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Executive Summary

Whitin this document, progress in the fabrication of the integrated intensified electrochemical PEM-based
reactor is described. The goal is to produce syngas from CO2 and H20 in a single step at <200 °C and 1-10 bar.
The goal key performance indicator pursued in the project is reaching 25% of CO2 conversion, current density
among 0.5 and 1 A-cm and a Faradaic efficiency higher than 0.8.
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Reaction Chambe
H>

Water Extracting Membrane

Figure 1. Scheme of the HT-PEM catalytic membrane reactor proposed as a CO2SMOS Solution to produce
syngas from biogenic CO:

Extensive work has been carried out to develop the three composing elements of the electrocatalytic reactor:
PEM-electrolyser, RWGS catalyst and water extracting membrane. However, at the current stage of
development, operational temperatures for the three elements are not compatible due deviations that are in-
depth described within this document. For this reason, the assembly of the three components is not still being
approached. Progress on the electrolyser is being made separately, while the assembly of both catalyst and
membrane is in progress. All the results showed in this document are being given related to the specific Key
Performance Indicator (KPI) so that the complete integration of the three elements can be carefully assessed.

A mitigation plan is being proposed that will be re-established depending on the feedback:

v" Developing a two-component assembly reactor, including RWGS and water extraction membrane, with an
external source of hydrogen, replacing the need of a HT-PEM electrolyser.

v' Continue the work on the polymeric PEM-electrolyser at temperatures below 200 °C, a field with increasing
research interest.
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Abbreviations and Acronyms

BPR Back Pressure Regulator

CFD Computational Fluid Dynamics

CMR Catalytic membrane reactor

CO2SMOS pro- Advanced chemicals production from biogenic CO; emissions for circular bio-
ject based industries

Cu-NP Copper Nanoparticles

eCMR Electrochemical catalytic membrane reactor

EDX Energy Dispersive X-Ray

GC Gas Chromatography

GDE Gas Diffusion Electrode

GPU Gas Permeation Unit

H,-TPR Temperature programmed reduction with hydrogen
KPI Key Performance Indicator

HAADF High Angle Annular Dark Field

HR-TEM High Resolution Transmission Electron Microscopy
MEA Membrane Electrode Assembly

MOF Metal-Organic Framework

ocv Open circuit voltage

PA Phosphoric Acid

PBI Polybenzimidazole

PEM Proton Exchange Membrane

PTL Porous Transport Layer

RWGS Reverse Water Gas Shift

SEM Scanning electron microscope

STEM Scanning Transmission Electron Microscopy

TCD Thermal Conductivity Detector

TFCM Thin Film Composite Membrane

TOF Turnover Frequency

WHSV Weight hourly space velocity

XRD X-ray Diffraction
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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.

1.1Scope of the Deliverable

This report represents the work carried out in Task 2.4 up to month 30 of CO2SMOS project, which aims for the
optimisation and integration of an electrocatalytic reactor for syngas production from biogenic CO2 emissions.
The approach is to deliver an innovative lab-scale solution to convert biogenic CO2 into added-value platform
chemicals.

In particular, Task 2.4 is divided into four interlinked sub-tasks:

e Subtask 2.4.1 named “Development of HT-PEM electrolyser”’. The output is presented in the current
D2.3 deliverable;

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

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

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

1.2Structure of the Deliverable

Within this Deliverable, besides Chapter 1 that constitutes the present Introduction, the following sections are
included:

e  Chapter 2 outlines the methodological approach.

e 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;

e Chapter 4 draws the conclusion remarks and next steps.

1.3Interdependencies with Other Tasks and Deliverables

The figure below shows the interdependencies of WP2 with other work packages.

WP1: Definition of the full value ¥ wesws
= chain and process requirements
& o
S
:‘E & WP2: Primary conversion of |:> WP3: Development of a bio-based
] E €0, into bio-acetateand platform to produce CO,-derived K 2
5' E green syngas intermediates and monomers E S
a
1 2
k- g . WPS: Validation of CO, derived 5 g
£ a5 & WP4: Up-scaling the CO2SMOS |5 intermediates into final m 28
E o concept for pilot process pplications including guideli é =
28 validation for future 3]
',:, LJ ? standardization/certification
o«
[ WP6: Replicability studies, market analysis, regulatory
2 ¢> k and social 1ce ¢>
T
WP7: Project impact: techno-economic ¢:)
and inabili for the new value chains

Figure 2: Interdependencies of WP2 with Other Work Packages
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The activities described in this Deliverable have been reported taking into account the requirements of WP4, in
particular task 4.4 “Electrocatalytic reactor testing and validation for CO2 to syngas conversion at TRL 5”, where
an eCMR developed at WP2 should be replicated at a relevant scale (1 kW) and continuous gas feed (steam and
CO2 spiked with trace components from biogenic streams).

2. Methodological approach

CO2SMOS focuses mainly on valorising the biogenic CO2 emissions from Industrial Fermentation processes, in
which COz is easy to capture and considerably pure. Electrochemically, this CO2 can be converted to syngas (CO
+ Hz2). 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. CO2SMOS 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 are being first developed and optimised separately:

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

Additionally, the RWGS catalyst and the TFCM pair is starting to be tested. The overall proposed eCMR concept
(Figure 1) can be described as follows:

Over the anode of the PEM electrolyser, catalytic electrolysis of water will occur (H20 2 %0, + 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 + 07), and (b) reaction with H2 formed in the cathode (2H+ + 2e™ 2 H2) 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 + CO2 - CO + %02 + H>0. The H20 formed will be instantly removed through the TFCM, which will
contribute to shift the equilibrium towards CO formation, increasing CO2 conversion and syngas yield. The
architecture of the integrated reactor was supposed to 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.

From month 1 to month 20, all partners focused on separately developing the three elements at lab scale
(reported in deliverable 2.3): SINTEF developed the HT-PEM electrolyser, ITQ-CSIC focused on the RWGS catalyst
and UTW focused on the TFCM. From month 21 to month 30, the development of the HT-PEM electrolyser had
to be reevaluated due to the lack of a stable and reliable supply of the raw material used (PBI membranes).
Additionally, new findings regarding the stability of this kind of polymeric membrane led to the use of a new
polymer and improvement on the employed MEA.

On the other hand, the water permeability and selectivity of the TFCM was finally tested at ITQ-CSIC facilities,
where a catalytic membrane reactor (CMR) set-up was developed. Delivery delays, especially for the industrial
hygrometer and the parts needed for its adaptation to the system, which required a 5-month wait, delayed the
measurements. Once the measurements were performed, work shifted towards the assembly of the catalyst
and the water extracting membrane. The optimization of this pair is still in progress.

The deviations experienced during the development of this task have required to address the evolution of the
task achievements and recognisement of bottlenecks continuously, and has been based on the following steps:

1) coordination within T2.4 partners:
e 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.
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e Shared folder in MSTeams containing main documents regarding the evolution of the experimental
results, as well as summary presentations.

e Visit to labs of partners to be aware of the equipment involved in the tasks, especially in the cases
where sample interlink are envisioned.
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3. Results

3.1. HT-PEM

3.1.1. Optimisation methodology

Conventional PEM electrolysers use Nafion membranes operated 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) has
high conductivity, excellent thermal stability, and very low vapor pressure at high temperature. These PBl mem-
branes are preferred over Nafion for HT-PEM fuel cell applications because of their low cost and excellent chem-
ical and thermal properties in the temperature interval 100-250 °C without humidification. However, literature
on HT-PEM electrolysis using PBI is scarce. In this work, membrane electrode assemblies (MEA) based on PBI
have been prepared, tested in electrolyser mode, and evaluated for integration in the e-CMR.

The e-CRM was planned to be run at 120-200 °C, 2-10 bar and 1 A cm™ with Ecei<2 V. 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 CO2
conversion. The MEAs prepared in this work are based on commercial PBI membranes, 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
or paper gas diffusion layer is used on the cathode side. The MEAs have been tested at 120-160 °C in electrolysis
mode to investigate the electrochemical performance and the stability as function of temperature, time, relative
humidity and pressure. The module design of the test setup has been modified to improve the testing stability.

3.1.2. Experimental

3.1.2.1. Membrane Electrode Assembly — MEA

Electrolyte — phosphoric acid doped PBI membrane

As reported in deliverable D2.3, FUMAPEM stopped selling PBI membrane for HT-PEM. Other suppliers were
contacted, and two different membranes were purchased. Table 1 summarizes the main characteristics provided
by the suppliers. The PBI film from PBI Performance Products is not doped, while the Celtec membrane from
BASF is already doped and about 10 times thicker than the FUMAPEM/PBI Performance products membranes.

Table 1 Overview of commercial PBI membranes acquired and tested in this work

PBlI membranes Thickness PA-doping Characteristics given by the supplier

(microns) as supplied

AM-40 - FUMAPEM 40 No Non-reinforced; for HT-PEMFC
Celazole from PBI Perfor- 55 No High strength film for HT-PEMFC,
mance Products Inc. mostly efficient over >150 °C
Celtec membrane from BASF 400 Yes Operation 120-180 °C

Phosphoric acid doping
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As described in deliverable D2.3, the doping procedure for the PBI film from PBI Performance Products was
modified to maintain mechanical integrity of the membrane. Further optimizations were carried out from the
reported procedure to increase the doping level by increasing the immersion time in phosphoric acid.

Electrodes

Anode

Iridium oxide (IrO2) has been used as anode as it is the state-of-the-art anode material for PEM electrolysis. The
anode material and microstructure can be optimized at a later stage in the project or in future work, as the
objective has been to demonstrate the potential of PBI-based MEAs for HT-PEM electrolysis. The IrO2 powder,
dispersed in alcohol-based suspension with or without Nafion® as binder, is deposited on one side of the PBI
membrane with an ultrasonic spray-coating (Sono-Tek-ExactaCoat). Due to shortage of material at the supplier,
several IrO: powders were investigated for spray-coating deposition on the PBlI membranes. SEM
characterization of the catalyst powders was performed as the powder's behaviours during suspension
preparation differed. Spontaneous combustion was observed during suspension preparation for one of the
powders.

Cathode
The cathode used in this work is a commercial Pt-coated carbon cloth or paper gas diffusion layer. The cathode
material and microstructure can be optimized at a later stage.

3.1.2.2. HT-PEM electrolyser testing
Module design

The HT-PEM water electrolysis 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 cell is designed with an active area of 25 cm?. An exploded-view drawing of the CO,SMOS cell is shown in
iError! No se encuentra el origen de la referencia. The porous Ti transport layer was not used on the cathode
side, only on the anode side. Figure 4 shows a typical cell mounting procedure when using Teflon gaskets.

S 55316 end plate
PEEK insulator

Ti current collector

Removable Ti
flow field

Ti porous transport layer

Membrane electrode
assembly

Figure 3 Schematic view of the cell configuration used for testing PBI membranes in CO2SMOS
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V8l

Figure 4 Overview of a typical cell mounting using teflon gaskets

In the disassembly of test cell PBI-4, it was seen that the gas distribution parts made up of PEEK and the Teflon
gaskets had deformed significantly (iError! No se encuentra el origen de la referencia. 5) during the testing.
Deformation of the membrane and possible tears in the membrane were also seen during disassembly. Further
information about this phenomenon can be found in section 3.1.3.2. Replacement to these components made
from more stable material at elevated temperature was therefore investigated. Freudenberg 60 FC-FKM 200
made up of fluoro-rubber with operation window up to 200 °C was chosen. New gas distribution parts made of
titanium instead of PEEK were also made and included in the new cell configuration.

Freudenberg 60 FC-FKM 200

Replacement
of Teflon and
PEEK parts

Figure 5 Upgrade of mechanically weak components

The 60 FC-FKM 200 was thicker than the Teflon gaskets used previously and thus required additional changes to
the cell configuration to ensure tightly sealed cell while at the same time obtaining good connection between
the membrane and the carbon gas diffusion electrode (GDE) on the cathode and the Ti porous transport layer
(PTL) on the anode. To verify this the cell configuration was mounted using pressure paper replacing the
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membrane to map out the contact areas. Several configurations each with different improvement were tested
(Figure 6). Configuration 4, where a thicker carbon cloth GDE replaced the previously used carbon paper GDE
showed good contact in the whole active area and was the chosen configuration for further cell testing (from
PBI-6 cell and all following cells tested).

DS mpasev A Be can B T [T e

$5§¢ 60 FC-FKM 200 2 60 FC-FKM 200 3 o [ 60 FC-FKM 2004 e
i ey

I e
60 FC-FKM 2001 = fop
P P P ryine il Iy ST

Figure 6 Pressure paper testing results during adaptation of cell to accommodate 60 FC-FKM 200 gasket and
new Ti gas distribution parts.

MEA testing

A total of four cell tests have been run over the last reporting period. Continuous learnings from one test to the
next have been used to upgrade the cell module to improve the testing conditions. The major improvements of
the cell configuration can be found in Table 2 and the test conditions and continuous improvements/changes
can be found in

Table 3. The tests have been done in a Greenlight X40 test station with a Gamry Reference 3000 potentiostat
coupled with a Gamry Reference 30k booster. The humidity control is done by bubbler humidification (< 90 °C
dewpoint) which typically limits the relative humidity to <20% at 140 °C. The voltage limit was set to 1.8 V to
avoid excessive degradation.

Table 2 Overview of key cell configuration data and cell upgrades

Celltest Membrane Anode Cathode Cell upgrades since previ-
ous test

IrOz type / loading / Nafion® | Type / Pt loading

BASF-7 BASF Thermo, 1.38 mg cm, yes C-GDE paper
2 mg/cm?

PBI-1 PBI perfor- Alfa, 1.59 mg cm™, no C-GDE paper Start testing PBI Perfor-
mance 2 mg/cm? mance membrane

PBI-4 PBI perfor- Thermo, 1.32 mg cm?, yes C-GDE paper Au-coated FF and Ti-PTL
mance 2 mg/cm?

PBI-6 PBI perfor- Thermo, 1.5 mg cm™?, yes C-GDE cloth 60 FC-FKM 200 gaskets,
mance 2 mg/cm? gas distribution partsin Ti
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Table 3 Overview of test conditions and changes of those over the testing campaign

Anode gas Cathode gas Pressure Anode water bath Changes
L/min temp / relative humid last test
L/min
°C/ %
BASF-7 @ 160 0.50 N2~ 0.505% Hz/ = Ambient 82/14.2
0.511H0 N2
PBI-1 160 0.50 N2~ 0.50 N2 Ambient 82/14.2 Heated anode
0.511 H.0 gas inlet, pure N2
stream on cath-
ode
PBI-4 140 0.50 N2~ 0.50 N2 Ambient 82/14.2 Reduced testing
0.511 H.0 temperature
PBI-6 120- 0.50 N>~ 0.50 N2 Ambient 58 -83.7/5-15 Implementation
140 0.511 H20 and cathode of more mechani-
over-pres- cally stable com-
sure ponents

3.1.3. Results

3.1.3.1. Membrane Electrode Assembly — MEA

Electrolyte — phosphoric acid doped PBI

A longer immersion time in acid was implemented to the doping procedure to obtain a highest doping level
without affecting the integrity of the PBI membrane. Nevertheless, after 6 months of storage at room
temperature in the dark, while the testing module was modified, the PBI membrane did not tolerate the doping
conditions anymore. It became jelly and deformed with heavy swelling.

The doping procedure was adjusted to a shorter time at the same temperature to obtain a slightly lower doping
level while retaining mechanical integrity of the membrane. Nevertheless, this indicates that the PBI film is not
stable over time when kept at room temperature in the dark.

Anode deposition
Two IrO2 powders (called in this report A and T) were used as anode material and successfully deposited on the

PBI membrane surface using spray-coating with and without Nafion® as binder. SEM micrographs of the IrO2
powders are presented in Figure 7. It shows two different powder microstructures. IrO2 A presents large
agglomerates, while IrO2 T shows finer particles. The finer microstructure might be a sign for larger catalytic
activity explaining the spontaneous combustion observed when preparing the suspension, while the IrO2 A
powder did not react. The micrographs of the spray-coated IrO2 A, however, does not show large agglomerates

THIS PROJECT HAS RECEIVED FUNDING FROM THE EUROPEAN UNION’S HORIZON 2020 RESEARCH AND
INNOVATION PROGRAMME UNDER GRANT AGREEMENT NO 101000790



D2.4 — Electrocatalytic reactor assembly and electrocatalytic performance C& SMOS

showing that the suspension preparation is efficient to breakdown the agglomerates and/or that sedimentation
occurs in the spray-coating process before reaching the surface of the PBI.

IrO2 A spray-coated on PBI

Figure 7 SEM micrographs of (top left/middle) IrO2 A powder, (top right) IrO2 A spray-coated on PBI
membrane, and (bottom) IrO2 B powder

3.1.3.2. HT-PEM electrolyser testing

BASF-7

The FUMAPEM PBI was discontinued and a PBI membrane from another supplier had to be implemented in the
project. The first to be tested was the thick pre-doped PBI membrane from BASF. Already during assembly of
the cell leakages of phosphoric acid could be seen at the edges of the cell (Figure 8).

Figure 8 phosphorous acid leaking from cell with BASF membrane

The BASF-7 was tested at 160 °C and the first polarisation curve can be seen in Figure 9. The key performance
parameters are summarised in

Table 4. The current-voltage behaviour was not found to be smooth as expected and the data was quite noisy.
No establishment of a linear region was obtained. The noise was believed to be caused by presence of liquid
phosphoric acid in the cell or that the water in the anode steam was cooled down too much before reaching the
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cell and caused the water to condensate. To avoid the latter external preheating of the anode inlet stream was
introduced in the next test.

BASF-7

0.2 —BASF-7 Day 1

0 0.02 0.04 0.06 0.08
i/Acm?

Figure 9 Polarisation curve of BASF-7

Table 4 Performance parameters of BASF-7

OCV at start 0.58 Vv
Set voltage limit 1.8V
Max current 0.084 A cm?

After cell disassembly of BASF-7, it was clearly seen that liquid acid had gathered in the bottom of the cell, and
all cell parts were covered with acid (Figure 10). Products after reaction with acid could be seen all over the cell,
especially covering the flow fields in both the anode and cathode compartments. Clearly the BASF membrane
was doped by phosphorous acid to an extent that was not suitable for a membrane that was going to be me-
chanically pressed against other components as in this cell configuration. Further development and testing using
BASF membrane was therefore stopped.

ji2id

-GDL

Backside anode, Ti-PTL Backside cathode, C

Figure 10 Images of cell after disassembly of BASF-7 test

PBI-1

PBI-1 was the first test using PBI membrane supplied by PBI performance. The polarization curves recorded the
initial day and the following day are shown in Figure 11 and the key performance parameters are shown in Table
5. Between the two recordings, the cell was kept at OCV and at 160 °C. A decrease in maximum current of 66%
was seen (at 1.8 V), from 0.06 to 0.02 mA cm™. The resistance, drawn from the linear region of the polarization
curve, had at the same time increased from 5.82 to 18.81 Ohm cm?. A rapid deterioration or deactivation was

seen over one day. In a recent published paper, the degradation of phosphoric doped PBI membranes is reported
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to occur through formation of pyrophosphate anions starting at 160-170 °C [Zhang et al. (2023)]. The implication
of this finding is that phosphoric acid-doped PBI membrane must be used in a temperature range below 160 °C
to avoid degradation. The next cell tests were therefore performed at 140 °C or at lower temperatures.

PBI-1

2.00
1.80
1.60
1.40
1.20
Z 100
0.80
0.60
0.40 ——PBI-1 Day 1
0.20

0.00
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

i/ Afem?

——PBI-1 Day 2

Figure 11 Polarisation curves of PBI-1 as function of time

Table 5 Performance parameters of PBI-1

PBI-1 Day 1 Day 2
OCV at start 0.56 V 0.3V

Set voltage limit 1.8V 1.8V

Max current 0.06 A cm? 0.02 A cm?
Slope 5.82 Ohmcm? | 18.81 Ohm cm?

PBI-4

For the testing of PBI-4, the temperature was lowered to 140 °C to avoid the formation of pyrophosphate
claimed in the work of Zhang et al. (2023). Polarisation curves were measured on day one and on day four, and
the results are shown in Figure 12 and the key performance parameters are listed in Table 6. Between the two
recordings the cell was kept at OCV and at 140 °C. The maximum initial current, at 1.8 V, was for this cell found
to be more than three times higher than PBI-1, 0.22 mA cm™, despite that the temperature was lowered to
140 °C. It also seemed to be slightly more stable; the decrease of maximum current, at 1.8 V, over four days was
22%, much lower than for PBI-1 (-66 % over one day). Over the four days the resistance, drawn from the linear
region of the polarisation curve, increased from 1.44 to 2.18 Ohm cm?.

2.00
1.80
1.60
140
1.20

>
< 1.00
w /
0.80
0.60 /
/ ——PBI-4 Day 1
/ —PBI-4 Day 4
020 |/

/ ——PBI-4 Day 5 post galvanostatic test
0.00 “

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
i/Acm?

0.40

Figure 12 polarisation curves of PBI-4 as function of time
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Table 6 Performance parameters of PBI-4

PBI-4 Day 1 Day 4
OCV at start [V] 1.07 0.66
Set voltage limit [V] 1.8 1.8
Max current [A/cm?] 0.22 0.17
Slope [Ohm cm?] 1.44 2.18

Further testing of the PBI-4 cell in galvanostatic mode at 0.05 A cm™ was carried out, the results are shown in
Figure 13. A stability plateau at 1.60 V increasing to 1.64 V lasting over the first 180 min was seen. Then the
voltage strangely started dropping significantly from 1.64 V to less than 1.2 V, while the constant current could
still be remained. The ability to sustain a high current although the voltage was reduced below the theoretical
potential where electrolysis of water takes place forming oxygen and hydrogen gas (1.2 V), indicates that some
other process in addition to water electrolysis was taking place at the same time.

Galvanostatic test (day 5)

1.80 0.06
0.05
1.40
1.20 0.04
= 1.00 £
~ 0.03 :
w 0.80 =
0.60 0.02
0.40
—tE 0.01
0.20 .
I
0.00 0.00
0 100 200 300 400 500 600 700 800
t/ min

Figure 13 Galvanostatic testing of PBI-4

After the galvanostatic test, a new polarisation curve was recorded (orange curve, Figure 12) and this showed a
very different behaviour compared to previously recorded polarisation curves. High current densities could be
obtained from 0 V and at potentials below the theoretical of running electrolysis of water. At higher current
densities some similar features of the polarisation curve of normal water electrolysis were seen, however this
region was shifted to higher current densities than previously. It thus seems like there was a process in addition
to water electrolysis occurring and that something had altered in the cell during the galvanostatic testing, pos-
sibly around 180-200 h into the test. It was speculated that this was due to short circuiting or partly short-cir-
cuiting of the cell.

During disassembly the membrane was completely stuck to both the C-GDE and the Ti-PTL so that the membrane
could not be retrieved and studied alone. The C-GDE, the active area of the membrane and the Ti-PTL sand-
wiched together came out in piece when the Ti-PTL was attempted removed, and the rest of the membrane
frame came out in another piece (Figure 14). Some creeping and tearing of the membrane were found in the
areas where the gas distribution parts are located, found in the frame portion of the retrieved membrane. Since
it was not possible to retrieve the membrane unharmed and in one piece, it could not be determined whether
the tearing occurred during cell testing or whether it was introduced during disassembly. Therefore, membrane
inspection after testing did not give further answer to the shift in behaviour and high current densities observed
at potentials under the theoretical potential required for water electrolysis.
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Figure 14 Images from the disassembly of PBI-4

The Teflon gaskets and PEEK gas distribution parts showed deformation and creep over the testing (Figure 5).
Replacement components of more mechanically robust materials were therefore investigated to be used to
replace the Teflon gaskets and the PEEK gas distribution parts for the further testing. New gaskets (Freudenberg
60 FC-FKM 200) and gas distribution parts in Ti was introduced in the PBI-6 cell test.

PBI-6

PBI-6 was the first cell made after introducing 60 FC-FKM 200 gaskets on both sides and Ti gas distribution parts
to increase the mechanical durability of these components. Polarisation curves were recorded as function of
time over eight days (Figure 15) while the cell was kept at OCV and at 140 °C in between. The performance
parameters are summarised in Table 7. The maximum current density, at 1.8 V, decreased by 0.82% over this
period, being the most stable cell tested so far. The stability of the cell allowed for testing of various parameters
such as temperature, overpressure on the cathode side, and relative humidity. The trends as function of these
parameters were in line with the expectations. The performance was however worse than for PBI-4, with the
maximum current density 0.13 A cm2 at 1.8V, versus PBI-4 which had 0.22 A cm. It also had significantly higher
resistance initially than PBI-4, 3.88 Ohm cm? versus 1.44 Ohm cm?.

2.0
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)
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1.0
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|
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Figure 15 polarisation curves of PBI-6 as function of time
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Table 7 Performance parameters of PBI-6

PBI-6 Dayl Day2 Day7 Day8*

OCV at start [V] -0.16 = 0.32 @ 0.46 0.51

Set voltage limit [V] 1.8 1.8 1.8 1.8
Max current [A/cm?] 0.12 = 0.13 = 0.13 0.12
Slope [Ohm cm?] 3.88 5.59 | 558 3.60
*Measured with lower gas flow and slightly higher relative humidity than the other tests

3.1.4. Conclusion

MEA using PBI membrane were prepared by phosphoric acid doping followed with anode deposition using
spray-coating. Doping procedure had to be adjusted to the new PBI membranes and after several months, it
was noticed that the PBI membrane could not sustain the same doping procedure without altering its
mechanical integrity. It is a concern that commercial PBI membrane shows instability when stored in the dark
at room temperature.

The best performance of the four tested cells has been the initial performance of PBI-4 with 0.22 A cm?2at 1.8V,
which further then dropped. This is clearly below the target of 1 A cm™ at <2 V. The best stability by comparing
polarisation curves over time was PBI-6 with stable performance over eight days. Both PBI-4 and PBI-6 were
tested using an operational temperature of 140 °C, which seems to be a better temperature for PBIl than 2160 °C
to avoid degradation over time due to pyrophosphate formation.

Compared to the planned operational parameters (120-200 °C, 2-10 bar and 1 A cm™? with Ecen<2 V), the HT-PEM
testing has shown that the PBl-based MEAs perform partly in these ranges. For the temperature, the optimal
temperature seems to be 140 °C and may be increased to 150 °C, but should be kept below 160 °C. Thus, it is
within the operational temperature window (120-200 °C), but below the optimal temperature of 2200 °C of the
reverse water gas shift catalytic layer (see next sections), so integration of the two components seems to be
impractical as the performance of the catalytic layer will be too poor at 140 °C. Regarding the pressure, a
differential pressure of 5 bar at the cathode side was demonstrated with PBI-6, demonstrating that the
operational pressure window (2-10 bar) is feasible. Regarding the current density (planned 1 A cm™ with
Ece1<2 V), the voltage limit during testing has been set at 1.8 V instead of 2.0 V to avoid excessive degradation
based on literature; thus, the obtained current density will also be lower. The best performance has been
0.22 Acm?at 1.8 V (for PBI-4). As the test station has limitations of providing high relative humidities (typically
<20% at 140 °C), higher current densities are likely if the relative humidity can be increased, and this will be
investigated further.

To conclude, further improvements are needed to increase the current density, and the stability under constant
electrolysis operation at longer time should be tested. Incorporation of the PBl-based HT-PEM MEA in the e-
CMR is unrealistic due to the temperature incompatibility of the components.

Further HT-PEM work should focus on demonstrating the potential of PBl-based MEAs for water electrolysis at
lower temperature (110-140 °C) to gain better understanding and knowledge of the performance and stability
of PBI membranes for green Hz production as this is lacking in the scientific literature. The work will encompass
stability studies of PBI-based MEAs in electrolysis mode, test station adjustments to increase the achievable
relative humidity to increase the current density, and may involve investigations of alternative membranes to
PBI.
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3.2. RWGS catalyst

As reported in D2.3, ITQ-CSIC developed 2.3%K/5%Cu/Al2Os as a cost-effective catalyst for the RWGS reaction,
where no other catalyst with a better CO production for this range of temperatures (<250 2C) has been found to
the best of our knowledge. For this reason, regarding the RWGS catalyst, ITQ-CSIC has focused on continuing the
catalyst characterization for dissemination purposes. ITQ-CSIC has also focused on the testing of the 6FDA-
6FpDA water extracting membrane, and the assembly of both catalyst and 6FDA-6FpDA membrane, being this
discussed in the next sections.

3.2.1. Optimisation methodology

For the RWGS catalyst, additional characterization has been performed.

Characterization techniques

Temperature programmed reduction with hydrogen (Hz-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% H2z/Ar flow of 50 mL min* up to 600
°C. Hz2 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.

High-resolution transmission electron microscopy (HR-TEM) images were collected on a 200 kV Jeol JEM-2100F
instrument. A microscope was also equipped with a high-angle annular dark-field (HAADF) detector to be run in
a STEM mode, thereby achieving better compositional contrast between Cu-NPs and the oxide support. An
image analyzer software (ImageJ) was used for data processing. The instrument also had an EDX X-Max 80
detector with a resolution of 127 eV, which supplied qualitative information about which elements were in the
sample. Therefore, maps with different colors depending on the element were obtained.

Results

Last stage of the catalytic study was the addition of a promoter (potassium) in different concentrations, whose
results are in Figure 16:
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Figure 16. Maximum conversion imposed by thermodynamic RWGS equilibrium and catalytic results for
different concentrations of potassium promoted 5%Cu/Al.Oz

As it was previously discussed, the addition of 2.3% of potassium greatly improves the catalytic activity; no other
catalyst with a better CO production for this range of temperatures (<250 °C) has been found to the best of our
knowledge (Daza & Kuhn, 2016; Su et al., 2017; Zhu et al., 2020; Gonzalez-Castafio et al., 2021; Alvarez-Hernan-
dez et al., 2023; Li et al., 2023). Conversion rate is very close to the equilibrium at 300 °C, while decreases at
lower temperatures. At 150 °C, temperature range where the electrolyser is currently being developed, there is
almost no conversion. At 200 °C, the conversion does not meet the set objectives, while the KPI is reached at
250 °C. The performance of the 6FDA-6FpDA could get compromised at 250 °C, as it will be explained in the
following chapters. However, a middle temperature point for a catalyst & 6FDA-6FpDA membrane assembly
could be found between 200 and 250 °C. This temperature range is far from the 140 °C where the HT-PEM
electrolyser is currently being developed.

In table 8, results can be referenced to the set KPI for this subtask:

Table 8. Set KPI for this subtask and RWGS catalyst results at different temperatures

 COselectivity (%)  CO: per-pass conversion (%)  Deactivation rate (% - h) |
KPI >95 >10 <5%-24 h?
Results at 150 °C 100 0.04 0
Results at 200 °C 100 1.37 0
Results at 250 °C 100 10.4 0

H2-TPR was used to study the promotion effect of the different potassium concentrations. The objective was to
study the reducibility of the samples, which is expected to increase for the samples with the highest catalytic
activity. Results can be found in figure 17:

THIS PROJECT HAS RECEIVED FUNDING FROM THE EUROPEAN UNION’S HORIZON 2020 RESEARCH AND
INNOVATION PROGRAMME UNDER GRANT AGREEMENT NO 101000790



D2.4 — Electrocatalytic reactor assembly and electrocatalytic performance

C& SMOS

5%Cu/Al,0, 1.3K/5%Cu/AL0,
241.1°C 207.8°C
D- T T T T T T
<' 207.4°C o
2.3K/5%Cu/Al,0, 3K/5%Cu/AlO,
220.6 °C
Pte. repetir
50 150 250 350 450 550 50 150 250 350 450 550

Temperature (°C)

Figure 17. H2-TPR result for 5%Cu/Al.0s promoted with potassium at different concentrations

According to these results, reducibility of the samples is found in the following order:

2.3%K/5%Cu/Al203 > 1.3%K/5%Cu/Al.03 >> 3%K/5%Cu/Al203 >> 5%Cu/Al>0s. The obtained reducibilities do not
exactly match to the catalytic activity, since 5%Cu/Al.Ozis more active than 3%K/5%Cu/Al,Os. Obtained reduci-
bilities for 1.3% and 2.3% only differ in half a degree. However, it is found that 2.3%K/5%Cu/Al>Os is the sample
with the highest reducibility and most active, showing that reducibility in the sample could have a positive impact
in the catalytic activity.

For microscopy observations, as it was previously discussed in deliverable 2.3, copper particles in 5%Cu/Al>O3
could not be observed employing HRFESEM, since a higher resolution is needed. Previously SEM observation are
shown below:

Figure 18. SEM OBSERVATIONS FOR 20%Cu/AL,O3(LEFT), 10%Cu/AL.03(MIDDLE) AND 5%Cu/AL,Os (RIGHT)
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This is an indicative of the presence of copper nanoparticles. XRD and N2O-chemisorption results also indicated
the presence of copper nanoparticles in 5%Cu/Al20s. It must be noted that multiple TEM observations have
been performed, since Copper nanoparticles are very small and hard to detect, and Al>Os is a non-conducting
support very hard to focus. Best STEM HR-TEM observations are shown in figures 19 and 20:
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Figure 19. HR-TEM images in STEM mode for 5%Cu/Al>03 at 100, 50 and 20 nm scale

Note: black holes that are observed in the sample are due to previous EDX measurements

Figure 20. HR-TEM images in STEM mode for Al203 at 50 nm scale

From our observations, copper nanoparticles can be hardly distinguished in the 5%Cu/Al,Os catalyst. Copper
nanoparticles are expected to be smaller than 5 nm, and are difficult to be distinguished to the support, Al.0s3,
which we suspect to also be composed by nanoparticles, considering it very high specific surface area (193.4665
m?/g). Additional porosity studies of the support are in progress to understand its nature.

EDX analysis has also been performed in both mapping a point analysis mode, though a higher resolution is
required to distinguish single copper particles.

Electron Image 3

M100nm M100nm’!

Figure 21. EDX mapping results for 5%Cu/Al>Os at 100 nm scale. Electron image of the sample (left),
aluminum distribution (middle) and copper distribution (right) are shown.
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Due to the lack of proper copper nanoparticles observations, it is being considered to contact with an external
expert in HR-TEM characterization and the use of external equipment with higher resolution. Additional in situ
characterization is being evaluated to understand the high activity of the catalyst for dissemination purposes.

3.2.3.Conclusion

Developed catalyst achieves set objectives at 250 °C, though its activity decreases at lower temperatures, thus
not being compatible with the developing electrolyser, and compromising the activity of the water extracting
membrane. For the water extracting membrane-catalyst pair, a middle point temperature between 200-250 °C
could be achieved where both elements have reasonable operativity, but this temperature range is far from the
140 °C where the electrolyser is currently being developed. On the other hand, additional characterization of
the catalyst is being done for dissemination purposes.

3.3. Water extracting membrane

An integrally skinned 6FDA-6FpDA membrane was previously developed by UTwente. The membrane was only
preliminary characterised measuring N2 and CO2 permeabilities, since no set-up was available for measurements
of condensable gases. At ITQ-CSIC facilities, a set-up to measure water permeability along with other gases (H2,
N2 and CO:), able to reproduce reaction conditions, was developed. Afterwards, permeability tests were
performed replicating RWGS reaction conditions.

3.3.1. Optimisation methodology

Set-up development

The fixed-bed reactor set up that was previously developed for the catalytic measurements (reported in
deliverable 2.3) was transformed into a Catalytic Membrane Reactor (CMR) set-up. A new reactor was designed,
built, and commissioned for this purpose. It has an internal diameter of 16 mm, is 20 cm high, and the effective
membrane area is 0,3848 cm? (7 mm diameter). The final set-up is shown in the figure 22:

Figure 22. Fixed-bed reactor set-up (left) and Catalytic Membrane Reactor set-up (right)

This set-up development involved the introduction of an additional gas to the system that was previously not
included into the system (He), since an additional inert gas was required to do the quantification. Feed gases
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flow paths also had to be reallocated to be able to feed the upper/feed chamber and lower/permeated chamber
with the required gases.

An additional water condenser was added to remove water from the flow before reaching the microGC, that is
not compatible with high humidities. An industrial hygrometer, that could withstand high temperatures (100-
140 °C) was adapted and integrated into the system. The hygrometer provides both the temperature in Celsius
degrees and relative humidity in %.

The 6FDA-6FpDA membrane was placed on top of an inert porous support providing structural support, and a
silicone seal was used to create a pressure difference sealing both chambers. This is due to the requirement of
a minimum pressure difference between both chambers of 1 bar. The schematic diagram of the CMR set-up can
be observed in figure 23:
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Mixture: H, H,O0 CO,
Internal Standard: He
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Water Extracting Membrane

Water condenser
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H, H,0
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CO, He N,
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Figure 23. Schematic drawing of CMR set
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3.3.2. Experimental

Test conditions

The membrane was placed in the porous support and sealed between the silicones. For every test, temperature is
increased over 120 °C all around the system to keep all compounds (and particularly H20) in gas phase, except for the
reactor chamber, where temperature was set at 140, 200 and 250 °C, aimed temperatures for membrane
measurements. Temperature is controlled using a thermocouple in each chamber, placed closed to the 6FDA-6FpDA
membrane.

Afterwards, gas is fed into the reactor to create a pressure difference:

= 25 mLn/min of He (internal standard), 43 mLn/min of Hz, H20 and CO: respectively were fed to the upper/feed
chamber.
= 25 mLn/min of N2 (sweep gas) were fed to the lower/permeate chamber.

Once gases reached the reactor, a pressure difference of 2 bar is created by regulating the feed chamber Back Pressure
Regulator (BPR), where pressure was increased to 3 bar. Pressures are measured employing pressure gauges installed
in both chambers. For the permeate chamber, pressure was maintained to the atmospheric conditions of 1 bar. Gas
composition after water removal for both chambers was measured employing a GC, while water content was measured
employing the hygrometer in the permeate chamber. Test were performed for 2-3 hours and were repeated 3 times to
assure reproducibility. Results from the first 30 minutes of the tests were discarded due to the required stabilization of
the measurements.

Data processing
Data processing was performed by ITQ-CSIC and revised by UTwente. Gas composition (%) of both chambers was

measured with the microGC (Agilent 990 Micro GC). The total outflow (mL/min) of the retentate and the permeate flux
is calculated employing the following equation system:

FoHe = F,etentate * Xretentatell€ + Fpermeate ’ xpermeateHe (Equation 1)

FoN3 = Fretentate * XretentateN2 + Fpermeate ' xpermeateNZ (Equation 2)

Being FoHe the fed flow in the feed chamber and FoN> the fed N2 flow in the permeate chamber; XretentateHe
and XpermeateHe the fraction (%) of He in the retentate and permeate flows; XretentateN2 and XpermeateN2 the fraction (%) of
Nz in the retentate and permeate flows, and the Fretentate and Fpermeate the calculated outflows of retentate and permeate
fluxes.

Vapor pressure of water (psatH20) is calculated employing the Antoine equation:

logio PsaH20) = A — % (Equation 3)

Where psatH20 is the vapor pressure of water in mmHg; A, B and C specific constants for water at the
temperature range of between 1 and 100 °C, with 8.071331, 1730.63 and 233.426 values respectively; and T the
temperature provided by the hygrometer in Celsius degrees.

Partial pressure of water (pu20) is calculated as follows:

%RH .
Pi,0 = 2o - PsacH0 (Equation 4)

Where pH2o is the partial pressure of water in atm; %RH is the relative humidity in %; and psatH20 is the vapor
pressure of water in atm.
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Partial permeate flows of each component are calculated as follows:
Fy = Xy Fpermeate (Equation 5)
Being Fx the partial permeate flow of H2, CO2 and H20 in mLn/min; xx the fraction (%) of Hz, CO2 and H20; and
Fpermeate the total flow of the permeate chamber.

Permeances of each component were calculated according to the following equation:

Fy

Permeance, (GPU) = 107° (Equation 6)

Ptransmembrane’Amembrane

Being Fxthe partial permeate flow of H,, CO2 and H20 in cm3/s; Amembrane the effective membrane area in cm?;
and Ptransmembrane the transmembrane pressure in cmHg, calculated as follows:

Ptransmembrane (CmHg) = ( PFeed chamber (atm) ' xx,feed - PPermeate chamber(atm) ' xx,permeate) ) 76100021
(Equation 7)

Lastly, H2 and COz2 selectivity of the membrane was calculated as follows:

H,0/H, selectivity = H20 permeance (Equation 8)

H, permeance

H,0 permeance

H,0/C0, selectivity = (Equation 9)

€0, permeance

3.3.3.Results

Results of the membrane tests are shown in the following figures. Water permeance is expressed in 2 different units for
literature comparison (GPU) and for KPl comparison (m3*m2-h"*-bar?):

T T T T 50
1750w '
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5 . (73] -
o 7509 o S\ 1,54 .
o | - -
. 1,0 "
BOOH e
e 0,5
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Figure 24. H20, Hz2 and CO2 permeances vs temperature (LEFT) and H2 and CO: selectivity vs temperature (right)
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Figure 25. H.0 permeance vs temperature expressed in m3- m2- h. bar?

With increasing temperature, polymeric membranes generally become more permeable but less selective. This is due
to increasing diffusivity of gases with increasing chain mobility because of the rising temperature. This general behavior
is observed for the selectivity of the membrane; however, when it comes to permeability, results do not follow a general
trend. Interestingly, H2 permeance increases at 200 °C with respect to 140 °C and decreases when reaching 250 °C, while
H20 and CO: permeability decrease with temperature. On the other hand, since these experiments were not performed
to characterize the intrinsic properties of the membranes, which requires limiting the stage cut below 1%, good mixing
on the feed side of the membrane, etc.., it would not be wise to compare with the information that represents the
intrinsic properties. The geometry and the configuration of the reactor may also play a role. Nevertheless, when
comparing to literature, it can be observed that results obtained are in the range to the recent state of the art. Water
permeance is very high at all measured temperatures, however, membrane selectivity is low, especially when increasing
the temperature. As an example, Li et al. (2021) developed a MOF membrane treated with an lonic Liquid that was able
to only maintain stability until 200 °C, had outstanding selectivity (H20/H2 of 472 and H20/CO: of 280) but had a very
low water permeance of 1.386 - 10 m3-m2-h">-bar’. On the other hand, Lee et al. (2021) developed a polyimide hollow
fiber membrane reactor, where they reached around 2000 GPU at 250 °C, but with outstanding selectivity of 10* for
both H20/CO2and H20/H.. It must be considered that for this approach, the geometry and configuration most probably
play an important role on the performance of the membrane.

In the table 9, results are compared to the set KPI for this subtask:

Table 9. Results at different temperatures and set KPI for subtask 2.1.3

H20 permeance

H20/H: selectivity H20/CO0: selectivity
(m3m2-h*-bar?)

KPI >1.00 >1.50 >6.00
Results at 140 °C 4.74 2.46 3.81
Results at 200 °C 4.06 1.57 3.60
Results at 250 °C 1.87 1.11 2.15

32



3 SMOS

Solutions for a circular biobased industry

3.3.4.Conclusion

It can be concluded that the developed membrane has a high water permeability but low selectivity, specially at higher
temperatures (250 °C). Lowering the temperature would maximize water removal when employing the 6FDA-6FpDA
membrane; however, a slight equilibrium shifting effect when using the membrane is expected to occur at 200-250 °C
since some selectivity is observed at these temperatures.

3.4. Water extracting membrane & RWGS catalyst assembly

Once the water extracting membrane was properly characterised, at ITQ-CSIC facilities work shifted towards the
coupling of the membrane and the catalyst, thus developing an efficient Catalytic Membrane Reactor (CMR). Different
configurations were initially developed and tested, and first trials were performed incorporating the catalyst and the
membrane. Further studies must be performed to optimize this configuration and evaluate its stability.

3.4.1. Optimisation methodology

First configuration

For the first trial, it was tested several times to only add the catalyst in between the silicone seals that are used in the
permeation tests set-up. A scheme of this configuration is presented in figure 26:

H, + €O,
Internal standard: He

!

'
Thermocouple
Catalyst e—— H, CO,
\ I 7 S CO He

Water Extracting Membrane

Porous support

Silicone seal N, H,0

Thermocouplg

Figure 26. First developed configuration for the Catalyst-6FDA-6FpDA MEMBRANE ASSEMBLY
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Second configuration

For the second trial, a quartz cylinder was added to the configuration. The aim of adding this element was to improve
the fluid-dynamics.

H, + CO,
Internal standard: He

l

Thermocouple

Catalyst - - — H, cO,
~ CO He
L}
1
Water Extracting Membrane
X 'y

Porous support

I~

Silicone seal — - N, H,0

Thermocouple

Figure 27. Second developed configuration for the Catalyst-6FDA-6FpDA MEMBRANE ASSEMBLY

Figure 28. Quartz cylinder used for silicone-catalyst physical separation

While developing this configuration, it was observed that the use of this quartz cylinder limits the amount of catalyst
that can be used in the test, 200 mg, far from the 1 gram of catalyst that was used in the fixed bed reactor. It is not
possible to replicate the WHSV (contact time) of the fixed bed reactor tests with the available flowmeters of the set-up
since the required flows are extremely low. For this reason, the final tests were performed with the first configuration.
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3.4.2. Experimental

e CMR Catalytic tests

Catalytic tests were performed to compare to the previous fixed-bed reactor results. Several tests were performed,
although for simplicity, only two representative tests will be showed in this document.

o  First test

The catalytic activity was tested employing a gas mixture of 27 mLn/min of Hz2 and 9 mLn/min of CO2, and 400 mg of
catalyst (WHSV=5400 mL/g-h). Test were performed at 250°C and pressures of 3 bar in the retentate chamber and 1 bar
permeate chamber. Before every test an activation step was followed, employing hydrogen flows of 100 mL/min at 250
°C for 2 hours.

o Second test

The catalytic activity was tested employing a gas mixture of 27 mLn/min of Hz, 9 mL,/min of CO2, and 10 mLn/min of N2
and 400 mg of catalyst (WHSV=6900 mL/g-h). Test were performed at 250°C and pressures of 3 bar in the retentate
chamber and 1 bar permeate chamber. Before every test an activation step was followed, employing hydrogen flows of
100 mL/min at 250 °C for 2 hours.

e Data processing

The data processing of the catalytic test included the calculation of the CO2 conversion (Xco2) and CO and CHa selectivity
(Sco and Scha), that was performed as follows:

X0y, inlet — XC0,, outlet

Xco,(%) = oo s (Equation 10)
2
Sco(%) = Xco, outtet (Equation 11)
Xco, outlet+XCH4, outlet
X
Scu, (%) = CHy outlet (Equation 12)

Xco, outlet+XCH4, outlet

Being Xx, outlet and Xy, inlet the CO2, CO or CHa inlet/outlet flow expressed in mol - min™t. The calculation of these parameters
was done employing the last 2 hours data of the reaction, lasting 3 hours in total. First data was discarded to allow
stabilization of the reaction.

3.4.3. Results

First test

In this section, results of the first catalytic test with the first configuration are shown. CO2 conversion is shown in the
following figure:
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Figure 29. CO2 conversion obtained in the CMR (WSHV= 5400 mL/g-h) vs CO2 conversion obtained in the fixed-bed
reactor (WHSV=5613 mL/g-h)

CO2 conversion rates are initially considerably higher than the fixed-bed reactor, although it stabilizes at a =4% CO:
conversion rate. In comparison to the =10% CO: conversion obtained in the fixed-bed reactor, CO productivity is
significantly lower for this CMR configuration.

Composition of the retentate and permeate chamber can be found in figure 30:

Thermocoupld

70.8%H,
Catalv\st\ p - = 27.8% co, — Composition out (GC)
1 0.033% CO |

Water Extracting Membrane

Porous support

Silicone seal 64.84% H2 Bl
26.82% CO, — Composition out (GC)

0.032% CO __

Thermocouplg

Figure 30. Schematic compositions for the first CMR catalytic test. Reaction conditions of 250 2C and WSHV of 5400
mL/g:h

The obtained compositions suggest a very significant Hz, CO2 and CO permeation, what is confirmed in the next text
with the measurement of the gas outflows. The gas composition of both chambers remains very similar, while the
conversion significantly decreases in comparison to the fixed-bed reactor. It is not observed a shifting of the equilibrium
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as it was expected due to the selective extraction of water. For these reasons, additional tests were performed for this
reaction conditions to check the reproducibility of the obtained results.

Second test

In this section, results of the second catalytic test with the first configuration are shown. CO2 conversion is shown in the
following figure:

250 °C
—8—CMR 2nd test —@—Fixed-bed reactor
100

90
80
70
60
50
40
30

CO, conversion (%)

20
10 W
0
0 50 100 150 200
Time (min)

Figure 31. CO2 conversion obtained in the CMR (WSHV=6900 mL/g-h) vs CO2 conversion obtained in the fixed-bed
reactor (WHSV=5613 mL/g-h)

It must be noted that results are not comparable due to the significantly different residence time (WHSVcmr = 6900
mL/g-h vs WHSVFixed-bed reactor= 5613 mL/g-h), although attending to previous studies the lower CO» conversion cannot be
solely due to the WHSV effect. It can however explain the CO2 conversion decrease in comparison to the first CMR test.
COz conversions stabilizes at =3%, while for the fixed-bed reactor tests a =10% CO2 conversion was obtained.

In this case, data processing was improved, where the outflows of both chambers were measured, and an internal
standard was added. Results can be found in figure 32:
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|
|
Thermocoupls
Catalyst 57.1% H, 15.8 ml/min H,
- 22.0% CO, 6.1 ml/min CO,
23.4% N, 6.5 ml/min N, B
0.073% CO 0.2020 ml/min COJ

Water Extracting Membrane

Porous support

Silicone seal

Thermocouplg 58.8% Hz 8.1 mI/min H2
21.9% CO, 3.0 ml/min CO,
22.9% N, 3.1 mi/min N,

0.054% CO 0.0075 ml/min CO

Figure 32. Schematic compositions for the second CMR catalytic test. Reaction conditions of 250 2C and WSHYV of
6900 mL/g-h

From the obtained outflows and compositions, it is clearly noted that the Hz, CO2, N2 and CO permeation is very high.
These results could be due to the presence of pinholes or membrane instability after over 12 months since it was

fabricated.

3.4.4.Conclusions

For the catalyst and membrane assembly, results have shown a high CO2, CO, Hz2 and N2 permeation, due to the probable
instability/contamination of the membrane after its storage for over 12 months. The coupling of the RWGS catalyst and
the membrane has not resulted in an equilibrium shift and CO2 conversion increase. The instability of the membrane
and possible selection of additional membrane must be further evaluated.
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4. Conclusions

Whitin this document, work developed for task 2.4 from month 20 to month 30 has been described. The objective set
for month 30, the end of this task, was to develop an integrated eCMR composed by an HT-PEM-electrolyser, RWGS
catalyst and water extracting membrane, to produce syngas from COz and H20 in a single step at <200 °C and 1-10 bar.
The goal key performance indicator pursued in the project is reaching 25% of CO2 conversion, current density among
0.5 and 1 A-cm™ and a Faradaic efficiency higher than 0.8.

Lack of a stable supply of PBI membranes and new stability findings regarding this kind of membranes, where literature
is scarce, have led to an inevitable decrease in the operational temperature of the electrolyser. On the other hand,
attending to the water extracting membrane and catalyst performances, its coupling has not resulted in an increase of
the CO productivity, which seems to be caused by instability/storage issues of the water selective membrane. Because
of these deviations, it has not been possible to integrate all three elements in a single coupled reactor.

Task 4.4 of the CO2SMOS project is depending on the results of the task 2.4, where the objective is to develop the eCMR
at a relevant scale (1 kW). This task is not expected to be finished at month 42 as planned originally in the project. It is
still being evaluated even if the integration of the three elements at lab scale would be possible at month 42.

For the coming months, work will continue in parallel with the further development of the HT-PEM-electrolyser on one
side, and the integration of the RWGS catalyst and a water extraction membrane on the other side (we will test a ceramic
membrane). In addition, deliverable 2.6 will be prepared, 1D-modelling will be performed and shed light about the
possible integration of the elements.
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