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1   Executive Summary 

This document is Deliverable D1.4 of the DESIRED project, funded under the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 101083355. This Report is due at M18 and is 
Public, as per GA. 

D1.4 consists of the contribution to the synthesis and test of novel photo- and photo-electro-catalysts developed 
by the Units: CIRCC, IC2R, UW, and CU, and of the report on the SotA on the design, development and 
construction of the new concept reactor built by the partner AEE and tested at Level 1 (15 mL), before its upscale 
to 350-500 mL, by Partners IC2R, CU, WU, and CIRCC. 

This report summarizes dissemination actions that have been presented in D6.1 Life Cycle Assessment (LCA) 

aspects developed by IME are only concisely discussed and are the specific duty of WP5 and other Deliverables. 

The results summarized here have been presented at the GA2 in Móstoles, GA3 in Prague and GA4 in Bari. 
Minutes of the GAs can be found posted on TEAMS Repository Folder (GA4 Minutes will be posted in May 2024). 
This Report also contains the outcomes of two technical Meetings held at AEE on October 12th (AEE-CIRCC-IC2R, 
V1 version of the Reactor) and on December 4, 2023 (AEE-CIRCC-WU-CU-IC2R, V2 version). The former Technical 
Meeting was focused on the revision of the V0 of the New Concept DESIRED Reactor described by AEE in D3.1 to 
ensure that it differentiates from the reactor for wastewater treatment and H2-production that was already 
announced by AEE during the writing of the Project. The V2 version of the reactor, which structure was agreed 
upon during the December 2023 Meeting, is adapted to the needs of the various Partners that will use it and 
fully responds to the needs of DESIRED for working: i. In a gas-phase under pure photochemical conditions 
(Pulsed or not); ii. In a condensed phase under photochemical conditions (pulsed or steady); iii. In a condensed 
phase under photo-electro-chemical conditions (Pulsed or steady). The multitask reactor will be a new-concept 
product on the market. 

Deliverable D1.4 summarizes the scientific and technical efforts and the results achieved by the Partners CIRCC, 
IC2R, AEE, CU and WU within WP2 and WP3 about the development of new photo- and photo-electro-catalysts 
for the production of C2+ and methanol from CO2 and H2O under solar irradiation and building of the Prototype 
Reactor. The Report includes the results of the studies carried out on the:  

i) development of new photo- and photo-electro catalysts (developed at UW, IC2R, CU); ii) use of bio-supports 
(Frustules, synthesized at CIRCC and used at IC2R) and iii) use of microporous-zeolites (either commercial or 
synthesized at CU); together with iv) a comparative study of the effect or effective need of the supports. The 
report also presents the state of the art of: v) the advancements in the production of the new multitask prototype 
of the reactor that can be used for va) gas-phase or vb) condensed phase experiments, in vc) steady or vd) pulsed 
conditions under ve) pure photochemical or vf) photo-electro-chemical conditions. This represents an absolute 
novelty in the field. 

This report highlights traps in studied photochemical processes and the high risk of “false positives” produced by 
the photochemical conversion of serendipitous organics present on the catalysts (due to their synthetic 
methodologies) or introduced by the operator. The work done so far confirms that a detailed revision of 
literature data is necessary to assert the real source of several compounds assumed as derived from CO2-
reduction.  

The way the light efficiency will be calculated and how to compare it with natural systems has been defined. 

Partners have agreed on a general scheme of integrated collaboration and have reached a common 
understanding of patents within the Project. 

At the end of the First Phase (M18), Partners have fully fulfilled the GA conditions having: 
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* Selected a limited number of photocatalysts (supported or bare) to be further developed in the following 12 M 

(D2.5, M30) able to convert CO2 and water into C2+ or methanol, as per the GA. 

* Decided the geometry and structure of the multitask reactor. 

* Built the prototype of the 15 mL reactor and set the outline of the large volume (350-500 mL) reactor 

* Tested the 15 mL reactor under photo- or photo-electro-catalytic conditions and detailed its improvements. 

This Report is Public and can be reached by stakeholders and the public.   
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2   Introduction 

Deliverable 1.4 i) presents the development of the scientific and technical foundations and backgrounds of the 

Project, ii) highlights risks (false positives) identified during Phase I of the project and solutions found for their 

management, iii) justifies the nature of catalysts selected for further development, and iv) outlines the attributes 

of the prototype of the Level 1 (15 mL), newly engineered and built reactor for the sunlight-driven conversion of 

CO2 and water (in a gas-phase or condensed-phase, using a purely photochemical or a photo-electro-chemical 

technology) into energy products (solar fuels) such as methanol and C2+. D1.4 aims at bringing to the public and 

stakeholders the evolutionary process of the DESIRED project towards the new concept reactor and newly 

synthesized p,n- or n,n-junctions that can promote the CO2 reduction, using water as “H+ + e-” (proton coupled 

to electron transfer-PCET) source and sun as primary energy source. The DESIRED technology uses the same 

ingredients used for the production of e-fuels (water and CO2), with two significant differences: electrolyzers are 

not necessary and hydrogen is not produced, stored, transported, or used. The two changes reduce the CAPEX 

costs and do not require high investment in safety, while decreasing the dependence on special materials. 

The overall objectives of DESIRED (production of solar fuels and chemicals) are taking shape and their feasibility 

looks more possible.  

Partners have implemented an efficient interaction with the exchange of young researchers that visit the various 

laboratories for cross-testing catalysts verifying hypotheses and demonstrating the common strategy. 

At IC2R a dedicated “organic-free-laboratory (OFL)” has been set-up for testing catalysts out of contact with 

external potential pollution sources. High-sensitive equipment and clean testing conditions ensure that CO2 is 

the real source of carbon for the identified reduction products. The Laboratory has been visited by CIRCC, AEE, 

UW, CU staff for catalyst testing under the same conditions. 

2.1. Mapping DESIRED Outputs 

Table 1 reports the Deliverable D1.4 and Task 1.2 as described in the Grant Agreement. 

Table 1: Adherence to DESIRED GA Deliverable & Tasks Descriptions 

DESIRED GA 

Component 

Title 

DESIRED GA Component Outline 

Respective 

Document 

Chapter(s) 

Justification 

DELIVERABLE 

D1.4 – Scientific & Technical Management Report I  

The Scientific and Technical Management Report I (STMP_I) describes the overall scientific and technical 

management of the project, including all phases and all WP activities. 

TASKS    

Task T1.2 – 

Technical 

management 

The task led by IC2R will encompass the overall 

scientific and technical management of the 

project, including (a) monitoring the scientific 

All 
The STMP_I describes the 

overall scientific and 

technical management of 
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and technical progress of the project according 

to the contractual schedule, ensuring the 

robustness of the research methodology 

followed, (b) preparing scientific and technical 

project reviews, (c) monitoring the flow of 

scientific information among the different WPs 

to develop a common understanding and 

technical coherence, avoiding any deviation 

resulting from a lack of synchronization 

between activities, (d) monitoring and 

controlling the technical progress of each WP to 

meet the objectives, (e) addressing any 

deviation in technical directions or delays in 

developments, (f) technically reviewing 

scientific and technical deliverables, (g) 

providing support to external project affairs, 

centralising and compiling the available material 

from the different WPs.  

the project, including all 

phases and all WP 

activities. 

 

During Phase I (M1-18) DESIRED planned to:  

a) Identify new p,n-junctions that might stabilize the charge separation in semiconductors, avoiding 
recombination and assuring electrons availability for CO2 reduction and hole capacity of water oxidation. 
b) Investigate the role of supports, either of bio origin (Frustules) or synthetic ones (Zeolites) in catalyst 
operation. 
c) Engineer and prototype a new concept multitask reactor at a 15 mL scale able to run either gas-phase or 
condensed-phase photochemical processes or condensed-phase photo-electro-chemical processes. 
d) Design a life-cycle analysis that may demonstrate the sustainability of the DESIRED strategy and the light 
efficiency of the new system, targeting better results than natural systems.   
e) Disseminating results of the Project. 
 
New photocatalysts have been developed at CIRCC, IC2R, UW, CU following various synthetic strategies. At M18 
a limited number of materials have been selected among various possibilities, i.e. those that have more chance 
of success and respond to a defined working-model. The new photocatalysts are based mainly on composite 
semiconductors with p,n-junctions, but also a n,n-junction is under observation for its CO2-reducing capacity. 
Metals that can promote a plasmonic environment for electron transfer have been tested (UW). The role of bio-
supports such as Frustules (the silica skeleton of microalgae diatoms) has been demonstrated (CIRCC and IC2R) 
in the production of active facets of Cu2O, a p-semiconductor, avoiding organics that may produce false positives. 
A comparison of bio-supports (IC2R) with synthetic zeolites (CU) has been carried out. A new concept 
photocatalyst has been developed at IC2R responding to an active geometry in C-C bond formation. 

The prototype of the new concept reactor has been built at AEE and tested at IC2R facilities with the collaboration 
of CU, UW and CIRCC. 

The fundamentals of the LCA (Environmental and Economic) have been set by IME. 

CU and all partners have been deeply engaged in Dissemination actions. 
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In the following paragraphs, the activities carried out by the Partners are summarized. The recommendations 
formulated in technical discussions are also shortly reported. 

2.2. Deliverable Overview and Report Structure 

In Section 3, the thematic areas of DESIRED are presented, and Section 4 presents the contribution of DESIRED 
to the development of new photo- and photo-electro-catalysts and their integration into the new-concept 
photoreactor. Section 5 analyzes the role of bio-supports and makes a comparison with microporous zeolites. 
Section 6 briefly presents the light efficiency issue. Section 7 introduces the risk management and sustainability 
assessment of the DESIRED technology and presents the Dissemination actions. In Section 8 Conclusions are 
drawn and Recommendations specified. Section 9 lists some key literature references.  
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3   Presentation of DESIRED Scientific and Technical thematic areas 

This Section is organized into six sub-sections and summarizes the key concepts for the development of photo- 
and photo-electro-catalysts, the engineering of the new reactor and the integration catalysts-reactor. Specific 
aspects are further discussed in Section 4-8. Risks are highlighted and their management is discussed. 

3.1. Development, characterization and application of new concept photo- 
and photo-electro-catalysts 

Catalyst development is the duty of WP2 of DESIRED and partners UW, CIRCC, IC2R, CU. The specific Tasks say: 
T2.1.  Development of selective and stable photocathodes for the multielectron reductive process of CO2RR  
T2.2.  Fabrication of new multi-component hybrid assemblies (bio-chemo) for enhanced CO2 photoreduction  
T2.3.  Fabrication of new multi-component assemblies (chemo) for enhanced CO2 photoreduction  
T2.4. Investigation of structure–-conversion correlations by combinatory mechanistic analysis and catalytic 14 

characterization: engineering, testing and optimizing novel architectures in the new device 
 
Deliverables due for WP2 are: 
D2.1: The first set of single and multi-faced photocatalysts able to produce C2+ products (M18, ready to be 

delivered) 
D2.2: Fabrication of hyper-branched composite nanocatalysts with enhanced visible light absorption capacity 

(M24) 
D2.3: Fabrication of bioinspired materials able to provide C2+ products (M28) 
D2.4: Modified single and multi-material hyper-branched composites with enhanced selectivity to C2+ products 

(M28) 
D2.5: Report on correlations between photoelectrochemical performance and materials properties (structure, 

morphology, charge transfer mechanisms, selectivity, and solar to fuels efficiency) (30) 

DESIRED aims at developing new p,n-junctions of semiconductors to stabilize the charge separation and enhance 
the multi-electron reduction of CO2 (or HCO3

- derived from CO2) using water as “e- + h+” donor (Proton Coupled 
to Electron Transfer-PCET strategy), with oxygen evolution avoiding, thus, the production and use of H2. To this 
end, UW, IC2R, CIRCC and CU have investigated different systems, even comparing their findings and excluding 
possibilities. At UW a detailed study has been carried out on the use of: 

i.  A Machine Learning Approach 
ii. Experiments with Plasmonic enhancement 
iii. Experiments with new synthetic compositions (Al2O3, NiO, Fe2O3, PB-Ni)-Acetonates 
iv. Polyelectrolyte- (PEI, ALG) driven performance enhancement 
v. Double-layer optimisation  

Three models have been used for screening possibilities, namely: Linear Regression, Random forest, and 
XGBOOST.   

At IC2R a dedicated laboratory has been set up for common testing of photomaterials and the reactor. IC2R has 
also demonstrated the photoactivity of a new-concept geometry-driven composite material. CU produces 
microporous supports for catalysts and CIRCC bio-supports for photocatalysts. Cross-checkings are made 
whenever necessary. 

IC2R has investigated the use of specific facets of p-semiconductors that can enhance the PCET and eventually 
favour the C-C coupling. Bare and supported [either on bio-support (CIRCC) or commercial and synthesized (CU) 
zeolites] have been used. Interestingly, even a n,n-junction has been identified that produces energy products 
from CO2-H2O under visible light. A new composite made of a photoactive species and non-photoactive 
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compound has been developed for C-C coupling. A variety of metal-oxides has been investigated even coupled 
to graphitic carbon nitride (g-C3N4) as a light harvester and electron donor.  

CU has studied transition metal carbides supported on p-semiconductor as photocatalysts. 

All the new photo-materials have been tested either under pure photochemical conditions or photo-electro-
catalytic ones at the Partner venue and collectively/comparatively at IC2R premises using the new concept 
reactor developed by AEE. Differences between the two modes of use have been found, with different efficiency. 
Photocatalysts have been characterized for their composition (elemental analyses), morphology (SEM, TEM), 
structure (XRD), Band Gap, CV, response to visible light irradiation, stability, recoverability, and reuse. 

The formation of methanol and C2+ species being the target of DESIRED, a limited number of catalysts that are 
the best option as candidates for such application has been selected for further development during Phase II, i.e. 
(M19-30) and upscale of the top materials in Phase III (M30-36). 

Such materials, while the reactor was built, have been tested using homemade reactors (Figure 1A) and 
conventional H-shaped cells (Figure 1B) used under irradiation with a solar simulator. 

(A)   (B) 

Figure 1: A. Home-made photochemical reactor for direct injection into GC, B. H-shaped cell for PEC 

3.2.  Bio-supports for photocatalysts and comparison with zeolites 
As per the DESIRED GA, two classes of Frustules were studied as a support for photocatalysts, namely: Navicula 
Sp.(NS) and Conticribra weissflogii (CW) having a different morphology. (Figure 2) 
 

 
Figure 2: Frustules SEM images. (A) C. Weissflogii and (B) details of hierarchical pore-layers with measures. (C) 

and (D) Navicula sp. valves with different structures and (E) details and measures of pores. 

Table 2 gives the average dimensions of Frustules and their pores. These biomaterials were selected for their 
ability to work as UV-light cutters and for their morphology (pore-structure) that in principle can accommodate 
catalysts and act as CO2 concentrators. They show the capacity of CO2 adsorption, that would produce CO2 
enrichment close to the photocatalysts. Such Frustules, being the skeleton of microalgae Diatoms, contain 
organics. Therefore, to avoid interference with the CO2RR, a thermal treatment was carried out after organics 
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elimination using oxidative processes with inorganic reagents, that eliminates all carbon. Frustules were checked 
for their morphology after thermal treatment at 700 °C and shown to maintain their structure. 
 
Table 2: Frustule morphometrical characterization. Data are expressed as average ± standard deviation 

 Frustule dimension Pore dimension 

 Diameter (µm) Diameter 1st layer (nm) Diameter 2nd layer (nm) 

C. weissflogii 15.1 ± 1.0 220 ± 74 37 ± 8 

 Length (µm) Width (µm) Length (nm) Width (nm) 

Navicula sp. 22.9 ± 1.1 4.6 ± 0.7 533 ± 77 178 ± 53 

 
We have now found that both NS and CW can induce the formation of facets of Cu2O more active in PCET than 
classic {100} facets. (vide infra) This is a new finding that has been used in DESIRED to produce active 
photocatalysts able to use solar light for CO2-H2O co-processing under solar irradiation to energy products (either 
C1 such as CO, CH4, methanol or C2+) excluding the use of organics as drivers of facets-formation, a somehow 
questionable technique, in view of false positives, commonly used in literature. (vide infra) 
Such materials were compared with classic supports such as microporous zeolites synthesized at CU on which 
the same photomaterial was either supported or built. 
 

3.3. Novel reactor engineering, construction, test, upscale and use  
The DESIRED narrative says that WP3 is dedicated to the New Concept Reactor engineering and testing. In 
particular: 
Task T3.1. Requirements and specifications for new concept single-tube reactor [targeted products specifications; 

reactor materials and reaction parameters, among others]  
Task T3.2.  Construction of a single-tube 15 mL reactor (Level 1) and design optimisation 
Task T3.3.  Setup of a test-rig PR for photocatalysis performance testing using a simulated solar source and for 

light efficiency evaluation in comparison to classic (tubular, channelled, and flat) photoreactor 
Task T3.4. Development of selective and stable photocathodes for multielectron CO2R and integration of the new 

photoreactor in PEC experiments 
 
Deliverables for WP3 are: 
D3.1: Requirements traceability matrix for the new-concept, single-tube reactor (M6, done) 
D3.2: Level 1 Single-tube reactor 15mL. (M12, done) 
D3.3: Comparison report of the new PR to classic PRs: product yield and LC (M30) 
D3.4: Report on the validation of the PEC material in the new Level 1 PR. (M30) 
 
A novel multitask reactor has been engineered and prototyped that can be used in: static and dynamic (pulsed) 
conditions, in batch and flow, pure photochemical and photo-electro-chemical conditions, in gas-phase and 
condensed-phase experiments. Figure 3 shows the working principles of the reactor, without entering into details 
as the device will be patented after final design. The reactor can accommodate a reference electrode, a working 
electrode and a counter-electrode, has the cathodic and anodic compartments separated to avoid back oxidation 
of reduction products, can work in flow conditions if linked to a pump and can be pulsed with an ad-hoc pump 
that can be regulated in speed and volume. 
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Figure 3: Sketch of the V2.0 multitask reactor showing its key parts 

The prototype has been built and already tested at IC2R by CIRCC, IC2R, UW and CU. Once the Level-1 prototype 
will be fully tested and the best configuration defined (within M30 as per GA), it will be up-scaled to a volume of 
350-500 mL, as per the GA in WP4 (M31-46). 
  

3.4. Light efficiency and optimization of photoreactor under solar irradiation 

One of the key issues in DESIRED is the determination of light efficiency in CO2-H2O coprocessing under solar light 
irradiation that according to GA must be higher than that of the best natural systems. LCA (see also Section 6) 
will be used to determine the energy-mass balance for natural systems, even comparing to industrial systems, 
so to have a reference for the energy cost of production of target fuels (ethanol, methane, biodiesel) to be 
compared to that of solar-fuels produced in this Project.  Both environmental and economic aspects will be taken 
into account. The unit cost of production of a fuel (either liquid or gaseous) will be considered and the cost of 
heat generated by combustion will be compared. The optimization of the reactor will be made in the direction 
of maximization of solar energy uptake and use in the production of solar fuels. The optimization of light 
harvesting (WP4) will be started once Level 1 PR has been developed in full. 
 

3.5. Sustainability assessment for low TRL system 
The LCA study (WP5) will monitor, evaluate, and benchmark the environmental, social, and economic aspects 
developed in DESIRED. The specific tasks are:  
Task T5.1. Setting up the LCSA toolbox and definition of reference scenarios 
Task T5.2. Integrated life cycle sustainability assessment 
Task T5.3. Social acceptance assessment 
Task T5.4. Adaptability of the current regulatory framework to new or future markets for targeted products and 
technologies 
 
Deliverables for WP5 are: 
D5.1: Report on assumptions and scenarios (M12, done). 
D5.2: Report on Integrated Life Cycle Sustainability Assessment (M47). 
D5.3: Report on Social Acceptability and Adaptability (M47). 
 

The main objective of WP5 is to monitor, evaluate, and benchmark the environmental, social, and economic 
implications of technologies developed in DESIRED. To this end, for CCU technologies LCA is a key methodology 
for evaluating the environmental credit of CO2 removal from the air or flue gas and is considered a suitable 
metric. It has been identified that an essential component of the DESIRED fuel and chemical production system 
is a reliable source of CO2 which can be captured from several sources and used as feedstock to obtain a wide 
range of fuels, chemicals, and materials. Several CO2 sources are available, which can be divided into CO2 point 
sources (non-biogenic and biogenic) and atmospheric CO2. 
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Furthermore, when it comes to analyzing emerging technologies, like DESIRED, which are still in early 
development stages or have a low Technology Readiness Level (TRL), a different approach is needed. This is 
where ex-ante LCA becomes crucial, aiding in anticipating and understanding potential environmental impacts 
before full-scale operation. It utilizes various scenarios for comparison with established current technologies. 
The low TRL level (3-4) valid for DESIRED is depicted in Figure 4. 

 
Figure 4: Low TRL valid for DESIRED. Level 3-4 is targeted 

Another key aspect related to CCU systems is their multifunctionality since the system often provides a main 
product and co-products To solve this, economic allocation is always applicable when price or cost shares are 
known; therefore, we follow the recommendation for product-specific results given by von der Assen, Jung, and 
Bardow 2013 [1] and we will use economic allocation for the DESIRED concept as a baseline method for solving 
multi-functionality of the system. 
 
As previously mentioned, CCU processes are often evaluated in comparison to conventional methods. To 
compare the DESIRED system with conventional processes, we have chosen different systems and technologies: 
(i) Conventional methanol production from syn-gas, (ii) CO2 hydrogenation to methanol and (iii) Photocatalytic 
process from the literature [2], in which captured CO2 from a power-plant was converted to methanol through a 
photocatalytic process. 
 
Considering the different types of CO2 sources and the conversion technology types of references, we set up 8 
cases of systems scenarios and conducted a cradle-to-gate LCA of methanol production and a well-to-wheel 
analysis for methanol use. The functional unit was 1 kg of methanol produced. Figure 5 presents the approach 
used in DESIRED for LCA studies (see D5.1 for deeper insight). Environmental impacts are obtained by comparing 
the impacts of conventional methanol with methanol synthesized using captured CO2 as a feedstock, for cases 1 
- 8. 
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Figure 5: The cradle-to-gate approach used in DESIRED LCA 

Finally, it has been defined the main method that will be applied to assess the DESIRED technology performance. 
Also, by using several scenarios we identify key factors that affect the CCU system from an environmental point 
of view, being CO2 sources and allocation methods one of the most important factors. As we note, DAC systems 
perform better results in terms of carbon footprint due to their ability to extract CO2 from the air resulting in 
negative emissions, however, all cases show reduced impact compared to conventional methanol. All these 
assumptions and approaches are well defined in deliverable D5.1 titled “Report on Assumptions and Scenarios”. 
LCA studies on fuels from microalgae will even be considered in order to evaluate the light efficiency of the 
DESIRED project comparatively with that of natural systems. LCA (see also Section 6) will be used to determine 
the energy-mass balance for natural systems, even comparing to industrial systems, so to have a reference for 
the energy cost of production of target fuels (ethanol, methane, biodiesel) to be compared to that of solar-fuels 
produced in this Project. 

3.6. Risk management and procedures 
One of the risks in photo-chemical coprocessing of CO2 and H2O to energy products is the presence of 
serendipitous organics that may be the origin of products erroneously ascribed to CO2-Reduction-CO2RR. During 
Phase I, such a problem has been investigated in depth at IC2R and it has been clearly shown that catalysts can 
bear organics that are decomposed during irradiation and can afford C1 and Cn products, gaseous or condensed. 
Either fatty acids or Ils or surfactants are used in the literature for producing faceted photocatalysts. Even 
microporous zeolites are produced using fatty acids as matrices for pore-building: CU has shown that if the 
thermal treatment is not accurate, such organics can be converted into small molecules upon catalyzed 
irradiation. Frustules themselves are produced from microalgae and must be treated properly so that all organics 
are eliminated. Thermal treatment at 700 °C has been shown at IC2R to be the best way to get free of organics 
without ruining the frustules structure. Such organics often remain attached to the catalysts and cannot be 
eliminated even by washing with organic solvents, which on their side represent a source of false positives. WU 
has also experimented with such contamination of data. All partners agree by now that most of the literature 
data require a serious reanalysis for setting the most suited conditions for eliminating interference of 
serendipitous organics. In DESIRED a common method has been set for excluding false positives.  
  



D1.4: Scientific & Technical Management Report I                                                                                                                                                                                           

© DESIRED  Page | 20  

4   Scientific and technical contribution of DESIRED to the development and 

integration of new photo- and photo-electro-catalysts and new reactor 

4.1. Focus area and rationale for selection 

Building a multitask reactor is one of the aims of DESIRED. A characteristic of the new concept reactor is that it 
can work under pulsed conditions: this property was suggested by previous experience of AEE who have 
demonstrated that pulsed reactors are more efficient than stirred ones in photochemical degradation of organics 
present in water with H2 production. Therefore, the new-concept-multitask-reactor works under pulsing at 
different rates, even being equipped with a working electrode, counter-electrode and reference electrode, 
keeping the anodic and cathodic compartments separated to avoid back oxidation of CO2RP. 

 

4.2. Progress achieved 

The reactor has been designed by AEE as presented in D3.1, (V0) taking into account the requests of the Project. 
Two technical Meetings have been organized at the AEE venue with Partners IC2R, CIRCC, CU and UW and new 
updated versions were designed (V1 and V2). V2 has been prototyped and set at IC2R, as per GA. During two 
weeks it has been tested by IC2R and AEE experts for highlighting positive and negative aspects. 

The positive fact that emerged since the first tests under pure photocatalytic conditions in the gas phase was 
that pulsing the gas phase the conversion of CO2 is increased under the same conditions used with the non-
pulsed reactor. Figure 6 gives an idea of the change caused by pulsation. The peak is a reduced form of CO2. 

 

 
Figure 6: Effect of pulsation on photochemical coprocessing of CO2 and water at ambient temperature (23 °C). 

The same experimental conditions are used and the same catalyst. Black line: non-pulsed; Magenta line: 
Pulsed. 

The reactor has been also used under condensed-phase photocatalysis and PEC conditions. The first tests have 
shown necessary changes for improvement. 

4.3. Challenges and pathways to results 
The tests carried out within the first month of use show that the V2 of the reactor requires some modifications 
for its best use in the condensed phase, while it works correctly in the gas phase. The necessary changes have 
already been planned and will be brought into the V3 that has been agreed during GA4 (Bari, 24-25 April 2024) 
in situ (IC2R laboratory). Most likely the newly updated version V3 will constitute the basis for the up-scale to the 
large volume reactor (350-500 mL) that will be ready for testing after M30. 
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4.4. Catalysts selection, future work and recommendations 

Another key issue that has been set at M18 is the restricted list of photo- and photo-electro-catalysts to be 
further developed during Phase 2 of the Project. This list is confidential and here we present the requisites such 

materials must respond to for being selected.  

The performing catalysts will be composites of p,n-junction nature, in general oxides. Reference 3 presents an 
example of catalysts building and their properties. A n,n-junction has also been selected together with a new-
concept composite based on a light-harvesting-coupled-to-catalyst. 

The active metals will not be rare or precious.  Recommendations by EU about critical metals under observation 
will be followed. Only if strictly necessary (strong improvement of the catalytic properties) precious metals (Ag, 
Pd) will be tested as for their plasmonic properties, but at low concentrations (will not be the main constituent 
of the photo-  and photo-electro-catalysts). 

Catalytic materials must have a long life. So far, photocatalysts active for 24 h working-time were generated. 

Partners plan to extend this time limit. Catalytic materials must be regenerated and recycled. Water will be the 

only donor of protons and electrons.  

The reactor will be shaped so that oxygen, the product of water oxidation, will be recovered and sold to the 
market. Either methanol or C2+ species will be targeted, as per GA. 

Selectivity towards a single product will be maximized, to reduce post-process separation costs. 

H2 production is not the target of the DESIRED Project. CO is also not the target: catalysts with very high 
productivity will be considered for eventual alternative applications. 

A Patent covering the process will be filed as soon as the large-scale reactor will be tested and its potential 
verified. 

The Dissemination WP will take care of contacting stakeholders and organizing a Meeting for marketing the final 
process. 
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5   Scientific and technical contribution of DESIRED to Bio-support use and 

comparison with zeolites 

5.1. Focus area and rationale for Selection 

As reported above, Frustules were selected for their potential role as supports and concentrators of CO2. Indeed, 
we have shown that they can induce active facets of p-type semiconductors (either {111} or {110} facets of Cu2O, 
for example): an unexpected discovery and results never reported before. 

This helps to avoid organics (Fatty acids, ILs, surfactants) normally used as facet-inducers, cutting out possible 
false positives. This aspect has been investigated in depth as Frustules may have different geometries of pores 
and induce different facets. CW has round pores, while NS shows elongated pores. The latter induces the 
formation of octahedral crystals ({111} facets) while the former induces more spherical shapes, i.e., rhombo 
dodecahedral shapes. (vide infra) 

 

5.2. Progress achieved 

Different facets ({111} or {110}) have been produced so far that are more active than {110} as promoters of CO2-
H2O co-processing under visible light. CIRCC and IC2R have investigated how frustules (the silicate skeleton of 
microalgae Diatoms) can influence the activity of Cu(I)oxide in the CO2RR. The use of diatoms was preferred to 
that of Fatty Acids or Ionic Liquids as inducers of facets of Cu(I)oxide avoiding that residual organics may 
constitute a false positive in the following co-processing of CO2 and water to afford energy products. 

The formation of Cu(I)oxide facets was an interesting discovery that opened the question: how the facets are 
induced? To this end a deeper characterization of the surface of the frustules was started that has given 
preliminary fundamental information about the way facets are formed.  

Light seems to affect the silification in diatoms in a specific manner. For this reason, frustules were grown at 
three different light intensities. To study the effects of light, CIRCC applied to have access to the Trieste 
Synchrotron. Elettra Synchrotron Trieste is a multidisciplinary research center of excellence, open to the 
international research community, specialized in generating high-quality synchrotron and free-electron laser 
light and applying it in materials and life sciences. 

Frustules have been studied at Synchrotron. The first results show that light influences the amount of silica fixed 
by Diatoms. Two specific aspects are of interest for the DESIRED Project: how the topography may change and 
which functional groups are linked to the surface of frustules for making them templates for facets. 

As reported above, the preferential formation of {111} (Figure 7a) and {110} facets was clearly shown through 
SEM and XRD measurements. {111} is by far the most abundant with a Texture Coefficient of >1.4. Such facets 
are much more efficacious than {100} (Figure 7b) in CO2 reduction. Interestingly, methanol is formed as the single 
product of CO2-H2O coprocessing with facet {111}, while facet {110} may produce ethanol. Products have been 
confirmed using 13CO2. 
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(a)    (b) 
Figure 7: (a) Octahedron-shaped crystals of Cu2O produced using calcined NS. A rhombo dodehedron is also 
visible produced mainly from CW; (b) Cubic shaped crystals of Cu2O produced in absence of facet-inducers. 

This finding is quite new:  for the first time, it is shown that an inorganic matrix can induce the formation of facets.  
 

5.3. Future work, prospects and recommendations 

The information collected on the surface organization of frustules will be used for deepening the understanding 
of the role of such siliceous materials in inducing specific facets of Cu2O during the reduction process. This would 
result in the first demonstration of how the support may drive the formation of specific facets, quite interesting 
information for eventual further developments. 

Moreover, Frustules are under comparison with zeolites and other porous silica materials as supports for 
photocatalysts. The zeolites will be selected from both commercially available options and those synthesized at 
CU laboratory. The choice of zeolites was based on factors such as particle size, chemical composition, pore 
system diameter, and channel dimensionality.  

Among CU's available commercial zeolites, zeolites MFI and Beta exhibit the largest particle size. These materials 
differ in terms of porosity; MFI features a 3-dimensional (3D) channel system with pore openings of 5.1x5.5 Å 
and 5.3x5.6 Å, whereas zeolite Beta possesses a 3D channel system with larger pores of 7.6×6.4 and 5.5×5.5 Å. 
Both types of zeolites were selected with two distinct Si/Al molar ratios to investigate the influence of chemical 
composition on the efficiency of photocatalyst loading. 

In addition to commercial zeolites, two types of zeolites were synthesized in CU´s laboratory, UTL and FAU type. 
Zeolite FAU possesses a similar particle size to the aforementioned commercial zeolites while having 3D pore 
system and larger pores 7.4 x 7.4 Å. Zeolite UTL was synthesized with two different Si/Ge molar ratios and exhibit 
the largest crystals among this set of zeolites. It has 2D channel system with pore openings 7.1 x 9.5 Å and 5.5 x 
8.5 Å. All zeolites underwent comprehensive characterization including powder X-ray diffraction, scanning 
electron microscopy, nitrogen adsorption-desorption measurement and FTIR using different probe molecules to 
evaluate the zeolite acidity.  

Besides microporous zeolites, CU also prepared several types of mesoporous amorphous silica materials. MCM 
41 and SBA-15 provide higher surface areas and more open structures compared to zeolites, which can be 
advantageous for photocatalyst loading. These materials will be compared for their influence on the productivity 
of photocatalysts. 
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6   Scientific and technical contribution of DESIRED to light efficiency and 

system optimization 

6.1. Target of DESIRED 

As said above, one of the key-issues in DESIRED is the determination of light efficiency in CO2-H2O coprocessing 
under solar light irradiation. The Project says that it must be higher than that of the best natural systems. 
Assuming microalgae as the best-performing organisms in light harvesting with a light efficiency of 8%, it must 
be clarified that microalgae are quite complex organisms with a high product entropy, which spans from lipids 
(up to 40%, a very good average) to proteins (percentage depending on the N-availability) and carbohydrates 
(not mentioning minor products), plus other organic and inorganic minoritary components. Two main end-
products can be identified as energy vectors: either biodiesel or bio-methane, which demand a work-up after 
microalgae are produced. The full chain of operations to get the final product is: 

* Microalgae to biodiesel: growth, harvesting, drying, processing to produce lipids (extraction), lipids separation 
(saturated-monounsaturated-polyunsaturated) or unsaturated lipids hydrogenation, lipids transeste rification, 
cracking of long chains. 

* Microalgae to bio-methane: growth, harvesting, anaerobic digestion, biogas upgrading. 

Therefore, to assess in a correct way the light-efficiency, the confrontation will be made including all energy  

inputs for the comparison of the main product of the CO2-H2O coprocessing (isolated) with biodiesel produced  

from microalgae or biomethane produced from microalgae. 

Such a comparison will be made using the LCA tool developed in DESIRED in WP5, which will also make possible 
the confrontation with industrial systems (synthesis of methanol or ethanol from CO2).  

6.2. Future work and recommendations 

The large-scale reactor will be optimized towards light harvesting by using a technology already developed at 
AEE.  

Light efficiency will be carefully determined by specialists so to clearly demonstrate that the Project targets are 
reached. Thermal effects will be kept under control and the best temperature for either photocatalysis or photo-
electro-catalysis determined. Solar energy will be used to control the temperature. Any energy input that might 
be necessary will be covered by using solar panels, either thermal or PV. 
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7   Scientific and technical contribution of DESIRED to sustainability 

assessment for the new low TRL reactor, standardization and risk 

management 

7.1. Focus area and rationale of sustainability assessment 
The DESIRED Project targets the implementation of SDGs (Figure 8). Among them, goals 9, 12 and 13 are 
addressed with particular attention. 
 

 
Figure 8: Sustainable Development Goals 

The use of CO2 as a source of carbon for Fuels targets the recent Industrial Carbon Management EU-Directive 
which has identified CO2 as one of the alternative C-sources (with biomass and waste plastics valorization) for 
moving away from fossil-C as unanimously stated at recent COP28. The DESIRED Technology avoids the 
production of hydrogen for CO2 reduction, privileging the direct co-processing of CO2 and H2O using the PCET 
technique, fully mimicking Nature that does not produce and does not use H2 for the conversion of CO2 into 
energy products. 

The LCA (Environmental-Social-Economic) methodology will demonstrate the validity of the DESIRED technology. 
The new fuels will stand by the Standards that are being developed for RFNBO, e-fuels and solar fuels within the 
EU Legislation. To this end, contacts with CENELEC and other major Standardization  

Organizations have been set and will be developed by the end of the Project. 

 

7.2. Identification or risks, standardization of methodologies and risk 
management 

In previous paragraphs, the risk of false positives due to organics used in the preparation of catalysts or setting 
new media has been emphasized. To prevent serendipitous contamination by external sources, which may count 
a lot when working at a low scale, IC2R has set up a laboratory dedicated to DESIRED in which organics are 
forbidden. The “organic free laboratory” hosts the equipment for testing and evaluating the photocatalysts that 
are produced verifying the absence of residual organic carbon. Moreover, to demonstrate the source of carbon, 
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IC2R uses 13CO2 to set the reference operative technique and the correct procedure. Only products that contain 
13C are counted as CO2RPs. This approach also helps to demonstrate that extraneous C-sources are not present. 
Synthetic methodologies so standardized are used for day-by-day applications and will be transferred to the 
large-scale reactor where, by the way, the risk and influence of contaminants will be much depressed, due to the 
larger amount of produced fuels. 

Solar fuels, together with e-fuels, are receiving much attention at the EU level for the origin of carbon. Whether 
CO2 recovered from power plants powered with fossil-C (coal, oil, natural gas) will be considered for conversion 
into fuels is still under question. The end date for its use is set at 2035-2040. To guarantee a continuous feed, 
DESIRED plans to use either bio-sourced CO2 (captured from biogas upgrading) or DAC-CO2 (Direct Air Capture). 

In any case, the development of Standardization EU Directives on e-fuels and solar-fuels will be followed with 
much attention. To this end, the Administrative Coordinator (Prof. Angela Dibenedetto) and the Technical-
Scientific Coordinator (Prof. M. Aresta) of DESIRED are already attending Working Groups organized by CENELEC 
[4], and other partners attend national conferences on standardization of fuels and chemicals. 

 

7.3. Challenges and Future Work Prospects 

The early-stage identification of the risk of false positives has given DESIRED a good start as new catalysts are 
produced and tested in the best conditions for the exclusion of possibilities and focusing on really active species. 
Having set a rigorous frame of work that allows to gather and evaluate only selected results, will be of great help 
in developing and scaling both the reactor and the catalysts. 

Challenges to win are in the direction of stable, long-lasting, efficient photomaterials. At this TRL, the Partners 
target at least one working week of operation (36 hours). So far, catalysts working for 24 h have been developed, 
with a slowly decreasing efficiency. This is one of the major challenges. Either supported or neat materials will 
be used and the best cases will be optimized. The integration of competence at the Project level is important for 
winning such challenges. 

 

7.4. Dissemination Actions 
DESIRED pursues an active dissemination of results through a number of different actions: Newsletters, 
Webinars, Talks within Universities, Open talks, Oral and Poster presentation at international and national 
Conferences, participation in Open Science events organized at Universities, publication of divulgative papers, 
scientific articles on specialistic journals. Deliverable 6.1.has extensively reported on actions so far carried out 
and coming WP6 Deliverables will update on the activities. 

 

  



D1.4: Scientific & Technical Management Report I                                                                                                                                                                                           

© DESIRED  Page | 27  

8   Conclusions and Recommendations 

The work done from M1 until M18 of the EU Project DESIRED fully responds to the GA dictates. Scientific and 
Technical issues have been identified and found solution. Even pitfalls and false-positives present in the literature 
due to serendipitous organics present on faceted-catalysts produced with the use of long chain Fatty Acids, Ionic 
Liquids or even Surfactants. The use of calcinated Frustules (at 700 °C) while preserves their structure, allows to 
exclude the presence of serendipitous organics and avoids false positives that can give erroneous information 
about the performance of catalysts. Obviously, avoiding such mistaken interpretation of results is more 
important when working at low scale and, thus, in the preliminary phase of selection of catalysts to be upscaled. 

Artificial Intelligence has also been applied to the selection of photocatalysts and photo-electro-catalysts and to 
the definition of the reaction medium, which must be absolutely organic free.  

To be sure to operate in the best correct conditions, at IC2R an “Organic-free Laboratory” (OFL) has been set 
where all equipment used in DESIRED are allocated. 

The new multitask reactor has been built, set-up at IC2R in the OFL and tested by all interested DESIRED partners: 
it responds to the expectations even if further improvement are necessary before setting the best-suited 
geometry for scale-up. The reactor can work in steady or mixed conditions, under pure photochemical-conditions 
in gas-phase or condensed phase, or under photo-electro-chemical conditions. This represents a novelty on the 
market of photoreactors. 

A selected number of catalysts has been identified that will further be developed during M19-30 before up-
scaling their production for the Level 2 Photoreactor.  

The LCA methodology has been set for a comparative analysis of solar-fuels obtained within DESIRED and bio-
fuels for the “light efficiency” aspect or even with industrial fuels produced via thermocatalysis. 

A lot of attention has been paid in this first Phase to avoid false-positives and to set operative conditions that 
respond to a high standard quality and may represent a reference for operators in the area. Guidelines will be 
given as the Project proceeds within the relevant Deliverables and Milestones, while the Risk Table has been duly 
updated. 
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