 to syngas in an intensified planar electrochemical
membrane reactor integrating three components. In order to carry out this technology at TRL 4, three sub-systems will
be developed and optimised separately:

(i) the HT-PEM electrolyser,
(ii) the RWGS catalyst,
(iif) the TFCM.

Over the anode of the PEM electrolyser, catalytic electrolysis of water will occur (H,0 2 %02+ 2H* + 2e7), and the protons
(H*) formed will be transported to the cathode and the reaction compartment. In this compartment, CO2 will be reduced
through two mechanisms: (a) direct electrocatalytic reduction to CO on the cathode surface (CO2 +2e~ 2 CO + 027), and
(b) reaction with H2 formed in the cathode (2H+ + 2e” 2 H>) on the surface of a heterogeneous catalyst to form CO via
RWGS (CO2+ H2 2 CO + H20). In both cases, the overall reaction will be: H.0 + CO; - CO + %0, + H,0. The H,0 formed
will be instantly removed through the TFCM, which will contribute to shift the equilibrium towards CO formation,
increasing CO2 conversion and syngas yield. An excess of H20 will be electrolysed to form more Hz in order to adjust the
final syngas composition (H-C ratio) according to T3.4.2 requirements. The architecture of the integrated reactor will
enable (i) a more efficient heat and energy management, by coupling endo- and exo-thermic processes at a micro-scale;
and (ii) controlling the flow path and reaction contact time, which allows tuning H2/CO ratio.

First, the components of the HT-PEM electrolyser will be optimised by SINTEF. The electrolyte will be based on PBI, doped
with H3PO4. The anode will be modified to promote oxygen evolution reaction by using IrO2and/or IrxRu1xO2 nanoparticles
supported on conductive oxides (TiO2, SnOz2) to increase the active surface area. The cathode will be functionalised with
nanoparticles of Ag, Cu and/or Pt, alloys or core-shell catalysts supported on carbon nanofibers to promote H» evolution.
Electrocatalysts for selective electroreduction of CO2 to CO will be studied. The cell performance and losses will be
characterised and optimised for water electrolysis.

CSIC will develop the catalyst for the RWGS reaction, based on the combination of metals (as Pt, Rh, Au) and metallic
promoters (Co, Cu, Ni), supported on metallic oxides (TiO2, ZnO, Zr0z). Its composition and nanostructure will be
optimised to maximise conversion and selectivity towards CO, over undesired CHs and coke. The catalyst will be optimised
for its appropriate operation as integrated in the electrocatalytic reactor, with injection of pressurised H2 and extraction
of water in a catalytic bed reactor.

UTW will develop the water extracting membrane, consisting of a thin film (<500 nm) polymer membrane composed of
a high-performance selective layer with high thermal resistance, based on polyimides or polyether-based polymers,
supported on a high thermal resistance substrate based on PPS and PBI polymers. The membrane will be tested and
optimised to maximise selectivity towards water extraction (avoiding H2 or other species leakage) while maintaining high
permeance. All components must be stable and effective under the operating conditions (<200 °C and 2-10 bar) and in
presence of the involved species (steam, CO2, H2 and CO). They will be integrated in a single eCMR to conduct one-step
H20/CO:z electroreduction to syngas, at high energy efficiency and yield.
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Overall, water electrolysis will be conducted over the thermo-neutral potential, to provide heat for the endothermic CO;
reduction, boosting energy efficiency.

To pursue the objective of the study, the evolution of the task achievements and recognisement of bottlenecks, has been
based on the coordination within T2.4 partners by the following steps:

*  Monthly meetings are scheduled to discuss the requirements of the different components of the CMR. The
main experimental results, advances and problems encountered in each subtask are discussed and new
actions are proposed.

*  Shared folder in MSTeams containing main documents regarding the evolution of the experimental results,
as well as summary presentations.

*  Visit to labs of partners to be aware of the equipment involved in the tasks, especially in the cases where
sample interlinks are envisioned.
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3.0ptimisation Results

3.1. HT-PEM

3.1.1. Optimisation methodology

Conventional PEM electrolysers uses Nafion membranes operate at 60-80 °C, which is too low temperature for the
electrocatalytic reactor (e-CMR). HT-PEM electrolysis at temperatures above 120 °C is not widely studied, and only a
limited amount of work has been published. Phosphoric acid (PA) doped polybenzimidazole (PBI) have high conductivity,
excellent thermal stability, and very low vapor pressure at high temperature. These PBI membranes are preferred over
Nafion for HT-PEM fuel cell applications because of their low cost and excellent chemical and thermal properties in the
temperature interval 100-250 °C without humidification. However, literature on HT-PEM electrolysis using PBI is scarce.
It is thus important to establish a reference cell to be improved/adapted at a later stage according to the performance of
the components integrated in the e-CRM. In this work, a membrane electrode assembly (MEA) based on PBI is prepared,
tested in electrolyser mode, and used as reference to be eventually optimized for integration in the e-CMR.

The e-CRM should run at 120-200°C. From the point of view of the catalyst reactor to be coupled with, the higher the
operating temperature is, the better it is for the CO conversion. The reference MEA prepared in this work is based on a
commercial PBI membrane, doped with phosphoric acid. PBI preserves its mechanical strength at temperatures up to
180°C depending on the suppliers, while the acid doping provides the proton conduction. Doping parameters are
screened to obtain maximum doping. Thereafter, the anode is spray-coated on one side of the doped PBI while a
commercial Pt-coated carbon cloth gas diffusion layer is used on the cathode side. Optimization of the both electrodes is
depending on the results of this reference cell in the conditions of use of the e-CMR.

3.1.2. Experimental

3.1.2.1. Membrane Electrode Assembly — MEA

Electrolyte — phosphoric acid doped PBI membrane

PBI membrane

The production of PBI for HT-PEM. Only few alternatives are commercially available and with long lead time which had
serious consequences on the development of the HT-PEM electrolyser cell in this project. jError! No se encuentra el origen
de la referencia. presents the alternative PBI membranes used in this study and their characteristics.

TABLE 1. PBI MEMBRANES USED IN THIS STUDY AND THEIR CHARACTERISTICS

PBlI membranes Thickness PA-doping Characteristics given by the supplier
(microns) as supplied

AM-40 - FUMAPEM 40 No Non-reinforced; for HT-PEMFC

PBI from PBI Performance 55 No High strength film for HT-PEMFC,

Products Inc. mostly efficient over >150°C

Celtec membrane from BASF 400 Yes Operation 120-180°C
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Phosphoric acid doping

The screening of the doping parameters is carried out firstly with the PBI membrane from FUMAPEM. The main
parameters investigated were the doping temperature and time. Conditioning and rinsing after doping of the PBI
membrane were investigated. It was noticed a weight decrease about 10-12 wt% of the PBI membrane when the

membrane was conditioned in methanol and dried in vacuum oven before doping. In order to obtain a precise weight
gain before and after acid doping, conditioning was performed. The conditioning was most important for the parameters
where the doping level was low. Conditioning was not performed at a later stage when the acid level was high and not
influenced by the conditioning.

Doping method: PBI is weighed, and dimensions are measured before doping and after doping, as the PBI is swelling
during doping and changes dimensions. The membrane is immersed in concentrated orthophosphoric acid (85%) and
heated up to a defined temperature and time.

After doping, the PBI membrane is blot-dried to remove the excess of acid from the surface.

The acid uptake is defined in this report by the weight gain divided by the volume of the PBI after doping.

Electrodes

Anode

IrO2 is the SoA catalyst used for the oxygen evolution reaction (OER) in PEMWE and will be implemented as the anode
catalyst in the first generation PEMWE in CO2SMOS setup. Other anode catalysts might be implemented to reduce the
amount of expensive, scarce iridium.

To reduce the amount of critical raw material used in the electrode fabrication, binder-free electrode is investigated.
Binder-free electrode has been investigated for Pt/carbon electrode with promising results for HT-PEM fuel cell where
ultra-low Pt loading electrodes were tested.

In addition to the amount of iridium deposited as anode, an additional amount of iridium is required by the deposition
equipment itself. The deposition of iridium is performed with an automatic spray-coater which presents a certain dead
volume. By using binder-free anode, the unused and/or cleaning solutions (from milling or spray coating) containing
iridium can be collected and reused after drying. When binders such as Nafion, PBI or Teflon is used in the electrode, the
solution cannot be reused easily. In our work, the influence of the binder is investigated through Nafion-based and binder-
free iridium electrode.

The iridium oxide electrode was deposited using an ultrasonic spray-coater (Sono-Tek ExactaCoat). Parameters such as
ink concentration, spraying flow, distance to sprayed surface, and path speed were optimized to obtain an efficient
deposition in terms of deposited amount of catalyst and quality of the deposition layer. In addition, temperature of the
PBlI membrane during deposition was optimized to avoid solvent-flooding at the PBI surface damaging the layer during
deposition.

Cathode

The cathode catalyst implemented is Pt/C. This is the SoA catalyst used in PEMWE at the cathode for the hydrogen
evolution reaction (HER) and will therefore be implemented. However, Pt is prone to surface poisoning by carbon
monoxide where the CO absorbs to the platinum and block the active sites available for surface reactions taking place.
CO poisoning is not an issue for the cathode in conventional PEMWE. Nevertheless, in the CO2SMOS setup, CO from the
reverse water shift gas reactor might get in contact with the cathode and reduce the efficiency of the cell through
blockage of the platinum surface. This will depend on how the interface between the PEMWE cathode and the reactor is
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made. This is a challenge in low temperature PEM fuel cells (PEMFC) where the anode is sensitive to CO present in the
fuel steam where CO can block the surface and thereby limit the hydrogen oxidation reaction (HOR).

However, increasing the operating temperature is a mitigation strategy to reduce the effect of CO poisoning in PEMFC,
and has been studied by Li et al. In their work it was found that the CO poisoning effect is very temperature dependent
and can sufficiently be suppressed at elevated temperature. At 80 °C the tolerance was about 10-200 ppm and increased

to 1000 ppm and 30 000 ppm by raising the temperature to 130 and 200 °C, respectively. """ The tolerance was also found
to be dependent on current density and will thus depend on the operational conditions.

Since the electrolyser will be run at elevated temperature in the CO2SMOS setup this is an advantage with respect to CO
poisoning. However, there are many unknowns; the exact tolerance for HER in the CO2SMQOS environment and the
potential concentration of CO that the cathode experiences. The sensitivity for HER in PEMWE compared to HOR in
PEMFC might be different. It will be evaluated if the effect can be studied by introduction of CO at the cathode side. If
the tolerance is found to be too low under the relevant CO2SMOS condition other catalysts less sensitive to CO will be
investigated.

3.1.2.2. HT-PEM electrolyser testing

Module design

The high temperature proton exchange membrane water electrolysis (HT-PEMWE) cell has been designed to operate
under elevated temperatures and pressures. The active components, i.e., the flow fields and current collectors, are made
from titanium to ensure no corrosion from the harsh acidic operating environment and highly oxidative potentials
experienced at the anode. The flow fields are designed to be removable where multiple flow fields with varying thickness
and patterns can be manufactured and seamlessly integrated into the cell to optimize performance. The cell is designed
with an active area of 25 cm? An exploded-view drawing of the CO.SMOS cell is shown in Figure 3. The cell was
manufactured at NTNU's mechanical engineering workshop in Trondheim, Norway.

@&—— 55316 end plate
PEEK insulator

Ti current collector

Removable Ti ) |
flow field Ti porous transport layer
Membrane electrodes
assembly (MEA)
FIGURE 3. Exploded-view of the CO.SMOS HT-PEMWE cell.
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Module Commissioning

The commissioning of the HT-PEMWE cell was performed in two stages. The first stage was performed at the Low
Temperature Node of the Norwegian Fuel Cell and Hydrogen Center (NFCH) in Trondheim, Norway, where initial leak
testing and in-situ performance tests were performed.

Leak testing was performed to ensure that that the cell remained gas-tight under high pressure operation. Here a blank
cell was assembled using a single 200 um Teflon gasket and the compression bolts were tightened to a bolt torque of 10
N-m. The cell was connected to a nitrogen gas cylinder and pressurized to 20 barg. Gas flow from the nitrogen bottle was
then closed and the cell was submerged in water to allow for visual inspection of gas bubbles escaping the cell. After one
hour there was no visual sign of gas bubble evolution and there was no change in pressure according to the pressure
regulator.

In-situ low temperature electrolyser testing was performed using a commercial catalyst coated membrane (Greenerity
GmbH) and titanium porous transport layers (1.0 mm thick, 10 um porosity, GKN Sinter Metals Filters GmbH). Teflon
gasketing was used to ensure appropriate pressure distribution over the active area during cell assembly. Electrochemical
characterization was performed using a Greenlight E40 test station, where DI water was circulated at both the anode and
cathode, and the cell was heated to 80 °C. Polarization and EIS data were collected and showed normal behavior and cell
resistance values (Figure 4). Following the successful low temperature electrolyser testing, the cell was sent to Oslo for
commissioning under high temperature operating conditions.

Polcurve cell commissioning, 80°C

EIS cell commissioning, 80°C
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FIGURE 4. Polarization curve (left) and Nyquist plots (right) collected during the low temperature electrolyser

testing.

The second stage of the commissioning was performed at the High Temperature Node of the Norwegian Fuel Cell and
Hydrogen Center (NFCH) in Oslo, Norway, where the module was integrated in a high temperature Greenlight X40 test
station. The gasketing was adjusted to account for the Ti PTL (1.5 mm thick) that would be used in the testing. Gas and
current/voltage connections were made and adjusted to connect the module to the test station inside the high
temperature furnace.

MEA testing

MEA testing was done using the developed Ti-based module in a Greenlight X40 test station. The MEA was first mounted
in the module from the anode side as shown in Figure 5. The Ti PTL on the anode side was spray-coated with IrO2
beforehand. 0.25 mm carbon paper with 2 mg-cm? Pt was used as cathode. The compression bolts were tightened to a
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bolt torque of 10 N-m. The module was then mounted in the furnace of the test station and connected to gas lines and
current/voltage wires.

FIGURE 5. Images of mounting sequence of MEA (brown polymer with black deposited electrode) in module and
inside furnace.

The module was heated slowly (0.5 K/min) to the operating temperature (160 °C) to avoid temperature overshoot. During
heating dry air was supplied on the anode side and dry N2 on the cathode side. When at operating temperature, the
anode gas was switched from dry to wetted. Gas compositions were altered to see the effect on the MEA performance
(air to pure N2 on the anode side, pure N2 to N2/H> gas mixtures on the cathode side). Electrochemical measurements
(impedance spectroscopy and I-U voltammograms) were performed using a Gamry Reference 3000 potentiostat
connected to a Gamry Reference 30k booster (to allow currents >3 A).

3.1.3. Results

3.1.3.1. Membrane Electrode Assembly — MEA

Electrolyte — phosphoric acid doped PBI

For the PBI AM-40 membrane from FUMAPEM, the acid uptake increased with increasing temperature. The largest acid
uptake was obtained for 155 °C for 6 h with an acid uptake of about 1200 mg-cm=. Longer time at this temperature
resulted in a slightly higher doping but the mechanical integrity of the membrane was not preserved and would not allow
electrode deposition at the next step. Figure 6 presents some examples of the acid uptake obtained depending on the
acid temperature and immersion time when no conditioning step was performed.
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FIGURE 6. Example of acid uptake obtained for PBI AM-40 from FUMAPEM in concentrated phosphoric acid at various

temperature and time without conditioning step.

When the same doping procedure was carried out at 155 °C for 6 h with the PBI membrane from PBI performance, a
completely different result was obtained. The membranes fully dissolved in the concentrated acid as shown in Figure 7.

AM-40 FUMAPEM PBI Performances

Before doping -

After doping

FIGURE 7. Camera pictures before and after doping at 155 °C for 6 h in concentrated phosphoric acid for FUMAPEM
(left) and PBI performance's PBI membranes (right).

Doping parameters were screened for this alternative PBI membrane. The acid uptake obtained are presented in iError!
No se encuentra el origen de la referencia.for various temperature and time. The acid uptake increases with temperature
and time, but the integrity of the membrane is affected if the temperature is too high. The optimal doping procedure is
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6 h in concentrated phosphoric acid at 60 °C. At this temperature and time, the PBI membrane is slightly wrinkled but
allows electrode deposition in the next step of the MEA fabrication.

TABLE 2. ACID UPTAKE PERFORMANCE.

Acid temperature Immersion time Acid uptake  Comment

(°C) (h) (mg.cm™)

20 72 609 Flat and flexible PBI

60 5 1107 Slightly wrinkled but possible to use for
electrode deposition

60 6 1190 Slightly wrinkled but possible to use for
electrode deposition

85 2 1198 Deformed and not usable for further electrode
deposition

155 6 - Fully dissolved

Anode deposition

Binder-free IrO2 electrodes were deposited on the 3 commercially available PBI membranes mentioned in chapter
3.1.2.1., while Nafion-based electrodes were deposited only on the two later PBI membranes investigated due to limited
availability of the PBI membrane from FUMAPEM. Same spray coating parameters were used for both inks deposited.

No visual difference is observed between the 2 types of electrodes deposited. The spray-flow rate was influenced by the
presence of binder. Using binder gave a larger IrOz loading when same parameters were used during spray-coating.
Several IrO2 loadings were deposited for the HT-PEM electrolyser test: at first, on FUMAPEM 0.5, 0.8 mgiro2-cm? and 1.5,
and 2.1 mgiro2:cm? on the other PBI. The amount of IrO; deposited did not influence the aspect of the visual aspect of the
layer. Figure 8 presents a camera picture of the catalyst spray-coated layer on PBI membrane and SEM micrographs
showing a homogeneous layer at 2 different magnifications. The effect of the loading will be investigated to lower the
amount of catalyst when the testing conditions for the electrolyser are settled.

FIGURE 8. Camera picture of a 25 cm? iridium binder-free anode deposited on acid doped PBI membrane (left) and
SEM micrographs of the homogeneous spray coated anode (middle & right).
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3.1.3.2. HT-PEM testing

A 7x7 cm? FUMAPEM PBI MEA was tested at 160 °C. The PBI had been doped with PBI at 150 °C for 6 h. 0.80 mg-cm2 IrO;
was spray-coated onto the PBI on the anode side. During mounting it was realized that the MEA size was slightly too small
for the module, but due to PBI membrane availability limitations it was decided to test it anyway.

At 160 °C, in dry air vs. dry 20% H2/N2, an open circuit voltage (OCV) of ~0.81 V was obtained, clearly lower than the
theoretical value, indicating gas crossover, which may be due to too small total cell area. The OCV gradually decreased
during the testing at 160 °C. The impedance spectrum showed a large cell resistance (black curve in Figure 9jError! No se
encuentra el origen de la referencia.). The resistance decreased in wet air vs. dry 20% H2/N> (red curve in Figure 9).

-75
— 50 -
5 Wet air vs./dry 20% H,/N,
S
|=\j L
Dry air vs. dry 20%
25
ce~10°F
0 |
0 T 25 50 75
~9.2 Z'[Q cm?]
FIGURE 9. Impedance spectra (Nyquist plots) for FUMAPEM PBI MEA at 160 °C.

The cell was tested in electrolysis mode up to a limit of 1.8 V (Figure 10). Proof-of-concept of electrolysis using PBI
membrane was demonstrated, but with poor performance probably due to the high resistance of the MEA. The maximum
current at 1.8 V was 1.28 A (= 0.051 A-cm?), which is far from the goal of 1 A-cm? at <2 V. The slope of the curve at 1.4-
1.8 V indicates ohmic resistance of 9.7 Q-cm? in agreement with impedance observation of a resistance of ca. 9.2 Q-cm?
at the right side of the semicircle with capacitance ~10° F (Figure 10). A test with wet N2 vs. dry N2 gave similar results.
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FIGURE 10. Voltage — current density curve in electrolysis mode for FUMAPEM PBI MEA at 160 °C.

3.1.4. Conclusions

Acid doping parameters were screened and optimized for 2 commercial PBI membranes.

MEA were prepared with homogeneous anode layer deposited by spray-coating with different IrO2 loadings with or
without binder on doped PBI. No visible difference was observed between the binder-free anode and the Nafion-
containing anode.

Electrolysis was demonstrated with the first MEA prepared with PBI from FUMAPEM but with poor performance due to
high resistance of the MEA. No optimization of the MEA was intended since the PBI was no longer available and would
not be available for the scale-up of the e-CRM at a later stage. Focus was given on finding alternative PBI membranes.

The MEA prepared based on the alternative PBI membranes are under testing, and evaluation of the performance
depending on the PBI membrane, doping level and catalyst loading will be carried out in the coming weeks.

The testing and validation of the HT-PEM electrolyser were not completed due the severe delays resulting from the PBI
membrane availability and long delivery time of the alternative PBI membranes acquired.

3.2. RWGS catalyst

3.2.1. Optimisation methodology

The development of the RWGS catalyst has focused on the study of supported metals. The overall work done in this
section can be divided in 5 different stages: a first screening of different metals, a study of the effect of reducible and
irreducible supports, a study of the effect of different metal concentrations, a catalytic optimization and a final study of
a promoter. In the following chapters, it is described the work done for the development of an adequate supported metal
for RWGS at low temperatures.
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Catalyst preparation

All catalyst were either commercial or prepared using the Impregnation Wetness Method (IWM). This technique is
characterized for being quick and cost-efficient, being based on the impregnation of an inorganic precursor into a support
followed by a calcination step. The complete IWM is shown in Figure 11. The calcination times and temperatures varied

between 6-18h and 400-600 °C respectively.

Impregnation
drop to drop

l ‘ Stir ( b Soft grinding
T

ol
‘ ‘ ' i .;i\' gradually ‘

Inorganic precursor -, ‘ Diy \,;'“L‘—'l". il

Calcination

FIGURE 11. Impregnation wetness method

The studied supports were also either commercial or prepared by coprecipitation. All catalytic systems that were studied

for this task are shown in Table 3jError! No se encuentra el origen de la referencia.:

TABLE 3. Summary of studied catalytic systems

5%Ru/Al,03 RuCls Commercial Al,O3 IWM 600 6
5% Rh/Al,0s* Rh(NOs)s Commercial Al,03 IWM 600 6
5%Cu/Al,03 Cu(NO3)2 Commercial Al,03 IWM 600 6
5%Fe/Al,O3 Fe(NOs), Commercial Al,03 IWM 600 6
1%Au/TiO* - - - - -
5%Cu/Ce0; Cu(NO3), CeO: prepared by IWM 600 6
coprecipitation
method
(calcined at 660 2C)
5%Cu/Pro.1Ceo.902.5** Cu(NO3)2 CeO; prepared by IWM 400 6
coprecipitation
method (calcined at
550 2C)
5%Cu/TiO2 Cu(NO3)2 Commercial TiO2 IWM 600 6
3%Cu/Al,03 Cu(NO3)2 Commercial Al,03 IWM 600 6
Comercial
10%Cu/Al.03 Cu(NO3)2 Commercial Al,03 IWM 600 6
20%Cu/ Al20s Cu(NO3)2 Commercial Al,03 IWM 600 6
5%Cu/Al,03 Cu(NO3s)2 Commercial Al,03 IWM 400 6
5%Cu/Al,03 Cu(NO3)2 Commercial Al,03 IWM 500 6
5%Cu/Al,03 Cu(NO3)2 Commercial Al,03 IWM 400 18
5%Cu/Al,03 Cu(NO3)2 Commercial Al,03 IWM 500 18
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5%Cu/Al,03 Cu(NO3)2 Commercial Al,03 IWM 600 18
*Commercial catalyst
**8 notation makes reference to the number of oxygen vacancies in the lattice due to the praseodymium
oxydation state

Characterization technigues

The synthesized catalysts were characterized by X-ray diffraction (XRD) to understand the developed phases. The XRD
measurements carried out during this work were performed with a PANalytical Cubix diffractometer, using CuKa radiation
(M=1.5406 A, \=1.544 A, 1,/11=0.5). The diffractometer is equipped with an X'Celerator detector. The voltage and intensity
conditions of the equipment were 45 kV and 40 mA respectively. XRD patterns were recorded in the 26 range from 2 ° to
90 °, with a measurement time of 35 seconds per step, and analyzed with the X'Pert Highscore Plus software.

Metal quantification was determined by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), employing
a Varian model 715-ES inductively coupled plasma emission spectrophotometer. All samples measured were copper
based, and the calibration of the equipment was carried out using commercial copper standards. For the sample
preparation 30 mg were dissolved in a mixture of concentrated acids (HNOs:HF:HCl in a 1:1:3 volumetric ratio), leaving
the acids in contact with the sample for 24 h, and later diluting in ultrapure water.

For Ceria supported samples, X-ray fluorescence (XRF) was used to quantify copper. The experiments were carried out in
a PANalytical Minipal 4 spectrometer, using monochromatic Rh radiation. The spectrometer is equipped with a Silicon
Drift detector. Prior to the analysis of the samples, a calibration line was carried out with standards based on commercial
CuO and ceria, which were mixed in different concentrations (%) and grinded.

Brunauer—Emmett—Teller (BET) area was calculated employing Nz-adsorption. In this work, nitrogen adsorption-
desorption has been carried out at -196.15 °C on supported metal-based catalysts in a Micromeritics ASAP 2420
apparatus. Short area measurements were carried out, since the main objective was to determine the BET area. Before
each analysis, the samples were degassed at 400 °C for 24 h and under high vacuum. The volume of adsorbed nitrogen
has been measured at a relative pressure ranging from 107 to 0.99.

Dissociative chemisorption with nitrous oxide (N20-chemisorption) has been carried out to calculate the dispersion and
specific surface area of a metallic phase (copper) on a support. Dispersion (%) is defined as the ratio between the amount
of metallic phase on the surface with respect to the amount of total metallic phase present in the catalyst, meaning that
the surface copper and the total amount of copper are both quantified and employed in the calculation of this parameter.

For this reason, a selective oxidation of the surface copper is performed employing N>O. Subsequently, a complete
oxidation of the catalyst is carried out using a stream of oxygen at high temperatures. Employed conditions can be found
in Van der Grift et al. (1991)". After both oxidations, H>-TPR are carried out to calculate the consumed hydrogen, allowing
to calculate the dispersion. Specific surface area of the copper particles can be also calculated. Employed equations for
the specific surface area of the copper particles (S) and the dispersion (D) are shown below:

S(m*Cu/g Cu) = 2 N jaes Hs
HTMCu 1,4 ' 1019 HT

Hg

D(%) =2 -—=>

(%) i,

Being Hs and Hr, hydrogen consumed after superficial and total oxidation respectively, Nay Avogadro's number and Mcy is
the relative atomic mass of copper, 63.546 g-mol™.
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Thermogravimetric analysis (TGA) was performed in a Mettler-Toledo TGA/SDTA851e unit employing synthetic air (21
vol% Oz and 79 vol% N2), from room temperature to 800 °C, with a gradient temperature of 10 °C/min.

Temperature programmed reduction with hydrogen (Hz2-TPR) measurements were carried out on supported copper
catalysts, using the Micromeritics Autochem 2910 equipment. The sample is previously degassed under an argon flow of
30 mL min for 30 min, to later be reduced under a 10% H»/Ar flow of 50 mL min™ up to 600 °C. H2 consumption is
measured employing a thermal conductivity detector (TCD), after a previous calibration employing commercial CuO
standards.

Scanning Electron Microscope (SEM) observations were performed employing a high-resolution field emission scanning
electron microscope (HRFESEM), GeminiSEM 500 model from Zeiss Oxford Instruments, using an accelerating voltage of
1.50 V. Images obtained from back-scattered electrons were used.

Catalytic testing

For this task so far, the catalytic experiments were carried out in a fixed-bed stainless steel reactor, that had an internal
diameter of 6.5 mm. The set up is shown in Figure jError! No se encuentra el origen de la referencia.12. The employed
set-up will be lately modified in order to incorporate the water extraction membrane and the PEM-electrolyser.

FIGURE 12. Fixed-bed reactor set-up employed for the catalytic testing

The catalyst was introduced in an isothermal region, that was separated from silicon carbide (SiC) employing quartz wool.
The catalyst distribution inside the reactor is shown in Figure 13:
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FIGURE 13. Catalyst distribution inside the reactor

The catalytic activity was tested employing gas mixtures of H2-CO2-N2, at temperatures of 150-250 °C and atmospheric
pressure. Before every test an activation step was followed, employing hydrogen flows of 100-200 mL at 250/300 °C.
Nitrogen was used as an internal standard and to calculate response factors.

Data processing
The identification and quantification of the outlet gases was done employing a gas chromatographer coupled with a

thermal conductivity detector (GC-TCD). For every test performed the Gas Hourly Space Velocity (1) was calculated:

GHSV (h_l) _ Fu2tFco2+Fn2 (1)

Vcatalyst

Being Fha, Fco2 and Fna, the Hz, CO2 and N2 outlet flows expressed in mL - min, and the Veaayst the catalyst volume
expressed in mL. Conversion and selectivity were calculated employing the following equations:

Xco,,inlet — Xc0,, outlet
Xco,(%) = P (2)
€0y, inlet

_ X, CO, outlet
Sco(%) = (3)
XCO, outlet+XCH4, outlet

X CHy, outlet
Scu, (%) = y (4)
CHy X, X,
co, outlet™ CHy, outlet
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Being Xx, outlet and Xx, inlet the CO2, CO or CHa inlet/outlet flow expressed in mol - min. The calculation of this parameters
was done employing the last hour data of each reaction, lasting every reaction between 2-8 h depending on the test. First
data was discarded to allow stabilization of the reaction.

3.2.2. Experimental

As previously stated, the overall workplan can be divided into 5 different stages that are summarized in Figure 14:

1. Initial . 2. Effect of the N Wl S.Study ofa
screening support y promoter
504RWALO v Best results ‘ 3%Cu/AL,O5 119 Calcination ;\::I::i::]al | 1.3%K/5%CwAlLO.
SHORWRL0s ‘ SWCu/ALOy————— - Best results temperatite | o .o | 7070 ACWAR0,
5%RI/ALO; 506CWTIO, 5%CwALO; =— g H,/CO, — 2,3%K/5%CwALO;

w Contact i

59 CWALO; — 2 | g ceo, 10%CwWALO; PRMCAIITS 306K/5%CW/ALO;
5%Fe/ALO; 5%CW/Ceq,Pros0s.5 20%Cw/ALO;

1%AWTiO, (reference)

FIGURE 14. Overall workplan on the RWGS catalyst development.

1. Initial screening

After a state-of-the-art review, an initial screening of different supported metals was carried out. The chosen catalytic
systems were selected based on the best published catalytic activity and selectivity metals and cost-effectiveness. The
studied catalysts were 5%Ru/Al203, 5%Rh/Al203,5%Cu/Al,03 and 5%Fe/Al,03, and 1%Au/TiO2 was used just as a reference,
being this catalytic system expensive and noble metal based. Before the catalytic testing, a previous XRD characterization
was done.

In all cases the catalyst samples (1 g) were activated employing a hydrogen flow of 200 mL/min at 300 °C for 4-12 hours
before every test. The feed gas mixture was composed of 150 mL/min of Hz, 50 mL/min of CO2, and 10 mL/min of N2 in
all cases, except for 5%Rh/Al,03, for which a feed gas mixture of 45 ml/min of Hz, 15 mL/min of CO2, and 10 mL/min of
N2, was used. Catalytic tests lasted for 8 hours in all cases, and they were performed at 250 and 180 °C.

2. Effect of the support

After the previous screening of different metals, it was determined that copper was the most active and selective metal.
5%Cu/Al,03 was found to be a cost-effective catalyst, highly active according to found literature, and completely selective.
For that reason, and to further increase the catalytic activity, a study of different supports was carried out. Being the
aluminairreducible, other reducible supports were selected since they have been reported to be the most active’. Hence,
5%Cu/TiO2, 5%Cu/Ce0; and 5%Cu/Ceo,oPro,102-5s were also tested.

XRD characterization was carried out before the catalytic testing. Copper content was determined employing ICP-AES for
5%Cu/Al,03 and %Cu/TiO2, and XRF for 5%Cu/Ce02 and 5%Cu/Ceo,9Pro,102-5. Nitrogen Adsorption, N2O chemisorption and
TPR were carried out for all tested catalysts. Finally, SEM images were obtained for all tested catalysts.
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For catalytic testing, all catalyst samples (1 g) were activated employing a hydrogen flow of 100-200 mL/min at 300 °C for
4-12 hours. The feed gas mixture was composed of 150 mL/min of Hz, 50 mL/min of CO», and 10 mL/min of N,. Catalytic
tests lasted for 8 hours in all cases, and they were performed at 250 and 180 °C.

3. Effect of metal concentration

Alumina was found to be the support with the highest catalytic activity out of all the tested supports. Thus, this support
was employed to study different copper concentrations: 3%Cu/Al203, 5%Cu/Al203, 10%Cu/Al203 and 20%Cu/Al>0s.

XRD characterization with ICP-AES and SEM characterization were carried out.
For catalytic testing, catalyst samples (1 g) were activated employing a hydrogen flow of 200 mL/min at 300 °C for 12
hours. The feed gas mixture was composed of 150 mL/min of Hz, 50 mL/min of CO2, and 10 mL/min of N,. Catalytic tests

lasted for 8 hours in all cases, and they were performed at 250 °C.

4. Catalyst optimization

The catalyst optimization included the optimization of the calcination process, and the optimization of the RWGS reaction
conditions. An Optimization of the Design Of Experiments (DOE) was carried out to minimize the number of tests required.
In the factorial experiment, four factors were studied: calcination temperature, H2/CO ratio, contact time and reaction
temperature. Response variables were selectivity and conversion. Catalytic results were statistically analyzed employing
Statgraphics software. The effect of each factor was determined, as well as their interactions. 25 catalytic tests were
included for the statistical study.

XRD characterization along with TGA and SEM characterization were carried out.

For catalytic testing, catalyst samples (1 g) were activated employing a hydrogen flow of 110 mL/min at 300 °C for 4-12
hours. The rest of the reaction conditions are showed in Table 4jError! No se encuentra el origen de la referencia., where

the 25 catalytic tests that were carried out can be found:

TABLE 4. Catalytic tests proposed by the DOE for the 5%Cu/Al,03 optimization

1 3.5 450 200 375 9.519
2 4.0 500 150 50.0 13.862
3 3.0 400 150 25.0 5.843
4 3.5 450 200 16.48 4.461
5 3.0 500 250 50.0 11.189
6 3.5 450 284 37.5 9.519
7 4.0 500 250 25.0 7.180
8 2.66 450 200 375 7.833
9 3.5 450 200 37.5 9.519
10 3.5 450 116 375 9.519
11 3.0 500 150 25.0 5.843
12 4.0 400 250 25.0 7.180
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13 4.0 400 150 50.0 13.862
14 3.0 400 250 50.0 11.189
15 3.5 450 200 58.52 14,571
16 3.5 450 200 37.5 9.519
17 3.0 600 250 50.0 11.189
18 3.0 600 250 50.0 11.189
19 3.0 600 250 50.0 11.189
20 3.0 600 180 50.0 11.189
21 3.0 600 150 50.0 11.189
22 3.0 600 120 50.0 11.189
23 3.0 600 250 25.0 5.843
24 3.0 600 200 25.0 5.843
25 3.0 600 180 25.0 5.843

5. Study of a promoter

A calcination temperature of 450 °C and a H2/CO: ratio of 3 were selected for 5%Cu/Al>O3 after all of the previous work
done for the RWGS catalyst development. It was also considered that higher contact times (GHSV) were benefitial for
catalysis. Once referential conditions were selected, potassium was added to the catalyst as a promoter, as it has been
reported to create new active sites improving the catalytic activity. Three different concentrations were studied and

compared with the referential catalyst: 1,3%K/5%Cu/Al>03, 2,3%K/5%Cu/Al,03 and 3%K/5%Cu/Al2Os.

XRD characterization along with ICP-AES were carried out. For catalytic testing, catalyst samples (1 g) were activated
employing a hydrogen flow of 100 mL/min at 300 °C for 2 hours. The feed gas mixture was composed of 75 mL/min of
Hz, 25 mL/min of CO2, and 10 mL/min of N2. Once 8 hour tests were carried out and no catalytic deactivation was

confirmed, catalytic tests lasted for 1-2 hours, and were performed at 150, 180, 200, 250 and 300 °C.

3.2.3.Results

1. Initial screening

XRD patterns were obtained to allow a rapid evaluation of the characteristics of the tested catalyst/support couple. The

results are presented in Figure 15:
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FIGURE 15. XRD pattern for all catalyst tested during the initial screening

For 5%Rh/Al,03, 5%Cu/Al>O3 and 5%Fe/Al,Os3, the patterns mostly show diffraction peaks that correspond to the alumina
(26 values of 37, 46 y 67 °C). For 5%Ru/Al,0s, the metallic specie can be clearly distinguished, identifying peaks that
correspond to the tetragonal structure of RuO:z at 26 values of approximately 28, 35 and 54 °, confirming the oxidation
of the metallic specie after calcination. Finally, in the XRD pattern of 1%Au/TiO; peaks that correspond to the anastase
structure of the titania are observed, at values of approximately 25, 38, 48, 53, 55 °, and no peaks of the metallic specie

can be identified.

On the other hand, catalytic results can be observed in Table 5iError! No se encuentra el origen de la referencia.:

TABLE 5. Catalytic results of the initial screening of different metals obtained at 250 °C

5%Ru/Al>O3 200 mL Hz/min // 7.182 0.1 100
12 hours

5%Rh/Al203 600 200 mL Hz/min // 14.000 13.0 0
4 hours

5%Cu/Al203 600 200 mL Hz/min // 11.101 3.0 100
4 hours

5%Fe/Al203 600 200 mL Hz/min // 7.573 0.4 92
12 hours

1%AU/TiO2 600 200 mL Hz/min // 16.254 25 100
12 hours

5%Cu/Al20s3 is the most active while selective catalyst out of all the tested ones. Copper is a non-critical metal,
economically accesible, that according to literature has shown very good catalytic activity at 250 °C. This results are in
line with reviewed literature, where it was pointed out that copper is one of the most active metals for selective RWGS
at low temperatures''. For this reason, the rest of the study has focus on copper.
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2. Effect of the support

Figure 16 shows the XRD patterns obtained for the copper supported on different oxides. As previously stated, for
5%Cu/Al,03 it can only be clearly observed diffraction peaks that correspond to the alumina (26 values of 37, 46y 67 °C),
probably due to a very small crystal size and low copper content

5%Cu/Al,0,

5%Cu/Pr;,Ceq 40,

5%Cu/Ce0O,

Intensity (A.U.)

5%Cu/TiO,

CuO

20 30 40 50 60 70 80 90

FIGURE 16. XRD patterns of Cu on different supports and of CuO (tenorite)

For 5%Cu/Ce02 and 5%Cu/Ceo,9Pro,102, it can be observed peaks at 26 values of 28, 33, 47, 56, 76y 79 ° that correspond
to the fluorite structure of the CeO, though they differ in the crystallinity due to different calcination temperatures.
Tenorite (CuO phase) peaks can also be observed at 35.5 and 38.5 ° with lower intensity. For 5%Cu/TiO2 rutile (TiO2 phase)
peaks can be observed at 27.5, 36, 39, 41, 44, 54, 56.5 ° with a very high crystallinity, as well as the tenorite peaks that
are partially overlapped. Overall, XRD patterns confirm that copper is in its oxidized form after the calcination process.

XRF and ICP-AES analysis measured the copper content in every support, showing slight differences in concentrations,
that can be disregarded. The obtained copper content can be shown in Table 6:

TABLE 6. Copper concentration in every support
ICP-AES 5%Cu/Al203 5.476
XRF 5%Cu/Pro.1Ce0.902- 5 3.976
XRF 5%Cu/CeO> 6.062
ICP-AES 5%Cu/TiO2 5.669
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BET area was calculated employing N2 adsorption, while the copper dispersion and the specific surface area of copper
particles were calculated employing N2O chemisorption (Table 7):

TABLE 7. N2 adsorption and N20 chemisorption results
5%Cu/Al2Os 193.4665 59.36 401.57
5%Cu/Pro,1Ce0902-5 115.7060 51.41 347.77
5%Cu/CeO:2 49.3984 56.28 380.70
5%Cu/TiO2 10.2057 23.71 160.41

As shown in Table 7, the specific surface area of copper and copper dispersion show complete correlation, while BET area
differs just in the ceria samples. This incomplete correlation can be attributed to the calcination temperatures of this
catalysts, being lower in the praseodymium doped ceria (400 °C). Later elemental analysis has shown that it is necessary
to reach 450 °C to eliminate all inorganic precursors. The presence of inorganic precursors like nitrate can affect the
copper dispersion, and thus the incomplete correlation between the copper dispersion and the BET area of each support.

To replicate activation conditions employed before every test and identify the active specie, TPR analysis was performed.
The results are shown in Figure 17:
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FIGURE 17. H2-TPR analysis for copper in different supports

TPR peaks are different for every catalyst, showing different interactions between copper and each support. It can be
noted that 5%Cu/Al;0s is reduced at significantly higher temperatures (216 °C), while the rest of the supports are
completely reduced at temperatures below 200 °C. This can be correlated to stronger interactions between the copper
and the alumina, where the contact area between the metal and the support is the highest out of all supports, thus
requiring higher temperatures for the copper to be reduced.

It can be also noted that at 300 °C copper is completely reduced in all cases, confirming that the activation step properly
reduces the copper, thus making Cu(0) the active catalytic specie.
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SEM observations have confirmed different copper dispersions and specific surface areas of the copper particles in every

support, showing the highest copper dispersion in the alumina, and the lowest copper dispersion in the titania (Figure
18):

FIGURE 18. SEM observations for 5%Cu/Al.Os(left) and 5%Cu/TiOz(right)

Copper particles supported in the alumina are so small (hundred of nm range) that they cannot be properly observed
employing SEM.

Lastly, catalytic results can be observed in Figure 19, where it is correlated to the copper dispersion:
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FIGURE 19. Conversion and selectivity vs dispersion at 180 °C (amplified graph) and at 250 °C

Catalytic results can be correlated to the size of the copper particles and their dispersion, since a higher dispersion and
smaller particle size increases the specific surface area of the active metal. Being the Al2Os the support that allows the
highest copper dispersion, it is also the support where the highest conversion is obtained, both at 250 and 180 °C (with
3% and 0,1% conversion respectively). Alumina is a cost-effective, non-reducible support, where good catalytic results
were obtained according to literature*'. For this reason, it was selected for the following studies.

3. Effect of metal concentration

Figure 20 shows the XRD patterns obtained for different copper concentrations supported in alumina, including 3, 5, 10
and 20% of copper. For copper concentrations of 3 and 5%, only peaks corresponding to alumina can be properly
observed (26 values of 37, 46 and 67 °). For 10 and 20%, monoclinic structured tenorite (CuO) can be distinguished at 26
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values of 35.5, 38.5, 49, 58, 61.5 and 68 °, where the higher the copper concentration, the higher the intensity of these

peaks.

Intensity (A.U.)

FIGURE 20.
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XRD patterns of different copper concentrations supported in alumina

ICP-AES analysis measured the copper content for every catalyst. The obtained copper content can be shown in jError!
No se encuentra el origen de la referencia.8:

TABLE 8.

Alumina supported copper concentrations measured by ICP-OES
3%Cu/Al203 3.316
5%Cu/Al203 5.476
10%Cu/Al203 9.452
20%Cu/Al203 17.36

ICP measures show that the higher the amount of copper impregnated, the higher the amount of copper that not properly
introduced into the support, showing lower concentrations than pretended. However, it must be considered that the
higher the concentration, the higher the experimental error that is made, due to bigger CuO particles and less
representative samples. In any case, it is confirmed that the copper concentration has significantly increased when higher
copper concentrations are impregnated.

SEM observations of different copper concentrations are included in Figure 21.
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FIGURE 21. SEM observations for 20%Cu/Al.Os(left), 10%Cu/Al>:03(middle) and 5%Cu/Al.Os (right)

The observations allow to confirm that there is a higher amount of copper in 20%Cu/Al,0s, followed by 10%Cu/Al>Os3 and
5%Cu/Al,03, as XRD and ICP-AES measures have previously stated. In terms of the size of the copper particles, the biggest
one can be found in 10%Cu/Al>QOs, followed by 20%Cu/Al203 and 5%Cu/Al,0z and 3%Cu/Al,Os, where copper particles are
so small that cannot be properly observed.

Catalytic results can be found in Figure 22 where it is correlated to the copper concentration:
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FIGURE 22. Conversion and selectivity vs copper concentration at 250 °C

Catalytic measurements show that the highest conversion values are obtained in 5%Cu/Al>03 and 20%Cu/Al,03 (both 3%
conversion and 100% selectivity at 250 °C), 10%Cu/Al>03 allows to reach 1,9% conversion, while 3%Cu/Al>Oz allows to
reach 1,7% conversion. These results can be correlated to the amount and size of the copper particles. Low catalytic
activity for 3%Cu/Al,03 can be associated with the lower copper content of this catalyst, while in the case of 10%Cu/Al>03
bigger copper particles reduce the specific surface area of the active species limiting the catalytic activity.

Thus, it can be concluded that 5%Cu/Al>,Os is the most optimal copper concentration, since it allows to obtain the best
catalytic results limiting the amount of copper.

4. Catalyst optimization

Figure 23 shows the XRD patterns of 5%Cu/AlI203 calcined at different temperatures (400, 600 and 800 °C) and times (6h
and 18h), as well as the alumina support by itself. It cannot be observed any significant difference between the different
calcination process, so it can be concluded that calcination temperature does not affect the crystallinity of the alumina.
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FIGURE 23. XRD patterns of different calcination process for 5%Cu/Al.03

During this stage, TGA of the fresh catalyst was carried out. The objective was to determine the temperature where all
inorganic precursors (nitrates) are eliminated. Obtained results are shown in Figure 24:
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FIGURE 24. TGA of 5%Cu/Al>0s calcinated at 600 °C and fresh 5%Cu/Al.03

The TGA results show the stabilization of the mass (%) from 450 °C, confirming that it is necessary to reach this
temperature to eliminate all residual nitrates. The fresh catalyst suffers losses of around 16% of mass, while the calcined
at 600 °C, 6%. Therefore, around 10% of the mass lost by the fresh catalyst can be associated with the removal of nitrates.

Lastly, SEM results can be observed in Figures 25 and 26. No differences between every calcination temperature can be
appreciated. This can be due to the small particle size of the CuO particles, in the range on hundreds of nm, for every
catalyst.
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FIGURE 25. SEM observations for 5%Cu/Al.0s3 Tc=400 °C (left) and Tc=500 °C (right)
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FIGURE 26. SEM observations for 5%Cu/Al.03 Tc=600 °C (left) and Tc=600 °C 18 hours (right)

The catalytic results of the experiments proposed by the DOE are shown in Table 9:

TABLE 9. Catalytic results of the DOE for the catalyst optimization
| 3 CEIRRE) Sy |
1 0.28 100
2 0.03 100
3 0.05 100
4 0.65 100
5 3.10 100
6 8.90 100
7 6.10 100
8 0.32 100
9 0.28 100
10 0.00 100
11 0.5 100
12 5.4 100
13 0.02 100
14 3.6 100
15 0.00 100
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16 0.28 100
17 3.00 100
18 3.00 100
19 3.00 100
20 0.13 100
21 0.02 100
22 0.00 100
23 6.7 100
24 0.44 100
25 0.13 100

Based on these catalytic results the Statgraphics software was used to perform the statistical treatment of the results.
First, the estimated effect of each of the variables was determined, as well as their respective interactions, where A is the
H2/CO> ratio variable, B is the CO: flow rate (contact time), C is the calcination temperature, and D is the reaction
temperature. The interactions between the variables are shown as AB, AC, AD, CD, etc.

The results are shown in the Pareto chart (Figure 27), as well as a diagram of the main effects (Figure 28). It is only shown
the effects and interactions of the variables in the conversion, since the selectivity in all cases was 100%:
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FIGURE 27. Pareto Chart for the catalytic results of the catalyst optimization
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FIGURE 28. Main effects diagram of the variables studied in the catalyst optimization

The statistical study has found that the only variables that had a significant effect on the conversion were the reaction
temperature and the negative interaction between the contact time (Qco2) and the temperature. The effect of the
reaction temperature on the conversion is very significative, as expected due to the thermodynamics of the reaction, and
is positive, meaning that the higher the temperature the higher the conversion that is reached. Regarding the contact
time, its interaction with temperature is negative, meaning that at lower temperatures, higher contact times increase the
conversion. The other two variables, H2/CO; ratio and Tcalcination do not influence the conversion.

Henceforth, the referential catalyst that is being selected for the following study is 5%Cu/Al203 calcined at 450 °C,
selecting the lowest calcination temperature possible that allows to eliminate all inorganic precursors. It is also considered
that higher contact times influence the conversion, so that to properly study any variable, it must be studied in the same
contact time conditions.

5. Study of a promoter

Figure 29 shows the XRD patterns obtained every potassium concentration, where only alumina peaks can be
distinguished, probably due to the low potassium concentration and small crystal size.

3%K/5%Cu/Al,0,
2,3%K/5%Cu/Al,0;
1,3%K/5%Cu/Al,05

Intensity (A.U.)

20()

FIGURE 29. XRD patterns of different potassium concentrations supported in alumina
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ICP-AES analysis measured the potassium content for every catalyst. The obtained potassium content is shown in Table
10:

TABLE 10. Potassium concentrations for every 5%Cu/Al.03 promoted catalyst

1,3%K/5%Cu/Al203 1,338
2,3%K/5%Cu/Alz03 2,290
3%K/5%Cu/Al203 2,1796

ICP measures show an adequate impregnation of the potassium for 1,3%K/5%Cu/Al,0s and 2,3%K/5%Cu/Al,0s, but an
inconsistent amount of potassium for 3%K/5%Cu/Al,0s. It is pending to repeat this ICP measure to make sure of the

reproducibility and the use of XRF to confirm this data. For the moment, there is evidence of an inadequate impregnation
for 3%K/5%Cu/Al,0s.

In any case, catalytic tests were carried out, showing the results in Figure 30:
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FIGURE 30. Maximum conversion imposed by thermodynamic RWGS equilibrium and catalytic results for

different concentrations of potassium promoted 5%Cu/Al.Oz

The addition of 1,3% and 2,3% of K allows an improvement of the catalytic activity while maintaining 100% selectivity.
Conversion obtained with 2,3%K/5%Cu/Al203 at 250 °C (20,88%) is really close to the thermodynamic equilibrium
(22,78%). For lower reaction temperatures, conversion is greatly improved but still far from the thermodynamic

equilibrium. However, it can be noted that no other reference has been found in literature for thermochemical catalysis
with better activities at this range of temperatures.
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3.2.4.Conclusions

CSIC has focused on the development of an active and selective low temperature RWGS catalyst, having designed,
developed, and tested catalytic systems based on supported metals. The work can be divided in 5 stages, briefly indicating
the conclusions obtained for each one in the following paragraph.

From the initial screening, it has been determined that Cu has been the most active and selective metal to CO among all
the metals studied (Ru, Rh, Cu and Fe). The catalytic system has reached a conversion of 3% and selectivity to CO of 100%
at 250 °C. Only one work has been found in literature where comparable results are obtained at these temperatures,
although the synthesis method employed is more complex. Therefore, copper was selected to be improved and optimized
for the following steps.

From the study of the effect of the support, it has been determined that those supports that allow a greater dispersion
and greater specific surface area of the CuO species are correlated with greater conversion. Therefore, among all the
supports studied (Al203, Pro.1Ceos025, CeOz, and TiO2) alumina has been the one that has provided the best results, this
being the support where the most dispersed CuO species were, less agglomerated and where they had greater specific
surface area. Therefore, alumina was selected as the reference support for the following studies.

From the study of the effect of metal concentration, it has been determined that among all the concentrations studied
(3%Cu/Al,0s, 5%Cu/Al203, 10%Cu/Al,0s and 20%Cu/Al203), the most optimal Cu concentration is 5%. A lower
concentration of copper negatively affects the catalytic activity because there are not enough active species of the metal.
A higher copper concentration does not influence the catalytic activity or has a negative effect on the conversion. When
the concentration is increased up to 10%, the specific surface area of the support decreases, favoring the formation of
crystalline agglomerates. For this reason, 5% concentration was selected as the reference concentration for the following
studies.

From the catalytic optimization of 5%Cu/Al.0s, it has been determined that the only parameters that have had a
significant effect on the conversion have been the reaction temperature, as expected according to the reaction
thermodynamics, and the contact time at low temperatures. H2/CO: ratio and the calcination temperature did not affect
the catalytic results, but a calcination temperature of 450 °C was selected to properly eliminate all inorganic precursors.

Finally, from the study of potassium as a promoter, it has been determined that a concentration of 2,3% of potassium
greatly improves the conversion that can be achieved, being the conversion really close to the thermodynamic
equilibrium at 300 °C.

For all the carried-out study, copper has maintained a 100% selectivity in all tested conditions and for all the synthesis
methods used. The conversion values are very high according to literature, and no study has been found that obtains a
better catalytic activity for this range of temperatures (<250 2C). In addition, the developed catalysts have never suffered
catalytic deactivation. Overall, 2,3%K/5%Cu/Al>0s is a very cost-effective catalyst that will be used in the CO2SMOS project
to develop an electrocatalytic reactor for direct syngas production.

3.3. Thin film catalytic membrane

The development of the water selective membrane has shifted focus from the study of thin film composite membranes
tointegrally skinned membranes. Afirst screening of two different polymers (polybenzimidazole and the polyimide, 6FDA-
6FpDA) was performed. Dope solutions of different compositions were tested, the polymer concentration was varied, as
well as the solvents and additives in order to prepare a water selective membrane. From the dope solutions, asymmetric
flat sheet membranes were prepared. In the development hereof, different casting conditions were tested. A study of
the gas separating properties of the asymmetric flat sheet membrane was performed.
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3.3.1. Optimisation methodology

Dope solution preparation PBI

The dope solutions based on polybenzimidazole (PBI) were prepared using commercially available PBI solution in
dimethylacetamide (DMAc). The 26% PBI solution was purchased from PBI Performance. The molecular weight of the
material is not provided and could not be measured due to PBI not being solvable in the specific solvent to be used for
gel permeation chromatography (GPC). Three different PBI solution batches were used. The viscosity of the 2 out of 3
batches of PBl were between 250.000 - 275.000 mPa. The 3" batch had a viscosity around 500.000 mPa. This means that
there is a large variety in molecular weight of the commercial PBI. The supplied solution also contains LiCl for stabilization.
The commercial PBI was dissolved by mechanically mixing. Various polymer concentrations were used and non-solvents
and pore formers were added. The different additives used are: methanol, tetrahydrofuran (THF), acetonitrile, acetone,
n-propanol, acetic anhydride, polyvinylpyrrolidone (PVP), polyethylene glycol (PEG400, PEG1000, and PEG2000,
PEG10.000), glycerol, and propylene carbonate. 45 dope solutions were prepared with different combination of various
concentrations of the mentioned additives.

The dope solutions that were most promising in terms of mechanical stability and porosity are listed in Table 11:

TABLE 11. Most prominent dope solutions for PBI

PBI-024 18 DMACc 10% - 2% PVP
Acetone

PBI-031 18 DMACc 10% 5% PEG1000 -
Acetone

PBI-034 18 DMACc 10% 5% PVP
Acetone

PBI-037 20 DMACc 10% 5% PEG1000 -
Acetone

PBI-040 22 DMACc 5% Acetone 5% PEG1000 -

PBI-042 18 DMACc - 6% PEG2000 -

Dope solution preparation 6FDA-6FpDA

When using the polyimide 6FDA-6FpDA, N-Methyl-2-Pyrrolidone (NMP) was used as a solvent with ethanol and
tetrahydrofuran as non-solvents, and polyethylene glycol (PEG1000) as pore former.

The most notable studied dope solutions that were formulated are shown in Table 12:
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TABLE 12. Most prominent dope solutions for 6FDA-6FpDA

Pi-07 18 NMP 37% Ethanol 1% THF 3% PEG1000
Pi-010 27 NMP 35% Ethanol 1% THF 3% PEG1000
Pi-012 26 NMP 35% Ethanol 3% THF 3% PEG1000

Dense 6FDA-6FpDA membranes were prepared (10% 6FDA-6FpDA in THF) in order to determine the intrinsic gas
permeating properties of the membrane and compare the asymmetric membranes to this value.

Preparation methods

The dope solutions were casted under various conditions in order to determine the favourable conditions. The casted
dope solution was evaporated in a nitrogen ambiance (to control the humidity) for varied to slow down coagulation and
create a dense selective layer, time was varied between 1-15 minutes. After the evaporation step the glass plate
containing a layer of dope solution was immersed in the coagulation bath for phase inversion. The optimised coagulation
bath consisted of 40/60 isopropyl alcohol and methanol. Different glove bags were tried out in order to control the
nitrogen atmosphere as is shown in Figure 32.

The phase inversion process is shown in Figure 31:
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FIGURE 31. . Phase inversion process

Dense 6FDA-6FpDA membranes were prepared (10% 6FDA-6FpDA in THF) in order to determine the intrinsic gas
permeating properties of the membrane and compare the asymmetric membranes to this value.



FIGURE 32. Make-shift glovebag (left) and glove pyramid (right)

Characterization technigques

Polymer:

The synthesized 6FDA-6FpDA polymer was characterized in terms of its molecular weight distribution. For this purpose,
Gel Permeation Chromatography measurements were performed. The measurements were carried out in
dimethylformamide (DMF) at 25°C using microstyragel columns with pore sizes 10°, 104, 10°, and 10° (Waters) and a
differential refractometer detector (Waters model 2414). Molar masses were determined relative to narrow molecular
weight distribution polystyrene standards (PSS). The sample concentration is 0.5 wt% (5 mg/ml). The synthesized 6FDA-
6FpDA batches (I, Il, Ill) had a molecular weight around 102, 52, and 103 kDa respectively.

Dope solution:

The viscosity of the prepared dope solutions were analysed using a viscometer. A range of different concentrations (%)
of polybenzimidazole and 6FDA-6FpDA in their respective solvents (DMAc and NMP) were prepared in order to determine
which dope solution concentration lies closest to the cloud point.

Membrane:

Scanning Electron Microscopy was used to characterize the morphology of the prepared membranes. SEM images were
obtained from cross sections made by fractioning the membranes in liquid nitrogen. The samples were
Platinum/Palladium (80/20) coated using a BALZERS® 040 sputter equipment operating at 210 Volt and 13 mA during 180
seconds in a 10 millibar argon atmosphere. SEM images were taken using a JEOL scanning electron microscope (JSM
5600LV) operating at 1.5kV to evaluate the morphology of the membrane, with particular focus on the quality and
thickness of the selective dense top layer. The surface of the membranes was investigated to check the dense layer
coverage of the membrane surface.

Gas permeation performance testing of membrane
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The gas permeation performance of dense 6FDA-6FpDA membranes was measured in order to determine the intrinsic
properties. Hereafter, the prepared asymmetric membranes were measured in a set-up whereby single gas He, COz and
N2 was flowed through the membrane at a pressure of 3 bar and temperature of 35°C. The set-up is shown in Figure 33.
The membrane, with an area of~ 11 cm? is sandwiched between two plates in a cell. Vacuum is pulled on the opposite
side of the membrane film. A pressure sensor is connected to the gas chamber that fills up with the gas that has
permeated through the membrane. This sensor measures the pressure increase in this chamber. Because the pressure
on either sides of the membrane are measured, and so is the rate of pressure increase, this allows for calculating the
amount of gas that is permeating through the membrane.

The set-up is flushed out with the subsequent feed gas before starting measurements.

FIGURE 33. Gas permeation set-up employed for testing single gas permeation (constant volume)

Water vapor permeance testing of membrane

The water vapor permeance was tested employing gas mixtures of H20-COz, and H20-N2 at relative humidity’s of 30, 50,
and 70%. The polymer membrane is sandwiched between two plates. However, the set-up is not equipped to measure a
gas mixture with a condensable gas such as COa. Therefore, this measurement will be performed in the electrocatalytic
membrane reactor at UPV/CSIC.

Data processing

For every test performed, the raw slope (mbar/sec) was calculated:

end pressure (mbar)—start pressure (mbar) ( 5)

Raw slope (mbar/s) = collection time (s)
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The net slope is then calculated:

Net slope (mbar/s) = raw slope — leak rate (6)

From this, the total flux in cm®*@STP/s is calculated:

273.15
273.15+temperature (7)

1013.25

raw slopexcell volumex(

Total flux (cm3@STP/s) =

Thereafter the transmembrane pressure can be calculated by:

high P1+high P2  (end P+start P)
2%75.006376 2+0.075006

Transmembrane pressure (cmHg) =

(8)

From this, the permeance was calculated employing the following equation:

total flux/transmembrane
Permeance (GPU) = flux/

(9)

membrane area

The calculation of this parameters was done using the last hour of data collection of each measurement in order to allow
the permeability through the membrane to be stabilized.

Perm selectivity was calculated employing the following equation:

, . CO, permeabilit;
Perm selectivity = —2——— £ = (10)
N, permeability

3.3.2. Experimental

The overall workplan can be divided into 4 different stages that can be summarized in Figure 34:
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coagulation

Dope
Polymer . Effect of
solution

materials . i
formulation evaporation

Membrane

bath optimization

composition

Polybenzimidazole Polymer conc. (wt.%) 1 min M2 flow Water
6FDA-BFpDA DMAC/NMP 2 min N2 flow 75/25 IPA/MeOH
Ethanol/Methanol 5 min M2 flow 50/50 IPA/MeDH
Acetone 10 min M2 flow 40/60 IPA/MeOH
PEG1000 15 min N2 flow 20/80 IPA/MeOH
THF 30 min N2 flow
FIGURE 34. Overall workplan followed for the development of the thin film catalytic membrane

After preparing a wide range of dope solutions, the membranes were casted and the effect of formulation (polymer
concentration, solvents, pore formers) on membranes were investigated. The effect of nitrogen evaporation prior to
coagulation (1-15 min) was also investigated as was the effect of coagulation bath composition (water, ethanol, isopropyl
alcohol, methanol).

3.3.3.Results

SEM observations (cross-section) of asymmetric PBI membranes can be found in Figure 35.

FIGURE 35. SEM images (cross section) of asymmetric pbi membranes

It was very challenging to develop a macro-void free PBI membrane. The initial formulations lead to a brittle membrane
but after optimizing the coagulation bath to 40/60 IPA/Methanol mechanically stable and porous membranes were



Solutions for a circular biobased industry

obtained. However, no dense layer was observed with SEM. Therefore, focus was shifted to a different polymer material,
namely the polyimide 6FDA-6FpDA.

SEM observations (cross-section) of integrally skinned asymmetric 6FDA-6FpDA membranes can be found in Figure 36:

FIGURE 36. SEM images (cross-section) of integrally skinned asymmetric 6FDA-6FpDA membranes

After optimizing the formulation for the 6FDA-6FpDA casting solution, integrally skinned asymmetric membranes were
obtained. Cross sections show an asymmetric porous membrane with clearly a dense layer on the top of the 6FDA-6FpDA
flat sheet membrane. Surface pictures show defects (pinholes) over the membrane surface. A 300 nm dense layer is
visible.

The optimized 6FDA-6FpDA formulation is shown in Table 13:

TABLE 13. Optimized 6FDA-6FpDA formulation

Component wt. %
6FDA-6FpDA 27
NMP 34
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EtOH 35
PEG1000 3
THF 1

By means of testing the quality of the asymmetric membranes, single gas permeation performance of the membranes
were measured. The data together with the calculated perm selectivity is shown in Table 14 and Table 15:

TABLE 14. Gas permeation and CO2/N: selectivity of 6FDA-6FpDA dense membranes

Pi-Dense-1 66.35 23.87
Pi-Dense-2 63.96 24.42
Pi-Dense-3 50.01 28.42

TABLE 15. Gas permeation and COz/N: selectivity of 6FDA-6FpDA asymmetric membranes

Pi-10-1 104 15.47
Pi-10-2 116 18.56
Pi-10-3 101 16.84

3.3.4. Conclusions

UTwente has focused on the development of a polybenzimidazole-based integrally skinned asymmetric flat sheet
membrane for the removal of water vapor from the electrocatalytic membrane reactor. Numerous casting formulations
and process conditions were systematically attempted. A mechanically stable porous membrane was eventually obtained.
However, no selective layer was observed. Therefore, focus was shifted to another polymer material (the polyimide 6FDA-
6FpDA).

Numerous casting formulations were again developed which eventually led to an integrally skinned asymmetric
membrane with a 300nm dense selective layer. The membrane showed N2 and CO2 permeability, which means they were
free of defects. The permeabilities were lower than expected based on the intrinsic material properties. The
reproducibility of the membranes is still an issue of concern, as defects (pinholes) were formed in parts of the membrane.
The defects were healed using PDMS which might affect the water vapor permeance negatively. The healing does not
work for the entire flat sheet either. An attempt was made to test the water vapor permeance of the membranes but the
set-up available at UTwente is not suitable to measure condensable gases such as CO».

Therefore, the measurements will be repeated in the electrocatalytic membrane reactor at UPV-CSIC. PBI membranes
will be prepared with the formulation that was optimized and coated this with a selective layer of 6FDA-6FpDA. This was
attempted but needs more time to be developed further.
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4.Conclusions

The first 20 months of CO2SMOS project have been devoted to the optimization of a new concept of reactor integrating
a HT-PEM electrolyser, a catalytic RWGS reaction chamber and a water permeable membrane. The main challenges of
this task were to expand the limit of the optimal operation conditions of each component and finding a common point
were a trade-off in between performance, stability and compatibility.

SINTEF activities involved the PBI membrane optimization to increase the operation temperature and the conductivity of
the membrane, as well as the deposition of electrodes on the surface of the membrane. A in-house designed test setup
was commissioned and its operability has been demonstrated. The unexpected discontinuity on the commercial PBI
supply has avoided further optimisation of the MEA. Actual focus has shifted on finding alternative PBI membranes to
perform the optimisation and to ensure the availability of consumables for the scale-up of the e-CRM at a later stage.

CSIC has focused on the development of an active and selective low temperature RWGS catalyst, having designed,
developed, and tested catalytic systems based on supported metals. Cu has been selected as the most active and selective
metal to CO among all the metals studied (Ru, Rh, Cu and Fe). The catalytic system has reached a conversion of 3% and
selectivity to CO of 100% at 250 °C, which is greatly influenced by the surface area of the support and by the dispersion
of the catalyst in that surface. From the catalytic optimization of 5%Cu/Al:0s, it has been determined that the only
parameter that had a significant effect on the was the reaction temperature, as expected according to the reaction
thermodynamics, and the contact time at low temperatures. Finally, from the study of potassium as a promoter, it has
been determined that a concentration of 2,3% of potassium greatly improves the conversion that can be achieved, being
the conversion really close to the thermodynamic equilibrium at 300 °C. Overall, 2,3%K/5%Cu/Al.0s is a very cost-
effective catalyst that will be used in the CO2SMOS project to develop an electrocatalytic reactor for direct syngas
production, although conversion results are still far from the 25% considered as KPI, at the present temperatures.

UTwente has focused on the development of a polybenzimidazole-based integrally skinned asymmetric flat sheet
membrane for the removal of water vapor from the electrocatalytic membrane reactor. A mechanically stable porous
membrane was obtained. However, no selective layer was observed and polyimide 6FDA-6FpDA was considered. An
integrally skinned asymmetric membrane with a 300nm dense selective layer showed N2 and CO2 permeability, which
means they were free of defects although the reproducibility of the membranes is still an issue. The defects were healed
using PDMS which might affect the water vapor permeance negatively. These membranes will be tested in a water
membrane reactor at UPV-CSIC.
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