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Somos inmortales cuando transmitimos y dejamos huella en otros, para 

que nuestro eco siempre sea eterno. 

- No es por ti 

 

Jairo Adrián Hernández 
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A Juan Carlos Ruiz Morales, 

mentor, compañero y todo un ejemplo a seguir. 

Gracias por todo. 
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ABSTRACT 

New activities that arose during the Industrial Revolution caused the development of novel 

production sector, changes in the organisation of production, new forms of capital business, 

development of a global market and the use of new energy sources. However, it also led to the use 

of fossil fuels that in the long-term brought severe environmental issues due to diverse activities 

carried out during the revolution. Nowadays, it is known that these activities are the cause of the 

current environmental crisis involving a fast climate change and global warming. Most of the 

environmental problems, i.e. degradation of the ozone layer, acid rain, air and water pollution or 

waste reduction, cannot be managed by a single nation. Consequently, a lot of countries have 

implemented many agreements last decades with the purpose of the Zero Emission concept, 

trying to promote synergistic processes with very low impact on the environment and reducing 

the volume of waste and harmful emission without affecting the industrial benefits.  

Over the last years, a lot of research groups have been focused on the development of new 

materials and new manufacturing techniques in order to achieve this environmental goal. This 

thesis is focused on the introduction of new manufacturing methods using well-known materials 

saving energy, time and money while reducing waste. More precisely, this work complements the 

current state-of-the-art of rapid prototyping of ceramics, covering the key aspect of 

microstructural control to improve the performance of different devices, such as Solid Oxide Fuel 

Cells and catalytic reactors for wastewater cleaning and for solar fuels generation. 

On one hand, this thesis employed the binder jetting technique to produce ceramic support of 

CaSO4 which acts as support of the catalyst for the removal of contaminants from wastewater. 

Different routes were explored regarding the functionalisation of the support. Thanks to the 

porosity of the support, the TiO2 catalyst was synthesised in situ via TiCl4 hydrolysis, which was 

the most adequate strategy for the activation of the 3D printed ceramic support. Then, an 

exhaustive study on the microstructure (SEM), composition (TGA and XDR) and performance 

(photodegradation test employing methylene blue as contaminant) of the monolith were carried 

out. Finally, target values of photodegradation test were obtained achieving a nearly complete, i.e. 

92%, conversion of methylene blue after 24 hours. 

However, another route was explored as well, printing directly the catalyst avoiding the use of 

supports. For this purpose, during this thesis a ceramic TiO2 filament compatible with fused 

deposition modelling printers was developed in collaboration with Print3D Solutions. An 

exhaustive study on the composition of the filament and the optimisation of the printing 

parameters was carried out. In order to compare the results, the design of the monoliths was the 

same than that employed for the printed supports. TiO2 porous and dense structures were 
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achieved and their photocatalytic performance tested. In this case, similar conversion of 

methylene blue conversion was achieved, 89% for the porous structure and 87% using the dense 

monolith. The recyclability of the catalyst was evaluated, with a clear difference between both 

monoliths as the re-activated porous catalyst lost 8% of the original efficiency, while the re-

activated dense catalyst lost 72%.  

On the other hand, related to the energy application, this thesis is focused ceramic electrolyte 

fabrication for solid oxide fuel cell via additive manufacturing as a contrast to traditional 

technologies. These devices are considered as Zero Emission technology because they only 

produce heat and water as final products when hydrogen is used as fuel. In, this work a prototype 

of digital light processing (DLP) printer was used for electrolyte manufacturing that were 

compared with electrolytes obtained by a commercial stereolithography printer. A thorough 

research of this work was dedicated to the production of 8% YSZ printable slurries. Once the 

slurry and the printing parameters were optimised, plane and structured electrolytes were 

obtained with a thickness average of 500 µm and an active area of 2.42 cm2 which were sintered 

at 1350°C. The cathode electrochemical performance was tested on symmetrical cells, LSM-

YSZ/YSZ/YSZ-LSM, to study the ionic conductivity. The highest ionic conductivity 0.054 S/cm was 

achieved at 900°C for the cathode fixed at 1100°C, being its specific area resistance 1.762 Ω·cm2. 

Thus, these results confirmed that 3D printing technology can be employed for reduce the number 

steps, the time and the cost of solid oxide fuel cell.  
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RESUMEN 

Las nuevas actividades que surgieron durante la Revolución Industrial provocaron el desarrollo 

de un sector novedoso de producción, cambios en la organización de la producción, nuevas formas 

de negocio, desarrollo de un mercado global y el uso de nuevas fuentes de energía. Sin embargo, 

también propició el uso de combustibles fósiles que, a largo plazo, trajeron graves problemas 

ambientales debido a las diversas actividades realizadas durante la revolución. Hoy en día se sabe 

que estas actividades son la causa de la actual crisis ambiental que involucra un rápido cambio 

climático y calentamiento global. La mayoría de los problemas ambientales, como, por ejemplo, la 

degradación de la capa de ozono, la lluvia ácida, la contaminación del aire y el agua o la reducción 

de desechos, no pueden ser gestionados por una sola nación. En consecuencia, muchos países han 

implementado muchos acuerdos en las últimas décadas con el propósito del concepto Emisión 

Cero, tratando de promover procesos sinérgicos con muy bajo impacto en el medio ambiente y 

reduciendo el volumen de residuos y emisiones nocivas sin afectar los beneficios industriales. 

Durante los últimos años, muchos grupos de investigación se han centrado en el desarrollo de 

nuevos materiales y nuevas técnicas de fabricación para lograr este objetivo medioambiental. Esta 

tesis se centra en la introducción de nuevos métodos de fabricación, utilizando materiales 

conocidos, que ahorran energía, tiempo y dinero y reducen los residuos. Concretamente, este 

trabajo complementa el estado actual de la técnica de prototipado rápido de cerámicas, abarcando 

el control microestructural como punto clave para mejorar el rendimiento de diferentes 

dispositivos, como las pilas de combustible de óxido sólido y los reactores catalíticos para la 

limpieza de aguas residuales y para generación de combustibles solares. 

Por un lado, en esta tesis se utilizó la técnica de Binder Jetting para producir un soporte cerámico 

de CaSO4 que actúa como soporte del catalizador, con el fin de remover contaminantes de las aguas 

residuales. Se exploraron diferentes rutas en cuanto a la funcionalización del soporte. Gracias a la 

porosidad del soporte, el catalizador de TiO2 se sintetizó in situ mediante hidrólisis de TiCl4, la 

cual fue la estrategia más adecuada para la activación del soporte cerámico impreso en 3D. A 

continuación, se realizó un estudio exhaustivo sobre la microestructura (SEM), composición (TGA 

y XDR) y rendimiento (ensayo de fotodegradación empleando azul de metileno como 

contaminante) del monolito. Finalmente, se obtuvieron los valores objetivo de la prueba de 

fotodegradación logrando una conversión casi completa, es decir, 92%, de azul de metileno 

después de 24 horas. 

Sin embargo, también se exploró otra ruta, imprimir directamente el catalizador evitando el uso 

de soportes. Para ello, durante esta tesis se desarrolló en colaboración con Print3D Solutions un 

filamento cerámico de TiO2 compatible con impresoras de modelado de deposición fundida 
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(FDM). Se realizó un estudio exhaustivo sobre la composición del filamento y la optimización de 

los parámetros de impresión. Para comparar los resultados, el diseño de los monolitos fue el 

mismo que el empleado para los soportes impresos. Se lograron estructuras densas y porosas de 

TiO2 y se estudió su rendimiento fotocatalítico. En este caso, se logró una conversión similar de 

conversión de azul de metileno, 89% para la estructura porosa y 87% usando el monolito denso. 

Se evaluó la reciclabilidad del catalizador, con una clara diferencia entre ambos monolitos ya que 

el catalizador poroso reactivado perdió un 8% de la eficiencia original, mientras que el catalizador 

denso reactivado perdió un 72%. 

Por otro lado, en relación con la aplicación energética, esta tesis se centra en la fabricación de 

electrolitos cerámicos para pilas de combustible de óxido sólido mediante impresión 3D como 

contraste con las tecnologías tradicionales. Estos dispositivos se consideran tecnología de emisión 

cero porque solo producen calor y agua como productos finales cuando se utiliza hidrógeno como 

combustible. En este trabajo, se utilizó un prototipo de impresora de procesamiento de luz digital 

(DLP) para la fabricación de electrolitos, que se compararon con electrolitos obtenidos por una 

impresora de estereolitografía comercial (SLA). Se realizó un estudio exhaustivo en este trabajo a 

la producción de pastas imprimibles de 8% YSZ. Una vez optimizados la pasta y los parámetros de 

impresión, se obtuvieron electrolitos planos y estructurados con un espesor promedio de 500 µm 

y un área activa de 2,42 cm2 que se sinterizaron a 1350°C. El rendimiento electroquímico del 

cátodo se probó en celdas simétricas, LSM-YSZ/YSZ/YSZ-LSM, para estudiar la conductividad 

iónica. La conductividad iónica más alta fue de 0.054 S/cm la cual se obtuvo a 900°C, para el cátodo 

fijado a 1100°C, siendo su resistencia de área específica 1.762 Ω·cm2. Por lo tanto, estos resultados 

confirmaron que la tecnología de impresión 3D se puede emplear para reducir el número de pasos, 

el tiempo y el costo de la celda de combustible de óxido sólido.  
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1.1 Motivation: towards a zero-emissions and sustainable society 

The greatest social transformation taking place in the last centuries was caused by the Industrial 

Revolution. It was a period during which society and economy based on manual work was 

replaced by industry and manufacturing, which took place between 18th and 19th centuries. 

Industrialization marked a shift towards powered, special purpose, machinery, factories and mass 

production. It was based on new inventions for manufacturing, among them, the steam engine 

(James Watt), the electrical battery (Volta), the slotting machine (Richard Roberts), the steam 

locomotive (Stephenson), the telegraph (Morse), etc. Overall, an unprecedented technology 

advantage was promoted and deployed.1 

The Industrial Revolution was characterized by the development of new production sectors, 

changes in the organisation of production, new forms of capital business, the formation of a global 

extension market and the use of new sources of energy. If steam was the main source of energy 

during the First Industrial Revolution, oil and electricity sustained the Second Industrial 

Revolution.2 This deep transformation in the goods production and the use of fossil fuels brought 

severe environmental problems, such as accelerated degradation of environment, serious 

exploitation of fossil fuels and mineral resources, energy and biological resources exhaustion and 

surface waters or soils and atmosphere pollution as a consequence of industrials waste. These 

activities have now proved a direct correlation with the current environmental crisis involving a 

fast climate change and global warming.3  

Especially, global warming has been increasing due to the exponential growth of CO2 emissions 

since the start of the Industrial Revolution.4 According to the National Oceanic and Atmospheric 

Administration (NOAA),5 the emissions level of carbon dioxide measured by The Global 

Monitoring Division, reached a historical record in March 2019  with 411.04 ppm (exceeding one 

hundred units the maximum value of 300 ppm during the ice age). The State Meteorological 

Agency (AEMET) exceeded the threshold of 415 ppm too, in the Izaña Atmospheric Observatory, 

Tenerife.6,7  

Considering this change of CO2 concentration along our history, it is deduced that this drastic 

increase, Figure 1. 1 & 1. 2, is due to the massive burning of fossil fuels and the growing energy 

demand since 1765.8 Moreover, it likely has contributed to a continuous temperature increase of 

+0.17°C per decade, as shown in Figure 1. 3.9  
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Figure 1.  1   a) [CO2] ppm measured over the last five years by NOAA b) [CO2] ppm measured over 

the last 39 years by NOAA (Data are reported as a dry air mole fraction defined as the number of 

molecules of carbon dioxide divided by the number of all molecules in air,  including CO2 itself, after 

water vapor has been removed)8 

Some of these global environmental problems like degradation of the ozone layer, acid rain and 

air and water pollution are difficult, if not impossible, to be managed by a single nation, implying 

international cooperation.10 Consequently, many agreements have been implemented by most 

countries, like the Conference of the Parties (COP22)11 in 2016 where 196 countries met in 

Marrakech in order to look for a solution and reduce the emissions of gases that contribute to the 

greenhouse effect in relatively short periods of time. 

 

Figure 1.  2 CO2 concentration 800. 000 years ago (Data are reported as a dry air mole fraction 

defined as the number of molecules of carbon dioxide divided by the number of all molecules in air, 

including CO2 itself, after water vapor has been removed)12 
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Figure 1. 3  Temperature evolution since 1880 (global land and ocean temperature anomalies, 

January-December)9 

The protocol aims to reduce six greenhouse gas emissions that take part in global warming, as 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFC), 

perfluorocarbons (PFC) and sulphur hexafluoride (SF6), following the zero emission approach, 

reducing waste and harmful emissions to zero and make money in the process. The Zero 

Emissions concept considers that inevitable emissions can be used by other industrial or natural 

processes, making a synergy process that does not impact on the environment, and that a 

reduction of the volume of waste and harmful emissions can be obtained by improving the 

industrial performance and efficiency.13,14 

According to the International Energy Agency (IEA),15 fossil fuels are leading the final energy 

consumption, Figure 1. 4 (a), being the transport sector the one with the highest energy 

consumption at the end of 2016, Figure 1. 4 (b). However, the transport sector is the second in the 

top six ranking of CO2 emitting contributions with a 20% and is exceeded with 48% of emissions 

by other industries including agriculture, mining and construction, Figure 1. 4 (c).  

Regarding electricity, 75% of the production in 2017 was based on non-renewable processes.16  

In conclusion, on account of the environmental impact and the limited fossil fuels resources, the 

https://en.wikipedia.org/wiki/Sulfur_hexafluoride
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search for alternative energy sources is mandatory to promote a gradual change towards a more 

sustainable and efficient model.  

 

Figure 1.  4  (a) Final energy consumption by source (b) final energy consumption in 2016 (c) Top six 

CO₂ emitting end-uses; 2016 (All Figures belong to International Energy Agency (IEA) 15 

1.2 Energy and environmental technologies based on advanced ceramics 

A wide variety of advanced ceramics have been typically developed in three application fields: (i) 

electronics, information and communication; (ii) mechanical and (iii) energy and environment. 

Therefore, advanced ceramics represent a key technology that has a considerable impact for a 

wide spectrum of industries.  

From a broad perspective, the advanced ceramics sector involves different segments by type:17  

a) Functional ceramics: ceramic designed for special applications requiring electric, magnetic 

and/or optical properties. For example, electrical and magnetic ceramics, catalysts, 

superconductive ceramics, etc. 

b) Structural ceramics:  ceramic have enhanced mechanical properties under demanding 

conditions. For example: ceramic-based composites, reinforced ceramics, self-healing 

ceramics, etc. 

c) Bioceramics: ceramic that are biocompatible. For example: prothesis, regenerative medicine 

(scaffold), tissue engineering and systems for controlled drug release, etc. 

d) Ceramic coatings: ceramic that protect interior and exterior surfaces from common blemish 

causing materials. For example: oxides, nitrides, carbides, borides, cermets and diamond-like, 

etc. 

e) Special glasses: glass materials with specific properties that make them ideal for specific 

applications. For example: optoelectronics, sealing, thermally, insulating, etc. 

In the field of energy, some structural ceramics may be a solution for the expected scenarios when 

fossil fuels are used to generate electricity. In addition, they can be used in solar thermal energy 

because they may demand heat exchangers for the high-temperature regime. On the other hand, 

https://www.merriam-webster.com/dictionary/enhanced
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functional ceramics can be used for high temperature fuel cells, since these systems require ionic 

conductive and catalyst materials for the cells. Of course, the role of other functional ceramics in 

high temperature superconductors and batteries will bring improved opportunities for energy 

storage. 

Moreover, several ceramics have an important role in the environmental field too. Ceramics filter 

membranes and catalytically active materials are used in technologies to decontaminate and 

transform polluted water in drinking water, or in the production of biofuel and solar fuel. All these 

uses are discussed and proposed in the roadmap of Advanced Ceramics for energy and 

environment, Figure 1. 5, which was published in 2013 by J. Rödel et. al.18  

Components used in the aforementioned applications are based on ceramics, composites or 

cermets, which have extraordinary properties that strongly depend on the composition and the 

microstructure. The design of these microstructures can affect key parameters such as 

performance, mechanical stability, optimisation of gas flow-paths to/from the reaction sites, 

thermal instability and, depending on the materials, resiliency to redox cycling.  

Overall, ceramics exhibit a combined wide range of highly relevant technological properties.19 

However, the application of ceramics has been somewhat limited as shaping is complicated and 

machining costs are usually very high. For this reason, the key for an expansion of the ceramic 

manufacturing industry may rely on a reliable freeform production of devices and/or components 

that perform correctly at cost-effective prices. 
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Figure 1. 5   Roadmap of Advanced Ceramics for energy and environment 18 

1.2.1   Solid oxide fuel cells 

1.2.1.1  Principles and types of Fuel Cells. 

Fuel cells are one of the main candidates to change the traditional technologies for power 

production as a complement to renewable energies. These electrochemical devices convert 

chemical energy directly into electrical energy with a low environmental impact because they only 

produce heat and water as final products when hydrogen is used as fuel (Zero Emission 
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Technology). They have excellent adaptability in applications as stationary plants, in automotive, 

as well as coupled to different energy sources and technologies and heat pumps.20–22  

Fuel cell power systems consist of different parts: unit cells, stacks and balance of plant. Fuel cells 

consists of two electrodes, anode and cathode, which are separated by the electrolyte. Fuel feeds 

the anode (negative electrode), where the oxidation reaction takes place and electrons flow 

through an external circuit. And, on the other side, an oxidant (typically air) feeds the cathode 

(positive electrode), where electrons arrive from the external circuit and the reduction reaction 

occurs. The produced oxide ions flow through the electrolyte from the cathode to the anode 

completing the circuit, Figure 1. 6. 

 

Figure 1.  6   Basic outline of the reactions that occur in a fuel cell, (a) when the electrolyte is an oxide 

ionic conductor and (b) when it is a protonic conductor  

The main advantage of fuel cells is the production of electrical energy in one step instead of 

conventional thermal processes where chemical energy must be converted into thermal energy 

prior to mechanical energy that finally becomes electrical energy, (with notable energy losses). 

Other important aspects to consider are: 

▪ High conversion efficiency: around 40% – 60% because the previously mentioned direct 

conversion energy is not limited by Carnot Cycle. The high-quality residual heat of high 

temperature fuel cells can be used to produce water steam to generate more electricity 

coupling a turbine, reaching 80% - 85% overall efficiency. 

▪ Environmental compatibility: usually hydrogen is the fuel in these devices. In addition to 

hydrogen, some other conventional fuels can be used to feed fuel cells. Due to their high 

efficiency, they will produce emissions although to a lesser extent such is the case of electrical 

generators.  
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▪ Modularity: fuel cells are made by units, so the system size can be modified depending on the 

application from the µW to the MW.  

▪ Fuels versatility: whatever hydrogenated compound, which can be oxidized, can be used as a 

fuel. 

Fuel cells can be classified according to the type of fuel, the composition of the electrolyte and 

the working temperatures, which determines the electrode reactions and the type of ions that 

flow across the electrolyte. There are five types of fuel cells, which are divided depending on 

temperature operation. Solid oxide fuel cell (SOFC) and molten carbonate fuel cell (MCFC) are 

characterized by their high operation temperature. While, alkaline fuel cell (AFC), proton-

exchange membrane fuel cell (PEMFC) and phosphoric acid fuel cell (PAFC) have a lower 

operation temperature. All of them have different features, as summarised in Table 1. 1.4,21,23 

This work is focused on SOFCs, that operate based on oxide ion transport of some oxides at 

high temperatures (600°C - 1000°C), getting an efficiency between 60% and 85%. They do not 

need pure hydrogen as a fuel, hence conventional fuels can be used due to the high operating 

temperatures.  However, the cell durability is affected by this high working temperature. 
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Table 1. 1 Types and specific features of the whole family of fuel cells. 4,21,23 

 SOFC MCFC AFC PEMFC PAFC 

Electrolyte Ceramic oxide 
Molten Carbonate in 

LiAlO2 
KOH Polymer/Nafion H3PO4 in SiC 

Charge carrier O2- CO32- OH- H+ H+ 

T (K) 1073 - 1273 903 - 923 323 - 483  323 - 353 433 - 473 

Fuel 
-H2 

-Hydrocarbons 

-H2 

-Hydrocarbons 
H2 

-H2 

-Methanol  

-H2 

-CO 

Applications - SEGa, CHPb - SEG, CHP 
- Space 

- Military 

- Transport 

- PEGc, CHP 

- Transport 

- SEG, CHP 

Efficiency 65-85% 60-80%  50%  40-50%  40-80% 

Advantages 

- High 

efficiency 

- Fuel 

flexibility 

- High 

efficiency 

- Fuel 

flexibility 

- Fast 

cathode 

reaction 

- High yield 

- Low Temp. 

- Fast start-up 

-Low corrosion 

- Can use not 

pure H2 

- High 

efficiency 

(CHP) 

Disadvantages 
- Slow start up 

- High Temp 

- Two gas 

fluxes 

- High Temp. 

- Expensive 

reagents 

- Gases 

without CO2 

-High purity 

fuel 

-Hydration 

-Too much Pt 

- CO free fuel 

- Corrosive 

electrolyte 

-Bulky system 

 

 

 

 

 

a SEG: Stationary Electric Generator 

b CHP: Cogeneration or Combined Heat and Power 

c PEG: Portable Electric Generator 
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SOFCs are composed of a dense electrolyte that is between two porous electrodes layers. The 

molecular oxygen gets adsorbed on cathode surface. When it accepts incoming electron from 

external circuit, it reduces to oxide ions, Equation (1.1). Then, oxide ions are transported through 

the dense electrolyte to the anode. After that, oxide ions participate the oxidation of the fuel, 

Equation (1.2), generating water as a by-product, Equation (1.3). The electricity is produced by the 

flow of electrons, from the anode to the cathode, in the external circuit, Figure 1. 7 (a).4,24 

(𝑐𝑎𝑡ℎ𝑜𝑑𝑒)     𝑂2 +  4𝑒− → 2𝑂2−     Equation (1.1) 

(𝑎𝑛𝑜𝑑𝑒)         𝐻2  →  2𝐻+ + 2𝑒−     Equation (1.2) 

   (𝑔𝑙𝑜𝑏𝑎𝑙)        2 𝐻2 +  𝑂2 → 2𝐻2𝑂        Equation (1.3) 

The performance of SOFCs is determined by the Triple-Phase Boundary (TPB), Figure 1.7, which 

is the interphase where the fuels get in contact with the electrode, and in turn the electrode is 

touching the electrolyte, so is the place where electrochemical reactions take place. Specifically, 

the electrochemical performance depends on the density and the nature of the three phase 

regions.  

 

Figure 1. 7  Triple Phase Boundary between electrolyte and electrode  

The power density obtained from the cell (P) is given by the product of the current density (j) by 

the voltage (E): 

𝑃 = 𝑗 ∗ 𝐸     Equation (1.4) 

Thus, as a consequence of Ohm’s law, power reciprocally depends on the resistance of the cell 

components. In other words, it is highly relevant to fabricate the cell components searching for 

the minimization of their resistive contributions 
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1.2.1.2 Solid Oxide Fuel Cell components and materials 

1.2.1.2.1 Electrolyte 

The main requirements that the electrolyte must achieve are: 4,21 

▪ Conductivity: it should have high ionic conductivity to minimize the ohmic losses, and a 

negligible electronic conductivity to avoid short-circuit. As a reference, the value must be 

higher than 0.01 S/cm at 800°C for an efficient operation.  

▪ Compatibility: it should be chemically and thermally compatible with the electrode materials 

at working and fabrication temperatures of the cells. This will prevent the formation of 

undesirable phases in the interphase.  

▪ Stability: it separates the anode and cathode, for this reason the material should be stable in 

both oxidizing and reducing atmospheres. 

▪ Gas tightness: analogously, it is a gas separator of both atmospheres, therefore it should be 

gas tight to prevent the mixture of fuel and oxidising agent, which implies densities close to 

100%.  

The SOFC electrolyte could be oxide ionic or protonic conductor. This work is focused on oxide 

ion conductors, specially YSZ yttria-stabilized zirconia. The 8% mol Y2O3 -ZrO2 YSZ has a stabilized 

cubic phase with a reasonable ionic conductivity at high temperature while 3 YSZ has a tetragonal 

phase and the conductivity at high temperatures is a bit lower. In this doped oxide, the Zr4+ in 

replaced by Y3+ cation, Equation 1. 5, which has a similar size, creating oxygen vacancies that allow 

oxygen ions to migrate, i.e. a high ionic conductivity, Figure 1. 8.25 

𝑌2𝑂3 ⇌ 2𝑌𝑍𝑟
′ + 𝑉𝑂

·· + 3𝑂𝑂
𝑥     Equation (1.5) 

 

Figure 1. 8  YSZ Structures (ZrO2 Doping process with Y2O3) 25 
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This property is intrinsic to some crystallographic families, but it is possible to improve it by using 

doping. For example, zirconium oxide has an intrinsic low ionic conductivity and is thermally 

unstable. However, if it is doped with divalent or trivalent cations (Ca2+, Y3+, Sc3+) the ionic 

conduction and mechanical properties improve. At room temperature, ZrO2 has a monoclinic 

structure, which changes to tetragonal around 1170°C  and to cubic around 2370°C, Figure 1. 9.26 

 

Figure 1. 9 ZrO2 structures (a) cubic (b) tetragonal (c) monoclinic 26 

On account of the excellent stability in reducing and oxidizing conditions, the good mechanical 

stability, the high quality of starting material and the durability in the long-term (40.000h), 8 YSZ 

is the selected material for developing the SOFC electrolytes in this work. 

1.2.1.2.2 Electrodes: the anode and the cathode 

Contrary to the electrolyte, the electrodes must be porous to provide larger TPBs, that will 

increase the surface for electrochemical reactions. In a typical fuel cell, there are two electrodes, 

namely, the anode and the cathode.  

Anode 

The electrochemical oxidation of the fuel takes place at the anode, Equation (1.2) & (1.3).  Despite 

there is a wide range of materials that have been used as anode, the most well-known are cermets 

of nickel and YSZ. The general requirements of an efficient anode material are the following: 21 

▪ Conductivity: it must have electronic conductivity in reducing conditions at operation 

temperature and cannot be affected by the changes in the oxygen partial pressure during the 

process of water formation.  

▪ Porosity: this aspect can define the performance and efficiency of the SOFC. As mentioned 

above, the porosity provides the important TPB region to increase the surface reaction area 

while allows evacuating the by-products of the reaction (water). 
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▪ Chemical stability: the anode material should be chemically and morphologically stable in 

reducing conditions. If the fuel is a hydrocarbon, coke formation can be an intermediate 

product. In this case, it is beneficial if coke deposition is controlled, because it could improve 

the electric contact, but deleterious if blocking actives sites. Anode materials should also be 

stable under sulphur eventually remaining at some fuels, because it could cause poisoning and 

corrosion in the long-term at the anode. 

▪ Thermal and mechanical stability: it should be thermal and mechanically stable with the 

electrolyte at operation temperatures. 

▪ Catalytic activity: it should have catalytic activity for promoting the fuel electrochemical 

oxidation. 

Cathode 

The electrochemical reduction of the oxygen to generate oxide ions takes place at the cathode, 

Equation (1.2). The Oxygen Reduction Reaction (ORR) has a limiting step that depends on the 

oxygen partial pressure, working temperature and cathode and electrolyte material. For example, 

if they are mixed ionic-electronic conductors (MIEC), there are more active sites, that means the 

TPB region increases.21,24  

Currently, the most used cathode materials for SOFCs are lanthanide manganites doped with 

strontium (LSM). This material is a p-type electronic conductor, which presents few oxygen 

vacancies working well between 800°C and 1000°C. Nevertheless, LSM reacts with YSZ at high 

temperature (forming insulating SrZrO3 phases) yielding a lower performance. This issue could 

be solved using cathode materials with lanthanum deficiency or decreasing the temperature of 

LSM fabrication.  

For an efficient operation of SOFCs, the cathode should possess the following functionalities: 4,21 

▪ Chemical stability: the cathode material must have a good chemical compatibility and 

relatively low interaction with the electrolyte producing undesirable reactions during both 

working and manufacturing processes. Moreover, it must be stable under oxidizing 

atmospheres too. 

▪ Conductivity: the chosen material should show high electronic conductivity, in oxidizing 

atmosphere to facilitate the electrons arrival to active sites.   

▪ Porosity: the cathode must allow fast diffusion of the oxidant gas through the active sites while 

contributing to an adequate gas evacuation of the exhaust (water).  

▪ Thermal and mechanical stability: it must be thermally and mechanically stable at operating 

and manufacturing temperature. 

▪ Catalytic activity: it should have high catalytic activity to promote the reduction of oxygen. 
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1.2.2  Water splitting 

As mentioned before, in order to solve the devastating environmental issues due to the far too 

vast use of fossil fuels, it is necessary researching, improving, exploiting and the utilization of 

renewable energies. Hydrogen is known as an energy vector that may play a very important role 

in a renewable energy-based model. However, obtaining elemental hydrogen is complicated due 

to the very low concentration in the atmosphere. For this reason there are different options to 

produce it, such as: (i) pyrolysis, steam and plasma reforming of natural gas; (ii) gasification and 

partial oxidation of coal or oil; (iii) electrolysis, photolytic and thermal splitting, via solar energy; 

(iv) water electrolysis via wind, hydro or wave energy; (v) water electrolysis or thermal splitting 

via fission or fusion, and (vi) fermentation, gasification and pyrolysis of biomass.27 In this section, 

water splitting via photolysis/photocatalyst will be described.  

Photolysis of water happens in a system where redox reactions take place on the surface of a 

catalytic material in contact with an aqueous solution. When photons from irradiation are in 

contact with the catalyst, valence electrons are excited promoting to conduction band, producing 

in turn holes. So, excited electrons may be used in reduction processes, whereas holes may 

participate in oxidation reactions, Figure 1. 10. One requirement for a promising photocatalytic 

material is having a band gap higher than 1.8 eV, and the interval between its conduction and 

valence band must include redox potentials of hydrogen and oxygen evolution. Also, the materials 

must be chemically stable to prevent corrosion. A variety of semiconductors materials have been 

studied as CdS, SiC, GaP, Cu2O, ZnO, SrTiO3, NaTaO3, BiVO4, WO3, etc.28 However, the most 

extensively  studied and used material is TiO2.29  

 

Figure 1. 10  Single band gap photolysis system based on a photo-absorber and a catalyst.30,31  
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TiO2 has three different polymorphs i.e. anatase, brookite and rutile, but the last is the most stable 

form. In all cases, (Ti4+) is co-ordinated to six oxygen anions (O2-), producing networks of 

octahedra, Figure 1. 11. When Ti4+ reduces to Ti3+, this causes oxygen deficiency and hence 

becomes an n-type semiconductor. The anatase and brookite band gap is 3.2 eV and 3.0 for rutile.32 

Nevertheless, a disadvantage of titanium oxide is the absorption limitation to the UV range. For 

this reason, over the past few years, research advances have been focused in extending its 

absorption spectra via doping or coupling with other semiconductors, for example metal-based 

materials, which could improve the electrical conductivity. However, it is still a big challenge.33,34  

 

Figure 1. 11 Crystal structures of TiO2 rutile (tetragonal), brookite (orthorhombic) and anatase 

(tetragonal) polymorphs 32  

1.2.3  Water decontamination 

For many years, several human activities such as industry, agriculture, deforestation, 

urbanisation, transport, etc, have demonstrated an important impact on human health or the 

environment. One of the most important consequences is water contamination. There is a high 

variety of chemicals that have been spilled to water such as nutrients, leachates, oil, sludge, non-

biodegradable materials, etc.35 

Statistics published by EUROSTAT in 2019, Figure 1. 12,  reveal that over 80 million tonnes of 

chemicals hazardous to the environment have been produced for last decade,36 many of which are 

thrown to water. Even so, all these common wastewater treatments are not designed to remove 

low concentration or trace level chemical pollutants, called emerging pollutants (EPs), emerging 

contaminants (ECs) or contaminants emerging concern (CECs).  
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Figure 1. 12 Production of chemical hazardous to the environment, EU-28, 2004-201836 

For this reason, wastewater treatment is the key to improve this issue. Traditionally, there are 

three treatments for wastewater: primary, secondary, etc. The main goal of primary treatment is 

to reduce suspended particles via some physical-chemical processes, including sedimentation, 

flotation, neutralization, or other processes such as using filters, oxidation reactions, or even ion 

exchange. In the second treatment, organic compounds must be removed. To achieve that, aerobic 

and anaerobic processes are carried out, as the classic active sludge, bacterial beds, green filters, 

anaerobic digestion, electrocoagulation, electrooxidation, biological membrane reactor, etc. 

Finally, in the third treatment the goal is to remove pathogens, through UV radiation, ion 

exchange, inverse osmosis, filtration, chlorine treatment.37  

ECs are defined as pollutants, which are chemical substances, that have been introduced in the 

environment years ago, but they have not been investigated until recently. Most ECs are industrial 

products, pesticides, personal-care products, textile compounds, pharmaceuticals (as antibiotics, 

anticonvulsant, antipyretics, cytostatic drugs, hormone, etc.).38 The list of ECs is extremely large, 

and it will expand with time.39 The problem is that the toxicity level, quantity and exposure of ECs 

are not defined to evaluate environmental risk. For this reason, the European Commission funded 

the NORMAN project to predict the effects in the mid- and long-term and monitor them.40,41 It is 

necessary to remember that ECs are resistant to conventional wastewater treatments, hence 

latest research has been focused on determining their presence and eradicating them by other 

chemical methods. One extensive study found innovative processes suggested a solution for this 

environmental problem via the use of advanced oxidation processes as photocatalysis, 

membrane-based devices as micro/ultra/nanofiltration or adsorption/ion exchange systems. In 
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this thesis, only photo-catalytical processes will be considered. Photocatalysis is a heterogeneous 

process that is based on the oxidation of some chemical pollutant substances through a reaction 

between a catalyst and the contaminant, specifically when the surface of a semiconductor is 

irradiated as described in a previous section. Thus, it is not surprising that titanium oxide was 

extensively used in many research works.38,42–50 A number of studies have postulated its use to 

remove (i) pharmaceuticals compound as paracetamol,38,49 ibuprofen,48 lorazepam and other 

pharmaceuticals;42 (ii) textile dye as methyl orange,46 methylene blue44 or azo dye;45 (iii) 

industrial contaminants as octane,43 caffeine,48 or rare-earth,47 (iv) or even micro-organisms.51  

In the last section, the activity of the titanium oxide was described, now the mechanism will be 

explained regarding contaminant removal. When the light with energy higher than 3.2 eV (𝜆 ≤

387𝑛𝑚) hits the catalyst surface, a photon is absorbed and a valence electron is excited to the 

conduction band, producing a positive hole in the valence band, Equation (1.6). Then, positive 

holes oxidize hydroxyl anions (OH-) or water (H2O) at the catalyst surface generating hydroxyl 

radicals (OH) and protons, Equation (1.7). These hydroxyl radicals can oxidize organics 

compounds that are mineralized rendering minerals salts, carbon dioxide and water, Equation 

(1.8). Simultaneously, the molecular oxygen absorbed on the titania surface traps the electrons 

produced in Equation (1.6), forming a superoxide radical anion, Equation (1.9). Then, this 

superoxide radical anion reacts with a proton producing hydroperoxyl radicals, Equation (1.10), 

and afterwards reacts with other similar radicals to produce hydrogen peroxide, Equation (1.11), 

or reacting with pollutant contributing to the oxidation process, Equation (1.12). In addition, 

superoxide radical anion can react directly with the contaminant too, causing its degradation, 

Equation (1.13).32 As most of CEs are organic species, the mechanism is the same for all of them, 

just changing the salt of the pollutant produced. 

Regarding the presence of the catalyst in the sample, it could be suspended in wastewater, 

supported in porous solid, or forming itself a structure three-dimensional. Depending on whether 

the catalyst is in contact with the contaminated solution or not, there would be some advantages 

or disadvantages. Independently the goal is to achieve; (i) the largest active area (the 

support/catalyst must be very porous, or the structure must be complex respectively), (ii) good 

mechanical properties, (iii) stability in aqueous solutions, (iv) and easy to separate from the 

solution. For all these reasons, 3D structures are better than powder suspensions, which will be a 

key aspect in this thesis. 
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𝑇𝑖𝑂2 + ℎ𝜈 → ℎ+ + 𝑒− Equation (1.6) 

ℎ+ + 𝐻2𝑂 →  𝑂𝐻 + 𝐻+ 
Equation (1.7) 

𝑂𝐻 + 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 →  𝐻2𝑂 + 𝐶𝑂2 + 𝑠𝑎𝑙𝑡𝑠 
Equation (1.8) 

𝑒− + 𝑂2 → 𝑂2
− 

Equation (1.9) 

𝑂2
− + 𝐻+ → 𝑂𝑂𝐻 

Equation (1.10) 

𝑂𝑂𝐻 + 𝑂𝑂𝐻 → 𝐻2𝑂2 + 𝑂2 
Equation (1.11) 

𝑂𝑂𝐻 + 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 →  𝐻2𝑂 + 𝐶𝑂2 
Equation (1.12) 

𝑂2
− + 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 →  𝐻2𝑂 + 𝐶𝑂2 + 𝑠𝑎𝑙𝑡𝑠 

Equation (1.13) 

1.2.4  Biofuels synthesis 

To reduce the fossil fuel consumption, some alternative fuels have emerged such as hydrogen, 

natural gas, syngas and biofuel. In the previous section, the role of hydrogen has been highlighted, 

though this section will focus on the synthesis of biofuels due to the relevance of renewable 

materials and eco-friendly environmental processes. Hence, biofuels may help to reduce both the 

dependence on fossil fuels and waste generation, as waste can be used as starting material during 

biofuel synthesis. Among all types of biofuels, liquids are the most likely for application in internal 

combustion engines in automobile engineering. Even biofuel are being studied jet fuel in 

aeronautics industry.52 Fortunately, biodiesel can be used in diesel engines of cars without any 

variation, it is a biodegradable material, the combustion is better because of the controlled 

chemical composition and also reduces the emission of hydrocarbons, particles and carbon 

monoxide.53  

Biodiesel is made by the transesterification of animal fats or vegetables oils with an alcohol in 

order to produce esters and therefore can be synthetized from a large diversity of raw materials 

that are composed by triglycerides.  

There exist three types of biofuels depending on the raw material used during the synthesis: first, 

second and third generation. First generation biofuels come from agricultural crops for human 

consumption (sunflower, soya bean, corn, etc.). Second generation biofuels come from inedible 

crops and, finally, third generation biofuel come from algae. So, evidently, the ideal route is from 

agricultural waste or cooking oils waste, that is second generation biodiesel, because first 

generation biodiesel would involve a lot of lands to cultivate these crops. 53,54 

In transesterification, triglycerides react with an alcohol with low molar weight to produce fatty 

acid alkyl esters and a large amount of glycerol, via catalyst, which can be homogeneous or 

heterogeneous, Figure 1. 13.55 During homogeneous transesterification reactions with basic 
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catalysts, hydrolysis and saponification can go on due to the presence of water and free fatty acids 

in the media. This can be improved by using acid catalysts.  

 

Figure 1. 13 Biodiesel production reaction from methanol and triglycerides 

However, homogeneous catalysts show some disadvantages including product purification, 

residue generation and undesirable reactions as saponification. In contrast, heterogeneous 

catalysts offer great advantages to substitute biodiesel production via homogeneous pathway and 

consequently, it has been more extensively studied and used. Some of the major advantages are 

the following: less corrosive, the catalyst can be recycled and reused several times, it is cheaper 

because the process is simpler than the homogeneous method. Also, it improves the separation 

and recovery of the solid catalyst, it shows high yields and does not require a washing step for the 

crude ester. In summary, the heterogenous process is safer, and more environmentally  

friendly.56–59  

Thus, the catalyst is a solid and its performance can be improved by controlling the (i) pore size 

and shape, especially when reaction involve external surface, (ii) diffusion process, (iii) acidity, 

(iv) specific area, (v) type of catalyst patterning.60,61 Therefore, most of the catalysts used 

nowadays are ceramics. According with the phase of the catalyst, it can be produced by different 

ways, for example impregnation, sol-gel, precipitation/co-precipitation, conversion by thermal 

treatment, mechanical mixing, self-assembly or chemical vapour deposition (CVD).  As a result, 

slurry and fixed/packed bed reactors are the most used configurations. A clear example of this is 

the work led by M. E. Borges,60 based on a catalyst with high mechanical strength that uses pumice 

as stirrer.  

Some materials normally used are metals, metal oxides (TiO2, Al2O3, SiO2, ZrO2, CeO2, etc.), zeolites, 

carbons (activated carbon, nanofibers, nanotubes, etc.), due to both their chemical physical 

properties as support.60 Overall, the catalyst porosity is the most important parameter for 

biodiesel production. However, the combination of parameters is the reason why a large variety 

of ceramics are used in this field. Thence most of the studies utilize mesoporous based-zeolites 

materials due to the porosity presented, and the starting product is waste cooking oil. In  

Table 1. 2, it can be observed the variety of materials used in heterogeneous catalyst from waste 

oil. Thus, once again, the important role of ceramics to progress in the energy and environmental 

field is proved.  
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Table 1. 2 Heterogeneous base catalysts and heterogeneous acid catalysts used in transesterification 

of waste cooking oil 58  

Heterogeneous base catalysts Heterogeneous acid catalysts 

- Calcium oxide (CaO)  

- Basic solid Mg-Al-CO3 hydrotalcite catalysts 

in powder form  

- CaO and ZrO2 mixed oxides with various Ca-

to-Zr  

- Barium meliorated construction site waste 

marble 

- Potassium-loaded pumice material (K-

Pumice)  

- Strontium/zirconia (Sr/ZrO2) catalyst 

- Palm ash from empty fruit bunches  

- Calcium oxide supported on activated 

carbon (CaO/AC)  

- Calcium ethoxide  

- An agglomerated Zr-SBA-15/bentonite 

catalyst  

- Calcined waste coral fragments  

 

- WO3/ZrO2. WO3/ZrO2–Al2O3. MoO3/ZrO2 

- MoO3/SiO2 TPA/ZrO2 Zinc 

stearate/SiO2. Zinc ethanoate/SiO2 

- Tri-potassium phosphate  

- Carbohydrate-derived catalysts from 

various carbohydrates such as D-

glucose, 

- sucrose, cellulose and starch 

- Zinc aluminate catalyst  

- Mg MCM-41, Mg-Al hydrotalcite, and K+ 

impregnated zirconia  

- Aminophosphonic acid resin D418  

- Solid acid resins: Amberlyst ®15 and 

Amberlyst®46 and Purolite®D5081  

- Sulfonating pyrolyzed rice husk with 

concentrated sulphuric acid 

- Y-type zeolites with Al2O3 and Na2O  

- Mixed oxides of TiO2–MgO  

- Zirconiumdodecatungstophosphate 

Zr0.7H0.2PW12O40 (ZrHPW) 

1.2.2  Solar fuels 

In previous sections, it has been mentioned the solar energy relevance for hydrogen generation, 

water splitting and pollutant removal. This section is focused on extending the photocatalytic 

response of semiconductor materials for application in solar fuel production, especially using 

carbon dioxide as starting material.   

The consequences of carbon dioxide emission to the atmosphere have been mentioned along this 

introduction and some strategies have been described in order to decrease this emission following 

an environmentally friendly energy process. However, CO2 conversion is another possibility to 

reduce its concentration in the atmosphere, or rather, reducing the emissions and converting CO2 

into useful chemical fuels. Industrially, there are three main pathways: (i) electrochemical 
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reduction, (ii) thermal reduction giving monoxide carbon and oxygen as products, (iii) and 

chemical reduction producing hydrogen or hydrocarbon as methane, via solar energy.62 Thus, 

solar energy would be converted and stored into fuels. This last section will emphasise the carbon 

dioxide recycling into a hydrocarbon fuel such as methane via using a semiconductor and sunlight. 

The reaction mechanism is the next:63  

𝑯𝟐𝑶 + 𝟐𝒉+ →
𝟏

𝟐
 𝑶𝟐 + 𝟐𝑯+ Equation (1.14) 

𝑪𝑶𝟐 (𝒂𝒒.) + 𝟐𝑯+ +  𝟐𝒆− → 𝑯𝑪𝑶𝑶𝑯 Equation (1.15) 

𝑯𝑪𝑶𝑶𝑯 + 𝟐𝑯+ +  𝟐𝒆− → 𝑯𝑪𝑯𝑶 + 𝑯𝟐𝑶 Equation (1.16) 

𝑯𝑪𝑯𝑶 + 𝟐𝑯+ +  𝟐𝒆− → 𝑪𝑯𝟑𝑶𝑯 Equation (1.17) 

𝑪𝑯𝟑𝑶𝑯 + 𝟐𝑯+ +  𝟐𝒆− →  𝑪𝑯𝟒 + 𝑯𝟐𝑶 Equation (1.18) 

Some physico-chemical processes will determine the performance such as light absorption, 

charge separations, charge migration, surface redox reactions, chemical composition, porosity 

and particle size, crystal structure, architecture and electronic band structure. The photocatalytic 

configurations can be as a particular system (suspended or packed-bed reactor), or as 

photoelectrochemical cell (PEC) where the semiconductor material is supported on a conductive 

substrate forming a photoelectrode. For the last four decades, many semiconductors have been 

selected or developed for this application. The most common have already been mentioned in this 

work, as metal oxides, metal chalcogenides, metal nitrides, carbon nitrides, and III-V compounds, 

such as TiO2, Fe2O3, BiVO4, CdS, CdSe, ZrO2, Ga2O3, NiO, WO3, CuO, carbonaceous compounds, etc. 

One of the innovative aspects regarding materials is the architecture, and, for this reason, 

semiconductors with different dimensions have been investigated, Figure 1. 14. Zero dimension, 

0D, corresponds with free-standing nanoparticles, that is, particles in suspension. 1D. 2D and 3D 

is related to how the material is built, i.e. along one direction (1D), a plane (2D) or in the three 

dimensions (3D). In the Figure 1. 14, one-dimension particles are as nanowires, nanorods, 

nanotubes, nanofibers, etc. Two-dimension particles are associated with film electrodes 

(photoanode/cathode) or planar films deposited on a substrate. Finally, three-dimension 

structures are be made assembling two-dimension films. It is important to underline that 3D 

structures have excellent properties such is the case of optical features. For this reason, these 

types of architectures have been explored over the last years. However, they can be used not only 

as a single material but also can be combined in heterojunctions, co-catalyst, composites, etc., in 

order to achieve a better conversion efficiency, selectivity and/or harvesting visible light.64,65  
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Figure 1. 14 Different dimensional architectures (a) 0D nanocrystals, (b) 1D nanostructures, (c) 2D 

nanosheets and films, and (d) 3D nanostructures constructed with 0D, 1D and 2D building  

block units 64 

1.3 Shaping technologies for advanced ceramics 

1.3.1 Current fabrication methods  

Several methods can be used to fabricate ceramic materials. The usual goal is the production of a 

solid product with specific shape/geometry (film, fiber or monolith) and functionality. Traditional 

processing uses a bulky block as starting material, which is then carved to get a specific structure. 

However, this process has some disadvantages as the large amount of waste, the difficulty of 

achieving certain geometries and the high cost of the process.19,66 Contrary to the subtractive 

fabrication strategies, additive manufacturing consists on building up an object by adding raw 

material layer by layer (see next section). 

Despite the growing number of examples using additive manufacturing in ceramics, there is still 

a long road to implement these technologies at industrial level.67,68 Therefore, this work is focused 

on the possibilities of 3D printing for implementing material and functional complexity to 

precisely engineer ceramics microstructures required for the highly demanding applications in 

energy22 and environmental sector.  

Additive manufacturing (AM) is a promising candidate due to the advantages that presents in 

terms of fabrication flexibility, simple design for manufacturing, reduction of the time-to-market, 

low waste material and reduced manufacturing steps, cost and environmental impact.  

The different additive manufacturing processes and their classification will be presented in the 

next section.  
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1.3.2 3D Printing Technologies 

Additive processes have more than thirty years of history. The history of 3D printing begins in 

1981 with Dr. Hideo Kodoma, who was the first person to describe a rapid prototyping system to 

build up a solid model using photopolymers and a laser beam to cure them.69  Three years later, 

Charles Hull invented the stereolithography 3D printer.70 Since then, 3D printing processes have 

become extremely popular continuously decreasing their cost. Additive manufacturing is the 

process to achieve a three-dimensional object using an additive process that works adding layer-

upon-layer of a certain material (in contrast to traditional manufacturing techniques where 

material is removed from starting bulk by subtractive processes). Commonly it is called 3D 

printing.  The shape of each printed layer is defined by a model, which is normally made by a CAD 

modelling software (Computer-Aided Design),22 able of slicing the shape model into layered cross 

sections, Figure 1. 15.  

 

Figure 1. 15 Slicing process of the digital design 71 

According to ISO/ASTM standard, two categories of AM processes can be defined: direct process 

and indirect process.72 In a direct process, the geometrical shape and material properties are 

achieved simultaneously. While the indirect processes are multi step processes where first 

geometric shape is provided and then the parts are consolidated to get the material properties. 

On the basis of this classification, there are only two direct printing processes for ceramic 

materials: Selective Laser Melting (SLM) and Selective Laser Sintering (SLS). The others are multi-

step process as it is necessary to use a binder as sacrificial material in order to shape the ceramic 

which finally has to be removed.73 The main indirect AM processes are Direct Inkjet Printing (DIP), 

Binder Jetting (BJ), Fused Deposition Modelling (FDM), Robocasting, Stereolithography (SLA), 

Digital Light Processing (DLP) and Laminated Object Manufacture (LOM). In the next section we 

will briefly present all these 3D printing technologies.  

According to their dimensional order there are three different AM processes: 0D (point-by-point), 

1D (line-by-line) and 2D (layer-by-layer). All the previously aforementioned 3D printing 

techniques can be classified accordingly, Figure 1. 16. Depending on the starting material and the 

building process, the final object will have some specific properties, for example, powder bed 

process deposition will build porous structure (BJ, SLM, SLS). On the other hand, slurry bases 
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techniques (SLA, DLP) build dense ceramic structures. Other techniques, e.g. FDM, can fabricate 

both type of structures adding only the material (dense structure) or adding pore former too 

(porous structures).  

 

Figure 1. 16 Classification of the commercially available additive manufacturing 
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1.3.2.1 Direct Inkjet Printing (DIP) 

Inkjet printing is a powerful fabrication tool classified as 0D (point dimensional order) because it 

creates the object by depositing droplets of a well-dispersed suspension. This technique consists 

on the accurate deposition of small amounts of ink onto a substrate, through a nozzle whose 

diameter is in the 20 – 75 µm range. Typical droplet volumes are in the picoliter range  

(10-12 – 10-9 L), which allows a local deposition of thin layers eventually different materials. Finally, 

the printed ink solidifies by solvent evaporation, temperature induced solidification, gelation or 

chemical reaction, Figure 1. 17.   

Direct inkjet printing has also been applied to ceramic manufacturing by suspending 

ceramic powder into an organic ink. The success of direct ceramic jet printing depends on 

the dispersion of the fine ceramic powder in the media. And, for this reason, ceramic 

particles size must be very fine in order to avoid nozzle clogging (D100 < 0.50 Ø nozzle). 

Although some classic reports in ceramic inkjet mention a 1/20 ratio.74 The small size of 

the particles practically limits the thickness of the printed layers to few micrometres.  

On the other hand, it should 

be pointed out that it is 

possible to make components 

with different composition 

and microstructure due to 

the fact that the ink 

composition can be easily 

changed at each point using 

matrix of nozzles. This makes 

this process very attractive 

for functionally graded 

materials.22,75–81  

Figure 1. 17 Scheme of direct inkjet printer 82 

 

1.3.2.2 Binder jetting (BJ) 

Binder jetting (BJ) is one of the additive manufacturing techniques with higher capability to print 

different materials, specially metals and ceramics.  This 3D printing method is based on a powder 

bed system over which a print head selectively deposits a binder onto each powder layer. The 
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binder is a liquid bonding agent, usually a sacrificial polymer or aqueous solution, that joins the 

powder particles. This binder will be pyrolyzed after printing, during the debinding and sintering 

treatments.  

The BJ printing system consists of a print bed, a feed bed, a roller, a drying unit and a printhead, 

Figure 1. 18. The printing process starts by depositing a thin layer of the powder in the bed by the 

roller. Once the powder bed is uniformly deposited, the printhead injects binder material onto the 

powder bed following the specific pattern of the first layer object design. The printhead is made 

by a common commercial inkjet cartridge, which can be opened, cleaned and filled with a new 

binder solution. In this step, there may be differences in the process depending on the printer 

type. Some printers use an infrared heater to dry the binder. On the other hand, other printers 

continue printing the next layer without drying the previous one.  After the binder is sprayed, the 

powder bed platform goes down and the roller spreads a new powder layer over the printed layer. 

Thus, binder is injected again, and the process is repeated until the 3D object is completed. Finally, 

the green body (object recent printed without thermal treatment) is obtained.  

Post-printing processes involve removing the green body from the powder bed, cleaning unbound 

powder using pressurized air and, ultimately, infiltrating the part to improve its mechanical 

resistance, or sintering the piece at high temperature.  

The advantages of binder jetting technique include (i) free of support (the printed object is self-

supported in the powder bed), (ii) design freedom, (it is possible to print assemblies of part and 

kinematic joints), (iii) large building volume, (iv) high print speed, (v) relatively low cost (due to 

the very little amount of waste) and (vi) several application fields due to the variety of materials 

that can be printed such as ceramics, metals, glasses, polymers and even sand. However, the 

critical point of this process is the selection of a proper binder because of the good surface finish, 

dimensional accuracy and high resolution strongly depend on this. For this reason, the binder 

must meet strict requirements. First, the binder must penetrate into the powder pores to provide 

enough strength. Also, it is necessary a specific surface tension, viscosity, molecular weight, 

conductivity and material compatibility. If not, the nozzle may clog and in turn, this may lead to a 

non-uniform distribution of material in the final piece.  
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This technique was first used in the ceramic field in the early 1990s when some powder mixtures 

were explored in order to produce porous ceramic hot-gas filters, investment casting shells/cores, 

rapid tooling (including metal materials) and drug delivery devices. Originally, coarse dry powder 

was used. However, modified 

submicrometric ceramic powders (< 

20 µm) were required to achieve full 

density after firing. Then, the powder 

bed was changed by slurry-based 

beds, where each powder bed layer is 

created by jetting the slurry of 

ceramic material onto a substrate. 

Next, the layer is dried and finally the 

binder is deposited.73,83–88 

Figure 1. 18 Scheme of a binder jetting 

printer  (adapted from reference 89) 

1.3.2.3 Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) 

These techniques have been used for prototyping and for the fabrication of products that fit a wide 

range of applications. SLS and SLM are pretty similar processes that differ primarily in the binding 

mechanism between powder particles, being both powder-based AM techniques.  

First, a thin powder layer (typically of 20-150 µm in thickness) is deposited via a roller onto the 

building platform. Then, a laser (usually of CO2) traces the pattern to melt (SLM) or sinter (SLS) 

the powder particles following the CAD file information. After that, the building platform goes 

down and another powder layer is added. The steps are repeated until the piece is completed, 

Figure 1. 19. It should be pointed out that there are some differences from one instrument to 

another. For example, the way the powder is deposited could be by roller or scraper and also, the 

laser type can change (CO2, Nd:YAG, disk or fibre laser). 
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In summary, in SLS the particles are compacted while in SLM they are fully melted. The production 

of sintered products without further post-treatment distinguishes SLS and SLM from other AM 

techniques. However, strong 

limitations appear in 

ceramics due to their high 

melting points and low 

thermal shock resistance. 

Among others, densification 

problems, crack formation 

and local stress have been a 

challenge. For this reason, 

the application of these 

processes has been limited. 

90–99 

Figure 1. 19 Scheme of SLM and SLM printers 89 

1.3.2.4 Fused deposition modelling (FDM) 

Fused deposition modelling (FDM) is a technique based on extrusion processes to manufacture 

3D models. As other 3D printing techniques, FDM allows to build 3D parts directly from 3D CAD 

data. In this case, the printing material is supplied as a filament, which is extruded through a 

nozzle that moves in the horizontal x-y plane to produce the layers. Inside the nozzle, there are 

two gears that feed the filament. Also, there are resistive heaters, so while the filament is going 

inside the nozzle, it is warmed up at temperatures slightly above the melting point, facilitating 

flowing and is deposited onto the building platform following the pattern design. Once the first 

layer is built, the platform goes down in z-direction and the nozzle deposits another layer. The 

layer thickness is determined by the resolution z axis motor, by the diameter of the nozzle and the 

type of material and may vary typically from 25 µm to 1mm. The process is repeated until getting 

the final 3D part, Figure 1. 20.  

A range of materials are available for this process, including polylactic acid (PLA), acrylonitrile 

butadiene styrene (ABS), polyamide, polycarbonate (PC), polyethylene and polypropylene, which 

are thermoplastics. However, other materials, as ceramics or metals, are available too.100,101 

Thermoplastics are used in automotive, electronics and telecommunications applications due to 

their good strength and rigidity with toughness and temperature tolerance.  
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In the case of ceramics, their applicability is still limited in many sectors mainly due to extrusion 

issues. The difficulty of ceramic fused deposition is that the printable material (ceramic embedded 

in a thermoplastic) must have an adequate flexibility, stiffness and viscosity to be formed as a 

filament, spooled and to be extruded by the nozzle, which is the key to be successful in this 

process. Finally, the fabricated ceramic green parts need a post-treatment processing to burnout 

the binder and are subjected to a final 

sintering in order to get the desired 

densification of the ceramic part.  

The main advantage of FDM is the 

reduction in the processing time, 

minimizing the process costs too and 

producing minimum waste. In 

contrast, it has a limited accuracy due 

to the shape of the filament form of 

the material. 22,101–103 

Figure 1. 20 Scheme of FDM printer 104 

1.3.2.5 Robocasting or Direct Ink Writing (DIW) 

Robocasting is a 3D printing technique that can produce complex ceramic parts, which have low 

porosity and high strength, or with a large porosity including pore former. It builds the objects 

layer-by-layer via extruding a line of pseudoplastic slurry. The slurry is stored in a syringe 

connected to a dispensing nozzle on the printhead. Also, the syringe is connected to a piston that 

applies pressure and the slurry starts to move inside the syringe until flowing through the nozzle. 

Thus, the slurry is deposited in a filamentary form and undergo fast solidification to maintain the 

shape. Solidification may be carried out via (i) heat (the solvent evaporates), (ii) or using UV/IR 

light (the resin photo-cures). After the first layer is deposited, the build platform goes down and 

the process is repeated until getting the 3D part. Finally, the resulting green body needs a 

debinding process to burn the organic components, and subsequently a sintering process in order 

to densify the object, Figure 1. 21.  

Obviously, robocasting is a very flexible technique in the types of materials that can be printed, 

including metals, polymers, bioactive polymers, ferroelectric composites and a wide range of 

ceramics slurries. Moreover, printing multi-ceramic structures is also possible using several 

nozzles with different materials. For this reason, it is possible to use this system for various 

applications such as (i) biocompatible scaffold material for biomedical applications, (ii) electro 

ceramics for energy storage, (iii) photonic crystals for optoelectronic applications, (iv) catalyst 
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support material for water splitting or heterogeneous catalyst supports for environmental 

applications.  

For robocasting it is essential that slurries have adequate rheological and shear thinning 

properties. The mixtures have to (i) easily and fast be gelated, (ii) easily flow by the thin nozzle 

with low resistance, (iii) maintain the structure, (iv) prevent the collapse when is wet (a high yield 

stress and quickly recover 

elasticity), (v) support a 

high solid load to prevent 

cracks after frying, (vi) fast 

cure in case of thermal or UV 

induced curing was 

necessary, (vii) be 

homogeneous and free of air 

bubbles. 105–112 

Figure 1. 21 Scheme of a 

robocasting printer 

(adapted from reference 104) 

1.3.2.6 Stereolithography (SLA)  

Stereolithography (SLA) was the first 3D technique introduced by Charles W. Hull as mentioned 

in Section 1.3.2. This process is basis in the photopolymerization process of the acrylate monomer. 

It occurs in three steps: initiation, propagations and termination.  

Initiation in the first stage where the monomer is active by photoinitiator (PA). UV light 

decomposes it in PA* and generates two free radical R°1 and R°2: 

   𝑃𝐴 + ℎ𝑣 → 𝑃𝐴∗ → 𝑅𝑜
1 + 𝑅𝑜

2     Equation (1.19) 

After that, radicals will combine with the monomer (M) and will generate its radical RM°: 

   𝑅𝑜 + 𝑀 → 𝑅𝑀𝑜     Equation (1.20) 

Next stage is the propagation where some successive additions of monomer in order to create a 

larger radical:  

   𝑅𝑀𝑜 + 𝑀 → 𝑅𝑀𝑜
𝑛+1     Equation (1.21) 

Finally, in the termination stage the process finishes, and it is the end of the chain growth. In 

summary, it involves the mobility of reactive species and the rheology changes, hence is a critical 

step.  
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Thus, in relation to the components, the mixture would have (i) a photoinitiator chosen as function 

of the laser wavelength, (ii) a monomer, (iii) and a low viscosity solvent to improve the flow of the 

mixture. 

According to the photo-polymerization process, SLA method is based on layer-by-layer 

fabrication, which uses an ultraviolet curable material. For that, this method uses an equipment 

with the next components: computer, a laser, an optical system, a vat and a building platform.  

First, the vat is filled with the liquid monomer or commonly known as photocurable resin. The 

printing process starts when the object design is sliced by CAD software. The elevator platform 

immerses in the vat with the liquid and then the laser beam draws the first layer design. Where 

laser pass the resin solidifies and keeps touching the platform, which is called curing process. After 

that, the platform goes up but drops enough to cover the solid polymer with another layer of the 

photocurable suspension. A levelling blade moves across the vat surface to recoat the next layer 

of resin, and then, the laser draws the 

next layer. The process continues 

printing the object form until the 3D 

object is completely made.  

Finally, the part is taken off and the 

polymer excess must be cleaned. The 

resolution depends on both the laser 

and the z axis of the building platform, 

which defines the layer thickness, 

Figure 1. 22.  

Figure 1. 22 Scheme of a SLA printer 116 

Regarding the process system, there are two types of equipment, bottom-up and top-down. In 

bottom-up printers, the resin is cured through a window in the bottom of the vat by a light source 

from below. In a top-down printer, resin is cured by a light source above the vat and the build 

platform is lowered down into the resin vat. 

One of the parameters of the stereolithography method is the velocity in building a 3D object from 

a photopolymerization process. It depends on the energy per unit area of the focused spot in the 

resin surface, the wavelength, the type of laser used, and, of course, of the mixture composition. 

Other printing parameters are time, depth curing and scattering process. However, a few 

materials allow a control of them. For this reason, this technique is more restricted than others 

regarding the type of materials than can be used, even though recently, variety of available resins 

has been increasing. In addition, in the photosensitive resin it is possible to introduce solid 
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powders that may remain in the structure after curing, so the goal is to extend this technique to 

fabricate ceramics. To achieve that, it is necessary to introduce a highly loaded suspension of 

ceramic particles into polymer binder, which requires the use of a dispersant to ensure that the 

mixture is homogeneous. In this case, when the laser beam falls upon the surface slurry, the 

mixture solidifies, and the ceramic particles will be anchored in the cross-linked polymer. Lastly, 

a debinding and sintering process must be done in order to obtain dense ceramic parts. 

Following this procedure, it is possible to fabricate high quality ceramics with smooth surfaces 

that can be used as microelectronics devices or biomedical implants due the precision and spatial 

resolution of the technique. However, it has some disadvantages, including (i) the most resins 

could be toxic, (ii) the long printing time in comparation with other AM techniques, due to the 

curing time by the laser and (iii) the high cost because of the resin and the laser. 105,113–115 

1.3.2.7 Digital Light Processing (DLP) 

Digital Light Processing (DLP) can be catalogued as an SLA subtype. Both use resin and a UV light 

source to produce 3D parts, but the main difference resides in the type of light source used to cure 

the resin. While SLA uses a laser as light source, DLP uses a UV projector. In addition, as described 

before, SLA uses an optical system to focus a laser, while it is going through the surface of the 

resin, causing solidification. On the other hand, DLP uses a digital light projector screen (either UV 

or white light). Thus, while SLA cures the resin in a point to point way, DLP flashes the mask of a 

single layer (plane xy) all at once and all points of a layer are cured at the same time. In conclusion, 

DLP increases the printing speed, Figure 1. 23. However, DLP has some limitations too and the 

most important is the resolution. The resolution of a DLP printer is determined by the number of 

micromirrors existing in the digital micromirrors device (DMD) which is inside the projector 

(similar to the pixel concept). Then, in case to print large objects it is necessary to have a good 

resolution image. Moreover, another limitation is that curved sections do not have a very smooth 

and refined surface. For this reason, it a surface polishing post-treatment after printing may be 

required.  

The material range and field of applications are the same in both techniques. It only changes the 

photo-initiator whose choice will be influenced by the light wavelength, although last DLP models 

use LED/LCD screens where wavelength can be regulated.117–120 
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Figure 1. 23 Comparation between SLA and SLP processes (adapted from reference121) 

1.3.2.8 Laminated object Manufacture (LOM) 

Laminated object manufacturing is the rapid prototyping process that combines additive and 

subtractive techniques in order to build a 3D object. In this process the material comes as an 

adhesive-coated sheet form. Four simple steps are followed to manufacture the object, (i) 3D-CAD 

part design, (ii) Slicing, (iii) layer attachment (iv) and production of the laminated body.  For that, 

first a sheet of material is expended across a substrate, Figure 1.24. Then a carbon dioxide laser 

beam cuts the sheet depending on the cross-section design determined by the CAD model. Speed 

and focus of the laser must be adjusted in order to control the cutting depth, which must be exactly 

the thickness of each sheet layer. After that, the platform moves down and the second feed sheet 

advances and is cut as well. Then, the layers are attached by applying pressure and heat using a 

hot roller. The sequence is repeated, and, at the end of the process, the excess material is removed 

manually, Figure 1. 24. Finally, sometimes a post-processing treatment is required, usually 

polishing or resin infiltration, in order to improve the surface quality.   

The advantages of this additive manufacturing process are the high fabrication speed, low cost, no 

supporting structures are required, no deformation or phase change taking place during the 

process and the possibility of building large parts. On the contrary, it presents some disadvantages 

as the wasted material that was subtracted, the loss of surface definition, geometrical limitations 

and that the printed part presents directional/anisotropic machinability and mechanical 

properties. A variety of materials can be used in LOM, including metals, paper, plastics, synthetic 

materials, ceramics and composites. Specially, ceramic tapes, which have high powder load (>40 

wt. %), require the use of a strong adhesive agent such a double side adhesive or a binder solution, 

to improve the interconnection between consecutive tapes.  
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In conclusion, this technique is used 

extensively for tooling and 

manufacturing for sand casting, mould 

casting, car applications and tools for 

thermal forming and prototype 

stamping.105,122–127 

Figure 1. 24 Scheme of LOM printer 

 

 

 

1.4 State-of-the-art of 3D printing ceramics for energy and environmental 

applications 

1.4.1   Solid oxide fuel/electrolysis cells 

As mentioned in Section 1.2.1, fuel cells have three essential components (i) electrolyte, (ii) 

cathode and (iii) anode. In the case of SOFCs, the electrolyte is a ceramic oxide, Table 1. 1, and the 

cathode and anode are ceramic composites. Therefore, each component could be obtained by 

ceramic 3D printing, using novel techniques described in Section 1.3.2. Furthermore, the whole 

device could be printed in a single step. This can be considered a great advantage because, 

according to the report Cost Study for Manufacturing of SOFC Power Systems128 more than one 

hundred steps are required to fabricate a complete SOFC via traditional methods, which highlights 

how difficult their manufacturing is and raises the cost and timeline. Therefore, using 3D printing 

technologies, it will be possible to simplify and reduce the number of steps during SOFC 

fabrication, while reducing the waste material and energy consumption.  

Recent works have reported the use of 3D printing technologies for the fabrication of the 

electrolyte or electrodes of a SOFC.118,126-136 

Regarding the electrolyte, 3D printing technologies including direct inkjet printing (DIP), 

selective laser sintering (SLS), robocasting and stereolithography (SLA) have been used. Most of 

the reported research works have employed DIP. Sukeshini et at.129,130 were pioneers in this field 

using this technique to fabricate electrolytes and electrodes in cells exhibiting maximum power 

of densities of 430-460 mW/cm2 at 850°C. Recently, previous knowledge on inkjet and SLA 3D 

printing has been applied in order to get thin YSZ electrolytes. Esposito et al.131 have produced 

1.2µm-thick YSZ electrolyte deposited on NiO-YSZ tape casted anode supports by DIP, which led 
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to ASR values below 0.5 Ω cm2 at 750°C with an open circuit voltage (OCV) of 1.07-1.15 V for the 

full cell with a LSM/YSZ cathode (under dry hydrogen conditions), Figure 1. 25.   

 

Figure 1. 25 (a) Nyquist plot of the electrochemical impedance spectrum of 1.2 µm-thick 8YSZ 

electrolyte at 750°C and 96% de H2 + 4% H2O as the fuel and air as the oxidant. (b) Polarization 

curves obtained for the 5-layer electrolyte SOFC with a composite LSM-YSZ cathode. Using 96% de 

H2 + 4% H2O as the fuel. (c) 1.2 µm-thick 8YSZ sintered electrolyte.131  

The inkjet printing technique was also used by 

Farandos et al.132 in order to print planar and 3D YSZ 

electrolyte structures, printing micro-pillars and 

square lattices subsequently, Figure 1. 26. The planar 

23 µm-thick YSZ electrolyte was used to measure the 

performance of a Ni-YSZ|YSZ|YSZ-LSM|LSM 

electrolysis cell using CO2/CO, achieving a 

remarkable current density of -0.78A cm-2 at 1.5V.  

Figure 1. 26 (a,b) Array of 50 layer YSZ pillars (c,d) 

YSZ square scaffolds 132 

Using a different approach, Wei et al.118 also fabricated 8 YSZ electrolytes of 500 µm-thickness via 

SLA-DLP using UV emitted light at 355-400 nm for curing each layer. Overall, this electrolyte 

present 10 layers of 50 µm each one. After that, it was sintered at 1550°C and Ag and GDC 

(Ce0.8Gd0.2O1.9, Gadolinium Doped Ceria) were used as electrode, rendering an OCV of 1.04 V and a 

maximun power density of 176 mW cm-2 under hydrogen at 850°C. Similarly, Masciandaro et al.133 

obtained 3 YSZ electrolytes with planar and honeycomb structures, reaching SOFC performances 
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of 100 mW cm-2 and 115 mW cm-2, respectively, at 900°C. This result shows that fuel cell 

performance may be boosted via 3D printing by producing non-conventional geometries. 

Regarding the electrodes, as porous microstructures are mandatory, the techniques with this 

purpose are robocasting, laser sintering or powder bed. Alternatively, inkjet is employed to 

deposit functional layers or infiltrate already existing porous scaffolds fabricated by other means. 

In these cases, 3D printing is used to carry out a functionalization rather than a proper shaping 

step.  

Interestingly, the possibility of controlling the microstructure by simply tuning 3D printing 

parameters has been studied by Yi. et al. 134, who obtained dense parts of NiO-YSZ (60-40 %wt) 

anode by SLS and SLM when using a CO2 lasers while porous structures when employing a fiber 

laser. Regarding the infiltration of existing porous scaffolds with complementary materials to 

increase the electrochemical performance, Mitchell-Williams et al.135 infiltrated CGO by DIP on a 

porous NiO-YSZ anode to increase the oxidation capability of the anode, whilst Tomov et al.136 

fabricated multi-component cermet anodes of Cu-Ni-YSZ for direct carbon fuel cells and reported 

an increase of 25% in the cell performance. 

Similar to anodes, most of the studies on cathode 3D printing were focused on the use of inkjet 

printing, covering the optimization of the necessary inks and the printing process. Han et al.137 

optimized different parameters, such as deposition rate, viscosity and porosity of the LSCF 

(Lanthanum Strontium Cobalt Ferrite) sintered layer to obtain power densities of 377 mW/cm2 

at 600°C. More specifically, Yashiro et al.138 studied the advantages of using inkjet printing 

technology by comparing the performance of cells based on stand-alone air-brushed cathodes and 

cathodes combining inkjet printed and air-brushed layers, using LSCF-GDC composites deposited 

on GDC dense electrolytes. The cells presented enhanced performances with maximum power 

densities of 710 mW/cm2 at 600°C (compared to 540 mW/cm2 measured for the conventional 

cell). This work claims that the improvement is due to an induced higher number of TPBs available 

for the electrochemical reaction. Due to the excellent results obtained for infiltrated cells, 3D 

printing is also considered a promising candidate to scale up such type of functionalization 

processes giving them the required level of homogeneity, reproducibility and velocity. In addition, 

Li et al.139 introduced pore formers to produce cathode layers. Although the use of pore formers 

yielded an improved performance of the cells fabricated, i.e. maximum power of 950 mW/cm2 vs. 

550 mW/cm2 at 750°C in NiO-8YSZ/YSZ/SDC/SSC-SDC, even higher performances were obtained 

when using conventional techniques, which stresses the need for improving the current strategies 

to generate porosity by inkjet printing.  

In summary, technical advances have allowed to fabricate SOFC components by 3D printing 

techniques. These results promise a cost reduction due to a reduction in the number of steps upon 
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manufacturing which is better to penetrate commercial markets and becoming SOFC more 

competitive with alternative generating systems. However, for implementation in industrial 

processes, it will be necessary to achieve high specific power per unit mass and volume, which 

implies the fabrication of high spec ratio architectures. This will complicate the use of direct inkjet 

printing, hence stereolithography and extrusion processes may be considered as alternative 3D 

printing technologies for this application niche. Nevertheless, SLA cannot be used for multi-

material fabrication, and extrusion methods have low resolutions, so it will be necessary to 

develop a hybrid 3D printing processes that combine different techniques in order to print a 

complete fuel cell (electrolyte, cathode and anode).   

1.4.2   Batteries and supercapacitors 

The most popular batteries to power portable systems are based on Li-ion and dominate the 

market due to their electrochemical performance, lightweight and cyclability. This is one of the 

hottest research topics in the energy field for the last 3 decades, and consequently the 2019 Nobel 

Prize in Chemistry has been rewarded to John Goodenough, M. Stanley Whittingham and Akira 

Yoshino for their pioneering work in this technology. 

In recent years, 3D structures have been applied in the battery field, in order to maximize energy 

density and power, minimising the ionic path. For example, Notten et al.140 suggest intercalating 

Li in Si thin films in order to increase the energy density of planar batteries, resulting in micro-

fabricated 3D-integrated rechargeable batteries. Chi et al.141 achieved a 3D solid-state lithium 

battery with a stable voltage over 700h at 0.2 mA/cm2 current of density at 90°C. This was 

possible because 3D Li metal anodes were fabricated by thermal infusion strategy, in order to 

assemble 3D Li | SPE-LLZTO-SPE | 3D Li cells, producing (Li6.4La3Zr1.4Ta0.6O12) electrolyte disks by 

the solid-state method.  

Nevertheless, 3D components are not 3D devices, which could take further advantage towards a 

new generation of batteries and capacitors. Nevertheless, to date, some AM techniques have been 

applied in this research field: direct melting laser sintering, holographic lithography, micro-

extrusion or ink-jet printing. 

Concerning the direct melting laser sintering process, Liu et al.142 have fabricated metallic 

scaffolds which could be used as pseudo-capacitors after functionalisation.  Pikul et al.143 used a 

process similar to holographic lithography, where nickel scaffolds act as outline for electrodes 

deposition, in order to achieve better results for Li micro-batteries than for supercapacitors. In 

the same group, a similar strategy was adopted to produce a 3D structure that was further 

infiltrated with battery materials. Furthermore, a lithographic method has been used to fabricate 

carbon electrodes devices too. This is the case of Ranganathan et al.144 where photoresistive films 
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are pyrolyzed. Another technique is robocasting (also called micro-extrusion), used by Sun et al.145 

to fabricate graphene planar micro-supercapacitors employing a syringe-pump coupled to an XYZ 

system. The well-known ink-jet printing technique has been also used to fabricate batteries and 

capacitors components, as is the case of Kohlmeyer et al.146  They printed 3D free-standing 

electrodes (Li4TiO12, LiFePO4 or LiCoO2 with nanofiber of carbon and poly(vinylidene fluoride)) 

with current collectors for Li-ion batteries. 

Using the same 3D printing process, Sun et 

al.147 made La4Ti5O14 (LTO) and LiFePO4 (LFP) 

electrodes obtaining an entire power system, 

Figure 1. 27. Although modest performances 

were obtained, this can be considered as a 

pioneering proof of concept, which showed 

that ink-jet printing may successfully be 

applied to the energy storage research field.  

Figure 1.  27 (a) Schematic illustration of a 3D 

interdigitated micro-battery fabricated on (a) a gold current collector by printing Li4Ti5O12 (b) and 

(c) LiFePO4 inks through 30 mm nozzles, followed by sintering. (d) SEM image of the 3D 

microbattery.147 

1.4.3   Solar energy applications 

In the solar energy field, researchers have been working on 3D printing, with the goal of improving 

the efficiency and reducing manufacturing cost of light and flexible solar panels. These solar 

panels will be used in different applications, for example, portable electronics, houses and 

buildings or in the innovative wearable electronics. Krebs et al.148 reviewed more than ten coating 

and printing techniques that were relevant for the case of polymer solar cells. In this work, it is 

established that ink-jet printing is the most conventional choice to produce complex patterns and 

devices. More advanced manufacturing techniques include knife-over-edge, gravure coating and 

slot-die methods. This last technique was used by Vak et al.149 who changed a commercial 3D 

printer and coupled a slot-die coater to print electroactive materials. At first, they used 

robocasting process with a point nozzle to print patterned poly(3-hexylthiphene) (P3HT) films on 

ITO (indium tin oxide) glass substrate, Figure 1. 28, though it was not ideal for printing a uniform 

coating. Consequently, the nozzle was changed by a mini slot-die head, which rendered P3HT thin 

films. This strategy can be used to print out multilayer structures to produce a complete solar cell. 
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Figure 1. 28 3D printer for solution processing. a) 

Schematic illustration of this work. A 3D printer 

was modified for solution processing for the 

fabrication of solar cells by printing new parts for 

modification of function of the printer. 

Demonstration of capabilities of the modified 3D 

printer: b) in printing mode with a point nozzle and 

c) in coating mode with a slot nozzle.149 

In a later work, the same research group150 

produced all the layers of a fully perovskite solar 

cell made by the same technique. Meanwhile, Di 

Giacomo et al.151 applied an additive 

manufacturing process to fabrication flexible substrates, required to produce flexible 

interconnects.152 An example would be silver electrodes, which have been deposited by some 

research teams using ink-jet printing153,154  and robocasting 155 process. An efficiency of 17% was 

finally achieved with 40 µm of electrode line width, proving efficiency of Si solar cell when 

decreasing the electrode thickness. Ahn et al.156 also generated flexible silver microelectrodes via 

robocasting. Firstly, silver nanoparticle ink was deposited onto a silicon wafer to prove the 

printing process. Later, flexible, spanning, stretchable, metallic and 3D printed microelectrodes 

were obtained on a polyimide substrate. Therefore, 3D printing opens the possibility of producing 

flexible components, which is a turning point to design solar cells with complex structures and 

high efficiencies (up to a factor of 20 higher).157,158  

1.4.4   Catalytic reactors for fuel production and CO2 capture 

Over the last decade, one of the goals in this field has been the development of new and innovative 

reactor structures in order to increase chemical reactions, heat and mass transport, and obviously, 

at the same time reducing the environmental impact. This goal is directly related to the reactor 

design. In this reaction, 3D printing opens the door to produce intentionally complex packed beds, 

monoliths and foam structures as a support. Apart from this, 3D printing processes are a good 

strategy to obtain directly heterogeneous catalyst materials with a high loading of catalyst. 

Traditionally, synthetizing materials for heterogeneous catalysis has been carried out by some 

methods where the catalyst is made or added into a support, such as: sol-gel, impregnation, atomic 

layer and chemical vapor deposition (CVD, ALD), co-precipitation, electrophoretic deposition, etc. 

However, all these processes involve a low loading of catalyst. On the other hand, a high loading 
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is pursued to reach a good mechanical strength, uniform catalytic distribution in the structure and 

a great chemical activity.  

The most popular 3D printing techniques in this field is robocasting, but there are some reported 

works using FDM. With regard to support fabrication, Hazan et al.159 reported α-Al2O3 and 

hydroxyapatite (HA) architectures via robocasting, using UV light as ink solidification method. In 

both cases, inks have a high solid loading (75wt. % and 59wt. %, respectively), achieving 2D 

printed and flexible nanocomposites, Figure 1. 29. Finally, Al2O3 structures were functionalized 

with TiO2 nanoparticles to photocatalytic activity. Tubío et al.160 reported the direct 3D printing of 

Cu/Al2O3 (51 vol.%) as catalytic system by robocasting. Thanks to this method, porosity, loading, 

interconnectivity and design could be controlled. This architecture was tested in Ullmann 

reactions, resulting in high efficiency and a great recyclability validated. Nevertheless, one point 

is clearly related to printed catalytic reactors, the majority of structures obtained are based on 

zeolites via robocasting.161–165 Thakkar et al.162 described as 13X and 5A zeolites (80-90 wt. %) 

monoliths were obtained for CO2 removal from air. They proved that increasing the zeolite load, a 

better CO2 adsorption is obtained being equivalent to the powder material. Analogously, Lefevere 

et al.163,164 produced ZSM-5 zeolitic monolith for CO2, N2 and CH4 gas separation, resulting CO2 the 

strongest adsorbed gas.163 One year later, they reported some progress with the same material, 

achieving a zigzag channelled structure that enhances both the stability and the activity. This last 

is also improved by decreasing the fiber diameter.164 Some other materials such as 13X zeolite 

have been used, as is the case of Middelkoop et al.165 and Regufe et al.161 for CO2 adsorption. Finally, 

fused deposition modelling has been also studied to fabricate reactors. Skorski et al.166 produced 

TiO2 constructions by dispersing the active powder (1-10 wt. %) in ABS, one typical material for 

FDM. This work proposes printing of titanium oxide as catalyst for removal of different pollutants. 

All these results show that 3D printed 

reactors are a currently an interesting 

approach for gases capture due to the 

stability of the porous structure and active 

area apart from the optimization achieved 

regarding heat and mass transfer and 

performance of the conversion reaction. 

Figure 1. 29 (a) Sintered bent and rolled HA 

structures (1250°C).159 (b) Top: Sintered 

Al2O3 periodic multilayer printed. Bottom: Cured periodic multilayers, simple and multi-layered 

spiral architectures.159 (c) Cu/Al2O3 sintered structure.160 (d) Black samples are carbon and lighter 

coloured samples are 13X zeolite material; 13X zeolite samples in darker shades on the right in the 

bottom row are calcined samples at 470–500°C 165 
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1.5 Thesis scope  

The present thesis describes the implementation of additive manufacturing processes, known as 

3D printing methods, of advanced ceramic materials for energy and environmental applications. 

The thesis complements the current state-of-the-art of rapid prototyping of ceramics, covering 

the key aspect of microstructural control to improve the performance of different devices, such as 

Solid Oxide Fuel Cells (SOFCs) and catalytic reactors for wastewater cleaning and for solar fuels 

generation. 

Moreover, it increases the knowledge in 3D printing technology by developing a cost-effective DLP 

printer, the optimization of printing parameters of different techniques such as DLP, SLA, FDM, 

binder jetting and robocasting for fabrication of  new design concepts for electrolyte and catalytic 

reactors and the development of starting materials for some of these techniques and applications.  

More specifically, Chapter 2 describes the experimental aspects of this thesis: the synthesis and 

preparation of the different printable materials developed, the 3D printing procedures optimized, 

functionalization methodology used, and the whole set of characterization techniques employed 

(structural, chemical and electrochemical).  

The following chapters are devoted to the presentation and discussion of result for each device 

(reactors and SOFCs) by a specific additive manufacturing process: 

Chapter 3 presents a study of wastewater filters based on TiO2 catalytic functionalization of CaSO4 

support reactors printed by Binder Jetting (BJ). The chapter discusses the photocatalyst 

degradation of methylene blue in water as a model system.  

Chapter 4 is focused on the fabrication of TiO2 filaments printed by Fused Deposition Modelling 

(FDM), for the same applications in wastewater filters as in Chapter 3. 

Chapter 5 shows the development of a Digital Light Processing (DLP) prototype printer and its 

use to fabricate YSZ electrolytes for Solid Oxide Fuel Cells. The chapter also present the 

optimization of the printable slurry and the optimization printing parameters. In addition, the 

chapter describes the functionalization and characterization of such electrolytes and the device 

performances.  

Chapter 6 summarizes all the conclusions derived from the thesis.   

Finally, Appendix I presents preliminary results of tests realized for LSM-YSZ electrode 

deposition on a printed electrolyte via robocasting. This study intends to further develop fully 

printed SOFC devices. And Appendix II present preliminary results of test done for biodiesel 

production using 3D printing technology to manufacture the mould of the catalyst structure.  
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2.1 3D Printing technologies & Materials 

In this chapter, the basis, the printing parameters and the procedures to prepare the starting 

materials for each 3D printing process will be described. Therefore, this experimental chapter has 

been divided into several subsections, which correspond to each additive manufacturing process.   

2.1.1 Ceramic Fused Deposition Modelling (FDM) printing 

In this section, ceramic FDM printing will be specifically described, detailing the materials used, 

the printing parameters and the most common issues.  

2.1.1.1 Printer 

Ceramic Fused Deposition was carried out on a desktop printer developed by 3DPrinted Solutions 

and based on a Prusa model, Figure 2. 1. As the ceramic-loaded filaments are not commercial, the 

temperature at the hot-end must be the first parameter studied. The same occurs with several 

other relevant parameters such as flow printing, nozzle size, layer and shell thickness, filling 

density, speed printing and bed temperature and therefore the 3D printing system must allow a 

complete control of the printing parameters for each composition.  

 

Figure 2. 1 Ceramic fused deposition modelling printer of Print3D Solution 

After printing, a green body is obtained, therefore a thermal treatment must be done to remove 

organics and promote sintering of the ceramic structures. This is a very important step as the 3D 

printed ceramics will be applied as catalysts for water decontamination. In the case of titanium 

oxide ceramics, a multistep temperature profile and changes in the atmospheric conditions i.e. 

argon and air, were required to produce high quality ceramics as depicted in Table 2. 1. Usually, 
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inert atmospheres, as argon, are employed during debinding process in order to burn the organic 

compounds in a controlled way. While reducing or oxidant atmospheres, as air, are employed 

during the sintering process depending of the studied material. 

Table 2. 1 Thermal treatments for 3D printed structures via ceramic FDM 

A 

 

B 

 

C 

 

D 

 

E 

 
 

2.1.1.2 Printing parameters 

In the present work, the printing temperature was set in the 180-240°C temperature range. Lower 

temperatures do not guarantee the adequate rheological properties of the softened filament to 

flow through the nozzle and may cause clogging problems. Higher temperatures may also cause 

problems as the viscosity may be too low and therefore not adequate to reproduce correctly the 

geometry of the 3D object. 

As the filament manufacturing process was home-made, the printing flow must be measured for 

each filament used as the diameter may exhibit certain variations and this affects largely the FDM 

3D printing process. To optimize this parameter, 50 mm of the filament were measured and 
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marked. After that, the printer was set to extrude 50 mm. When the extrusion is done, the distance 

between the initial and final point of the process is measured and using equation 2.4., the filling 

percentage is calculated.   

𝑓𝑙𝑜𝑤 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 (%) = 100 +
𝑋 𝑚𝑚∗100

50 𝑚𝑚
                 Equation 2.1 

Regarding other printing parameters, are shown in Table 2. 2. 

Table 2. 2 Printing parameters of the ceramic FDM printer 

Parameters Data 

Nozzle size (mm) 0.4 - 0.6 

Thickness layer (mm) 0.05 – 0.1 – 0.2 

Speed printing (mm/s) 25 – 30 – 40 – 50 – 70 

Shell thickness (mm) 3.5 (fixed) 

Fill density (%) 100 (fixed) 

2.1.1.3 Filament composition 

FDM technology uses filaments of the target material for the printing process. As ceramic 

materials are not commercially available, they must be produced considering several critical 

parameters such as thermoplastic behaviour (filament must soften upon arrival to the extrusion 

printing head), flexibility (storage) and relatively high hardness to ensure the filament pushes the 

mass into the hot zone of the printhead. During this research work, ceramic-loaded filaments were 

produced following the procedure described in 1, therefore some specific details cannot be 

provided. The first step is choosing the raw material, which must be a powder with a relatively 

narrow particle size distribution. Then, a combination of organic compounds is mixed with the 

raw material to generate a green body that can be extruded. During extrusion, the green body is 

introduced and heated into a worm drive at the melting temperature of the mixture, Figure 2. 2. 

As the green body softens, it is pushed towards the nozzle giving rise to a cylindrical shape or 

filament. The diameter of the filament will be determined by the nozzle size. Immediately after 

extrusion, the filament is cooled down to room temperature and wrapped. In a final stage, the 

filament undergoes a drying process in an oven to remove the volatile compounds still present 

after extrusion. 
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Figure 2. 2 Filament extrusion system 

2.1.1.3.1 Ceramic solid load 

In this work, filaments based on titanium oxide powder were considered due to the application 

mentioned in Chapter 1, Section 1.2.3, that is water decontamination. As mentioned above, the 

ceramic powder (TiO2 in this case) must be mixed with an organic binder and other organic 

compounds (e.g. plasticizer, solvent, thermoplastic resin, etc.) in order to ensure adequate 

properties for FDM 3D printing.  

As the organic compounds must be removed after 3D printing, one of the initial main aims is to 

obtain a very high ceramic load to retain the geometries produced upon printing. However, a too 

high ceramic load can be risky, due to the lower flexibility and the plastic deformation 

characteristics of the material are lost, hence the nozzle could clog. In this work, some different 

material loads were used, all of them over 50 wt. % After that, the material is cut into pellets 

(<5mm) and extruded. The extrusion temperature was in the 55-120 °C temperature range using 

1.75 mm nozzles. Finally, the rolled filament is kept into a vacuum desiccator before printing. 

2.1.1.3.2  Pore former 

A thermal treatment must be performed after printing the structures to sinter them. However, as 

sintering takes place, the porosity of the ceramic is reduced which is negative considering the 

potential application in photocatalysis. Therefore, a pore former agent is added to the initial 

mixture, in order to leave a certain degree of porosity after the thermal treatment. In the present 

case, glassy carbon microspheres were used. Thus, from this point on, two inorganic powders 

compound the mixture. Some different compositions were tested, modifying weight percentage of 

powder and changing the ratio TiO2 – Cspheres, Table 2. 3.  
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Table 2. 3 Compositional ratio of the mixture to the solid components 

Inorganic powder wt. % Ceramic : Pore former 

70 80 : 20 

70 70 : 30 

75 80 : 20 

82 80 : 20 

2.1.2 Ceramic Binder Jetting (BJ) printing 

In this section, the commercial ceramic BJ system will be specifically described in addition to the 

material used and the printing parameters.  

2.1.2.1  Printer 

The binder jetting printer used in this thesis is a Project CJP 360 from 3D Systems. This 

commercial printer allows faster printings than other technologies, making a 3D structure in 

hours instead of days. Another advantage is the low cost due to elimination of waste and reduction 

of the processing time because supports are not necessary during printing, as a consequence of 

the power bed-based method previously described in Chapter 1.  

The printer is divided in two different chambers, Figure 2. 3: printing chamber and cleaning 

chamber. The first is constituted by the building platform, raw material tank, a roller with binder 

extrusion head and the vacuum system. The second chamber consists of a perforated platform 

and a compressed air system to blow the excess powder from the printed structures. That powder 

goes through holes on the platform and is collected to be used as raw material for future work.  

 

Figure 2. 3 Ceramic Binder Jetting printer of 3D System a) Printing chamber b) Cleaning chamber  
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2.1.2.2  Printing parameters 

The BJ printer does not allow controlled changes in the printing parameters and the user may 

select the final resolution by choosing the process to be fine, medium or low. Each option implies 

an automatic adjustment of the printing parameters. Table 2. 4 shows some of the printing 

parameters of the system.  

Table 2. 4 Printing parameters of binder jetting printer 

Parameters Data 

XY accuracy (mm) 0.15 

Min. layer thickness (mm) 0.089 ‒ 0.102 

Max. Speed printing (layer/min) 2 ‒ 4 

2.1.2.3  Material 

Regarding materials, the company offers a range of printable materials, for example, ceramic 

materials, VisiJet® PXL™ Core™, but their detailed composition is not specified. On suspicion a 

thermogravimetric analysis study (TGA) using equipment describe in this chapter, Section 2.2.3.  

The analysis was performed under flowing oxygen using temperature rates of 2°C/min between 

25-300°C, and 10°C/min between 300-1100°C. The results confirmed that the powder was CaSO4 

as X-Ray diffraction suggested.   

The aim is to use this ceramic material, CaSO4, as support for photocatalysis applications. In this 

situation, the digital design is uploaded to the printer software, the printer starts to print the 

object layer by layer until producing the 3D object. After printing, it is necessary to wait for 2 

hours to let the binder consolidate the ceramic powder particles. Finally, the object can be 

extracted and cleaned.  

2.1.2.4  Functionalization printed substrates with TiO2 

As the so-fabricated monoliths will be used in water decontamination, they must be mechanically 

stable in this media. However, this is not the case. None of the 3D printed monoliths of calcium 

sulphate show any catalytic activity due to their chemical composition. Thus, it is necessary to 

carry out the functionalization of the monoliths to achieve catalytic activity and a better 

mechanical strength too. To achieve this, functionalization with titanium oxide was studied 

employing different methods, including (i) dip coating in TiO2-ethanol dispersions and Ludox® 

TiO2 solutions, (ii) spraying of ethanolic TiO2 suspensions and (iii) in situ TiO2 synthesis.  

Regarding the dip coating method, two processes were carried out. On one hand, Ludox® 

treatment under vacuum was carried out to provide greater resistance to the supports. Then, they 
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were dried at 600 °C for 2 hours. Next, the monoliths were dipped on a Ludox®, Triton X and TiO2 

solution and finally, they were dried at 70 °C for 1 hour and fired at 300 °C for 2 hours. On the 

other hand, dip coating in TiO2 ethanolic solution was made under vacuum too and then dried at 

80 °C for 24 hours. Concerning spraying, the same TiO2 ethanolic solution was used. Finally, in situ 

synthesis of the catalyst onto the supports was carried out by immersing the monoliths into TiCl4 

under vacuum to guarantee the solution getting into the porous structure. Next, hydrolysis is 

made using distilled water, and finally drying at 80°C for 1 hour and firing at 150 °C for 2 hours. 

The overall process may be summarised in Equation 2.2: 

𝑇𝑖𝐶𝑙4𝑎𝑞. + 2 𝐻2𝑂𝑎𝑞. → 𝑇𝑖𝑂2𝑠𝑜𝑙. + 4 𝐻𝐶𝑙𝑔            Equation 2.2 

Different results were obtained, and the optimum method was employed to measure their 

photocatalytic activity as discussed in Chapter 3. 

2.1.3   Ceramic stereolithography (SLA) printing 

Stereolithography was the first technique developed in the rapid prototyping field four decades 

ago,2–5 therefore it is one of the most developed techniques. Ceramic stereolithography and digital 

light processing have been developed lately, although most of the studies are focused on structural 

ceramics and not so much in advanced ceramics. Ceramic processing via SLA or DLP is based on 

the addition of ceramic powders to a photosensitive resin, causing important changes in the 

rheology of the slurry and stability becomes a key issue. Moreover, the effect of ceramic particles 

causing light scattering and hence modifying crucial printing parameters implies a very important 

research effort towards optimisation. Consequently, conventional printers must be modified to 

operate correctly under the constraints imposed by these ceramic-based photosensitive slurries. 

In the context of this thesis, two different resin-based 3D printers were used. On one hand, a digital 

light process prototype printer and on the other hand, a stereolithography commercial printer. 

Both will be presented in the next sections.  

2.1.3.1  Printer 

The commercial stereolithography system is a CERAMAKER printer by 3D CERAM operating at 

IREC, Barcelona (Catalonia Institute for Energy Research), Figure 2. 4.  

The light source is a laser that cures point by point, so the resolution will be better than DLP, 

however a disadvantage is that the printing process will be slower. The building process is not the 

commonly used in stereolithography and in this case is top down, which means that the laser 

passes over the building platform and cures each layer while the platform descends after curing. 

That is due to the viscosity of the slurry, which prevents from using bottom up. 
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Figure 2. 4 SLA commercial printer Made by 3D Ceram located at IREC.  

This printer has a doctor blade system, Figure 2. 5.  that must be calibrated with micrometres tapes 

to fix the height of the sample layer to be deposited. There are two blades, Figure 2. 5 (c), one to 

pull the slurry and the other to smooth the slurry and remove the excess. They are adjusted at 150 

µm and another at 50 µm respectively.  When the printing process starts, the blades sweep the 

slurry along one direction to deposit it into the platform and sweep a second time in order to 

define the thickness. Next, the laser starts to cure the profile of the layer design. Then, the 

platform, Figure 2. 5 (b), goes down and the process is repeated until finishing the 3D object. It is 

important to have a good attachment/adherence of the cured layer with the platform to avoid 

being pulled by the blades in the following stages. To achieve this, a magnet tape is put on the 

aluminium platform to facilitate removal of 3D printed object, and on top of it, an adhesive paper 

is placed to obtain a perfect attachment.  

 

Figure 2. 5 Doctor Blade of the SLA printer a) Paste deposit b) Printing platform c) Blades 

The manufacturer gives some recommendations to print successfully, such is the design of 

supports. Despite the slurry shows very high viscosity, the design must include supports to ensure 

adherence to the printing platform and avoid deformation during printing.  
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It should be noted that the surface is sometimes too small to be self-supported, and the friction 

force caused by the blades will remove the cured part modifying the rest of process. Supports can 

be very difficult to make, but sometimes it is enough with a grip layer to promote the bonding with 

the building plate. Also, they advise that scrapping tests must be done before printing, to verify 

the laser intensity and securing that the blade system is working correctly.   

When the printing process is finished, the platform is completely covered with excess slurry, 

Figure 2. 6. Removing samples from the platform is a meticulous process, and care must be taken 

to avoid breaking them down. With a brush and a spatula, excess slurry can be removed. Then, the 

resulting pieces are dipped into a cleaning solution (given by the company) under stirring. Finally, 

clean structures are introduced into the furnace for debinding and sintering thermal treatments.  

 

Figure 2. 6 Printing platform when the printing has finished 

One of the goals of this thesis is to compare the electrolytes obtained with this printer 6 with the 

electrolytes made via the DLP7 prototype printer explained below and conventionally fabricated 

electrolytes. 

2.1.3.2  Printing parameters 

The selected printing parameters are shown in the following Table 2. 5. Regarding the laser, the 

intensity must be confirmed before printing. Therefore, a polymerization test is made before 

printing to ensure that the UV light cures a determined thickness layer. 

Table 2. 5 Printing parameters of the Ceramaker printer to print 8 YSZ electrolytes 

Parameters Data 

Laser wavelength (nm) 355 

Intensity laser (%) 93 

Blade 1 height (paste deposition) (µm) 200 

Blade 2 height [thickness layer] (µm) 100 

Thickness layer printed (µm) 100 

Speed rastering (mm/s) 5000 
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2.1.3.3  Commercial material 

This system can print a range of materials, including alumina [Al2O3], zirconia [3 & 8% YSZ], 

hydroxyapatite [HA; Ca5(PO4)3(OH)], tricalcium phosphate [TCP; Ca3(PO4)2], etc. In this work, 8% 

mol YSZ (⁓40% vol. ceramic load) was chosen to fabricate SOFC electrolytes.  

An important consideration is that the type of paste must be defined in the software before 

printing, as the sintering contraction in the three axes is already known and is considered when 

creating the model. Hence, the structures will be increased by this factor in order to get the correct 

dimensions after the thermal treatments. 

Due to the intellectual property of the company, debinding and sintering process cannot be 

described in detail. Debinding for 8 YSZ was made at 1150°C (in total ⁓ 72 h.) and sintering at 

1450°C (in total ⁓ 17 h.), both in air. 

2.1.3.4  Functionalization of electrolytes with electrodes 

Three dimensional printed 8-YSZ electrolytes by SLA and DLP require electrode deposition for 

testing in either symmetrical or complete cells. Symmetrical cells are those using the same 

material as anode and cathode, whereas a complete cell uses different anode and cathode 

materials.  

As the electrolyte has been made by 3D printing and one of the goals is to compare the resulting 

properties with the state-of-the-art processing technologies, it is necessary to measure the 

electrochemical performance. A rather simple and common preliminary test can be performed by 

attaching the same electrode on both faces of the electrolyte to produce a symmetrical cell.  

First, a YSZ roughness layer (RL) was sprayed on both electrolyte sides to improve the electrode 

attachment and avoid cracking after thermal treatment due to the different thermal expansion 

coefficients of the electrolyte and the electrodes. To achieve this, a YSZ suspension was prepared 

as described in Table 2. 6, under stirring for 12 hours. Then, a spray-coater by Print3D Solutions 

was used to deposit the roughness layer, followed by a thermal treatment at 1150°C for 1 hour.  

Table 2. 6 Roughness layer solution composition 

Material wt. % 

8 YSZ 90.83 

PVP (Polyvinylpyrrolidone) 0.09 

Ethanol 9.08 

Regarding the electrodes, they were painted in order to achieve a thickness of 35 µm at least using 

the compositions and thermal treatments indicated in Table 2. 7. As the cathode deposition must 
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be optimised, a range of temperatures were tested to determine which gives the best conductivity, 

lowest resistance and best area specific resistance (ASR). Finally, a gold ink, was painted on top of 

the electrodes and fired at 800 °C for 1 hour. The schematic representation of the so-fabricated 

cells made can be observed in Figure 2. 7. 

With these cell configurations, it is possible to study important parameters such as conductivity, 

polarization resistances (Rs and Rp), area specific resistance (ASR) and cell performance. For 

symmetric cells, an oxidising atmosphere was used and for the complete cells, both oxidizing and 

reducing atmosphere were employed in separate chambers (anode and cathode chamber). In all 

experiments, a gold layer was deposited on both sides to act as current collector. 

Table 2. 7 Composition inks for electrodes and current collector 

Ink 
Composition 

(wt. %) 
Solid load 

(wt. %) 
Temperature 

(°C) 
Time 

(h) 

LSM – YSZ  50 – 50 60 – 70 
1100 
1150 
1200 

3 

Au 100 ≥ 70 800 1 

 

 

Figure 2. 7 Schematic composition for a cathodic symmetric SOFC 

2.1.4  Ceramic digital light processing (DLP) 

In this section, ceramic digital light processing (DLP) system will be specifically described, 

providing details of the components used and the printing parameters.  

This technique shares the same basis and issues that ceramic SLA. Consequently, the main goal is 

to achieve the highest ceramic loading in the slurry, solving the typical issues mentioned in the 

previous section.  

2.1.4.1 Printer 

The prototype DLP printer was designed and fabricated in collaboration between University of La 

Laguna, University of Castilla-La Mancha and Print3D Solutions.  It was called Spid3R since it 
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physically looks like a spider. The system is divided in two fundamental parts: light source and 

the printer itself. The light source is a commercial projector, 1080p Acer H6510BD DLP Projector 

located over the printer, Figure 2. 8. It has a high-pressured mercury discharge lamp with tungsten 

electrodes (Osram P-VIP lamp), with a rated power of 210 Watts and wavelength of 380 nm (UV-

Visible), so the lamp power pulse on a specific colour improves the brightness as the colour wheel 

spins inside the projector.   

Regarding the printer, it is a methacrylate frame with four adjustable legs, which contains the 

main components of the printer such as building platform, slurry vat, axis motors, information 

screen, electronic board and power supply, Figure 2. 9. Firstly, the tank must be filled with the 

photosensitive slurry and closed to avoid exposure to ambient light. Then, when the printing 

process starts, the xz axes go to the origin reference position. The slurry deposit/doctor blade 

moves along the printer (x axis) placing the first layer of slurry with a controlled thickness. Once 

deposited, a specific mask is projected solidifying the mixture. The second layer is made when the 

building platform descends (z axis) and deposits the slurry again. The process is repeated until all 

layers have been deposited and subsequently cured.  

 

Figure 2. 8 SPID3R, digital design of the DLP prototype printer 
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Figure 2. 9 SPID3R DLP Printer a) Slurry deposit b) Building platform c) Screen information d) X axis 

e) Z axis f) Arduino board 

One of the most interesting features of the Spid3r printing system is the modularity and therefore 

it is possible to modify parts, fabricate them by FDM and repair them when necessary. Indeed, the 

digital design of the vat may be modified, hence the width and length of slot may be changed, 

Figure 2. 10, depending on the amount of material or geometry of the printing platform. Similarly, 

the platform design can be adapted to ease the printing, structure removal and cleaning processes. 

Diverse designs (flat surface, scratched, square patterns) and materials such as PLA, ABS or 

aluminium were used, Figure 2. 11.  

 

Figure 2. 10 Digital design for slurry deposit of SPID3R 

 

Figure 2. 11 Different types of platforms for SPID3R printer 
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2.1.4.2 Printing parameters 

Some aspects must be considered when operating with this printer. Essentially, the thickness and 

quality of the slurry layer deposited will depend on (i) deposit travel speed (x axis), (ii) deposit 

slot size, (iii) building platform initial height, (iv) thickness layer fixed in the software and (v) 

slurry viscosity. During the entire process, the scan speed and slot size were not changed. 

A common issue with this machine is achieving a good attachment between the first printed layer 

and the platform and also to ensure that the layers show good adherence between them. If not, 

the layers will move with every pass of the deposit, giving rise to the formation of bubbles. For 

this reason, it is necessary to study the curing depth to select correctly the layer thickness in the 

printer software.8 

Consequently, it is essential to optimize the printing parameters and, as occurs in all 3D printing 

technologies to produce ceramic materials, a thermal treatment must be carried out in the green 

body to remove the organics and complete sintering.  However, if any problem related to curing 

happens, the final body may show defects such as cracks, delamination, etc, after processing.  

2.1.4.2.1 Curing parameters: time and depth 

As previously described, DLP and SLA of ceramics require photosensitive resins 

containing a high load of inorganic solid (typically > 60%) as otherwise, the 

structure/microstructure may collapse partially or totally after debinding and sintering, 

thus affecting the final properties. 

A low content of organics will (i) help to avoid crack formation during the debinding process, 

Figure 2. 12, (ii) and will facilitate the production of dense (pore free) ceramic structures too.9  

 

Figure 2. 12 Debinding process (adapted from reference 9) 
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However, as photopolymerization depends on UV light interacting with the resin 

monomers, the presence of ceramic particles has a very large impact on light scattering, 

Figure 2. 13, which in turn is related to the quality of the printing process/resolution. 

Thus, monitoring the ceramic particles via their refractive index, could be helpful to 

control the curing process. In summary, the curing process depends on the absorption 

and curing properties of the monomer solution as well as the scattering due to the ceramic 

particles.10  

Scattering describes the interaction between light, the ceramic particles and the liquids organic 

compounds. This process could be explained by Mie scattering theory which describes 

the scattering of an electromagnetic plane wave by a homogeneous sphere, Section 2.2.4. 

However, this is not valid for the rather complex situation found in a typical highly loaded ceramic 

suspension. Ideally, the refractive index of the solution matched the refractive index of the 

powder, hence the solution reduces refraction effects. However, most of times this is not possible 

because ceramic materials have refractive indexes larger than organic liquids. For this reason, in  

this work the role of the curing process according to the viscosity of the slurry (mass fraction of 

ceramic powder in the suspension) has been studied, which will be related to the amount of 

dispersant added as described in the next sections.11   

 

Figure 2. 13 Scattering process between ceramic particles and organic liquid 11 

Regarding the curing process, there are two crucial parameters that must be under control:  curing 

time and curing depth, and both are correlated.12  The higher the curing time, the larger the curing 

depth will be. In addition, depending on the curing time, the process will be faster or slower. But 

also, it affects to achieve a good adherence between layers, which is called formability.13  

https://en.wikipedia.org/wiki/Scattering
https://en.wikipedia.org/wiki/Sphere
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The problem is particularly relevant in highly loaded slurries, as light scattering will affect the 

penetration distance of the light in the mixture, and this, in turn, will decrease the curing depth.  

Nonetheless, depth curing can be approximately calculated by the following equations:14 

𝐷𝑐𝑢𝑟𝑖𝑛𝑔 ≈ [
𝑑

𝑄
] (

1

𝜙
) 𝑙𝑛 [

𝐼0

𝐼𝑐𝑢𝑟𝑒
]                        Equation 2.3 

 𝑄 =  [
Δ𝑛

𝑛0
]

2
(

𝑑

𝜆
)

2
                       Equation 2.4 

− d: particle size 

− I0: incident intensity light 

− Icure: minimum intensity required for photocuring (given by photo-initiator)  

− ϕ: volume fraction of ceramic 

− Q: efficiency factor for extinction coefficient for ceramic-resin system 

− Δn: refractive index between ceramic and resin  

− n0: refractive index curable resin 

− λ: wavelength  

As shown in Equation 2.3, the curing depth is strongly related with a lot of parameters. In this 

work the volume fraction of ceramic, ceramic and resin refractive indexes and wavelength are 

parameters that will not change, as the volume fraction of ceramic will be fixed, and the 

compounds and the light source will always be the same.  

In the present work, DLP 3D Printing will be carried out using a commercial DLP projector, which 

uses UV lamps that do not guarantee the same intensity during their lifetime. Thus, as the intensity 

projector lamp may be altered with time, and the intensity of the lamp cannot be modified 

manually, depth curing tests will be carried out to correlate it with the exposure time. 

To determinate the optimum conditions for the photopolymerization of the ceramic slurries, two 

different masks were used, i.e. a rectangular mask for curing depth and an arrow for curing time, 

Figure 2.14. In both cases, the slurry was exposed to 3, 5, 7.5, 10, 13 and 15 seconds curing a single 

layer in order to monitor resolution differences.  

 

Figure 2. 14 a) Rectangular mask used to curing depth, b) Arrows mask used to curing time 
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2.1.4.2.2 Light dispersion and resolution 

As discussed above, scattering directly affects the resolution in the printing process. However, in 

addition to high resolution, a good adherence between layers is necessary. For this reason, the 

best curing time is chosen in the z axis resolution (thickness layer) rather than in the x-y axes. 

Light dispersion was evaluated by printing a symmetrical geometry, i.e. a cube and the thickness 

layer is measured in the 4 faces of the cube along the z-direction.  If the thickness is the same in 

all the faces, then there is no dispersion, although this is a very common issue in DLP technology. 

Thus, by knowing this issue future designs could be controlled. The chosen curing time was 

several seconds per layer as discussed in Chapter 5.  

2.1.4.2.3 Slurry composition 

In this subsection, the preparation of the YSZ slurries for DLP-3D Printing of SOFC electrolytes 

will be described.  

DLP uses a photosensitive slurry as starting material which polymerises/solidifies upon 

interaction with UV light. As there are not commercially available YSZ-based inks for DLP Printing, 

an adequate slurry must be developed and will include the next main ingredients: monomer resin, 

photo-initiator, solvent, dispersant and ceramic powders. Also, a commercial resin that directly 

contains the photo-initiator can be used.  In all cases, the ratio of the slurry components, the 

procedure and the printing parameters must be optimized. 

During the preparation of the slurry, all compounds are mixed and, finally, the paste is left still for 

15 minutes to remove bubbles. Sometimes an ultra-sonic bath is used to facilitate this process. A 

Thinky ARE-250 planetary was used to mix the compounds. Firstly, liquid substances were added 

to the tank of the planetary mixer, then the powders were added and finally they were mixed at 

2000 rpm for 30 minutes.   

2.1.4.2.3.1 Resin 

Some different commercial resins were used as the basis of the slurry, including Clear Resin 

(FSL3D), Black, Red and un-pigmented Resin (Standard Bled). All these resins already contain 

photoinitiator. In addition, a home-made resin based on a monomer (polyethylene glycol 

diacrylate, PEGDA), a photo-initiator (Irgacure 819 or Sudan I) and a solvent (as ethanol) was 

studied.  

Once resin is made, the curing times are studied in order to choose the best option to ensure a 

good final resolution and a good attachment between cured layers.  
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2.1.4.2.3.2 Dispersant 

The resin used in SLA or DLP technologies should have a viscosity preferably below 3000 mPa*s, 

to make easier the recoating of a fresh new resin layer after each successive printed layer.15 

However, nowadays it is still a challenge due to the high ceramic loads necessary for some 

applications.   

Usually, more than 50wt. % of ceramic powder suspended is demanded to get this goal. For this 

reason, it is very important the dispersant role in DLP slurries, to prevent sedimentation, particles 

agglomeration and helping to keep the slurry homogeneous. The slurry viscosity can be calculated 

by the next equation:14  

𝜂 = 𝜂0 (1 −
𝛽𝜙

𝜙𝑜
)

−2,5𝜙0

    Equation 2.5 

− ϕo: volume fraction solids at maximum packing 

− η0=viscosity of resin 

− βϕ: effective volume fraction of the suspended solid 

A good dispersion has always an important role as the interactions between compounds allow 

incorporating high ceramic loadings. Two different processes may be adopted: (i) use of a 

dispersant or gelling agent (ii) amplify the inter-particles interactions.  

Regarding the first strategy, the dispersant role is based on solid particles interaction with the 

solvent. Inter-particle electrostatic interactions come from the distribution of charges around the 

particle and understanding how they occur is essential to comprehend the colloidal stability. 

Depending on the functional groups on the surface of the particle, there will be some specific 

interactions between the liquid and the solid when the particle is submerged into a liquid. 

Depending on these charges, there may appear interactions between particles, causing attraction 

among them. These interactions could be supressed by steric stabilization, using large molecules 

(of the dispersants) that difficult the interactions between particles via sterically repulsion.16 If 

the steric stabilization combines with the charges around the particles, it is an electrosteric 

stabilization, Figure 2.15.  
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Figure 2. 15 a) Steric stabilization b) Electrostatic stabilization c) Electrosteric stabilization 

In this work, TritonTM X-100 (t-Octylphenoxypolyethoxyethanol) dispersant was used. It is a non-

ionic surfactant which has a hydrophobic (tail) and hydrophilic parts. In this case, the head group 

has no charge, for this reason is called non-ionic. Thus, it coincides with Figure 2.15 (a). 

Specifically, in this thesis fine ceramic powder were used, so for this reason, different amounts of 

TritonTM X-100 dispersant were tested (0, 0.5, 1.0, 1.5, 2.0, 2.5, 2.85, 3.0 wt. %) to study the particle 

size distribution to predict if there are or not particles agglomeration. The goal is the production 

of a 70wt. % 8 YSZ slurry.  

2.1.4.2.3.3 Ceramic powders 

In this work, YSZ 8% mol (TOSOH and Kceracell) powder to produce the 3D-printed electrolytes. 

Their properties are shown in Table 2. 8.  As mentioned in chapter before, this is the state-of-the-

art electrolyte material for SOFCs.  

Table 2. 8 Theoretical data of YSZ commercial powders 17,18 

Material Parameters Data 

8 YSZ 
(Kceracell) 

Specific Surface area [SBET] (m2/g) 14.636 

Particle Size Distribution (PSD) (µm) 0.1870 

Composition (Y2O3)0.08(ZrO2)0.92 

Debinding procedure removes most of organic compound, while sintering results in the powder 

particles (YSZ) compacting via interdiffusion. The optimized process employed in this work is 

shown in Table 2. 9.  
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Table 2. 9 Debinding and Sintering program for printed electrolytes obtained in SPID3R printer 

Debinding  (5% H2-Ar) Sintering  (airtight) 

  

2.1.4.4 Functionalization of electrolytes with electrodes 

The same procedure described in Section 2.1.3.4 was carried out.  

2.1.5  Ceramic robocasting 

Robocasting, or direct ink printing, is the last method used for ceramic materials in this thesis. 

Among the advantages of this system, it could be highlighted that it is possible to print a pattern 

avoiding material waste, the potential use of high solid load and even multi-material printing. 

Although that printer is fundamentally focused to biomaterial printing, it is also convenient for 

thick electrodes deposition with customized geometries for SOFCs. Thus, the slurry optimization 

allowed taking advantage of this printer for the production of LSM-YSZ electrodes. 

2.1.5.1 Printer 

In this case a commercial printer, BioX Cellink was selected, Figure 2. 16. There are a lot of models 

of Cellink brand. BioX model have some advantages with reference to its specifications. The 

maximum pressure that can achieve is 200 kPa, a resolution of 1 µm and the temperature at the 

cartridge and printing bed can be modified up to 250°C for the printhead and between 7°C and 

60°C for the platform. Another advantage is the multi-head printing, in this case three different 

cartridge can be used helping to implement multi-material printing. 

The printer works with a pump that applies a precise pressure in the cartridge (a syringe) to 

extrude the mixture through the needle. The nozzle will be selected depending on the viscosity 

and the target resolution, so if the slurry is viscous and the needle is thin, the pressure would be 

greater. However, there is a limit, if the viscosity is very high, the material cannot be extruded in 

spite of the applied pressure.  

The most important aspect in this method is controlling the printability, i.e. the capability of paste 

extrusion while maintaining the shape once printed. This concept is strongly correlated with paste 

rheology, being the goal to achieve a balance between viscosity, gravity and surface tension.  
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Consequently, in this thesis, the study will be dedicated to develop ceramic pastes (LSM-YSZ) for 

3D printable SOFCs electrodes. To achieve this, some parameters were studied: ceramic load 

charge, achieve a good gelling mechanism using different methods and optimization of the 

printing parameters such as needle size, pressure, speed printing and filling percentage. 

 

Figure 2. 16 Robocasting BioX Cellink printer 

2.1.5.2 Printing parameters 

The printing parameters studied in this work in order to extrude different slurries are shown in 

Table 2. 10. 

Table 2. 10 Robocasting printing parameters 

Parameters Data 

Pressure (kPa) 5; 20; 30; 40; 45; 50; 70  

Filled (%) 60; 80; 90; 100 

Speed printing (mm/s) 10; 15; 20 

Initial high (mm) 0.4 

2.1.5.3 Slurry composition 

As described in Chapter 1, robocasting is a 3D direct ink printing technique, where the machine is 

fed with inks. Inks undergo stress inside the nozzle due to the syringe piston or plunger, causing 

modifications in the ink viscosity down through the barrel.18,19 For this reason, adequate 

rheological and shear-thinning properties of the ink are required to produce good quality 3D 

printing structures such as (i) easy and quick solidification, (ii) easy flow through thinner nozzles, 

(iii) specific viscosity allowing mechanical stability after extrusion, (iv) can recover elasticity to 

avoid the collapse of the 3D structure, (v) have a high solid load to prevent deformation after 

drying (vi) and must be cured without difficulties by thermal or UV-light application.20  
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In this work, robocasting is used as an attractive technique for fabrication of ceramic electrodes 

for SOFCs.  

2.1.5.3.1 Ceramic powders 

As mentioned above, the manufacturing process to produce ceramic slurries for electrodes via 

robocasting will be described. All ceramic powders must be well-dispersed in an aqueous solution 

and then the suspension is left to dry at room temperature until water evaporates to avoid crack 

formation.  Nevertheless, crack formation may be hindered by using high ceramic loadings, 

around ≥ 40 wt. % and low organics contents, e.g. ≤ 30 wt. %18 

Lanthanum Strontium Manganite (LSM) as-received and LSM calcined at 800°C for 2h. (Kceracell, 

≥ 150 µm), and Yttria-Stabilized Zirconia (YSZ) 8% mol (TOSOH) were employed for three 

different mixtures, pure YSZ, pure LSM and YSZ-LSM (50-50). These mixtures were suggested as 

electrolyte (YSZ) and as cathode (LSM, LSM-YSZ) for SOFCs. Solid loadings higher than 70 wt. % 

were tested.  

Firstly, sedimentation tests were performed to evaluate powder dispersion. The procedure is as 

follows: ceramic powders were added to aqueous solutions and sonicated (200 W, 26 kHz) at 

different basic pH controlled by KOH addition (10-2, 10-3, 10-4, 10-5,  

10-6 M). The suspension was left for 15 minutes in the case of LSM and 2 hours for YSZ slurries 

and the results were evaluated via visual inspection. Besides solid and solvent, a dispersant was 

added which is the key compound in this technique.  

For the printing tests, solvent, dispersant and powders were added and ball-milled for ten minutes 

at 200 rpm. In the case of two powders (LSM-YSZ composites), the addition was stepwise, i.e. first 

ceramic is added and ball-milled, and then the second material is added to the slurry and mixed 

for further ten minutes 

2.1.5.3.2 Solvent 

Some compounds are crucial if a high solid load want to be manufactured, such as appropriate 

solvent, suitable binder, plasticizer, dispersant, and/ or a great flocculant, a specific cross-linker 

and finally a possible catalyst and initiator to cure after printing, which will be specified later.  

The use of some compounds or others will depend on the type of dispersion desired. When a high 

ceramic load is made, solvent easily evaporates. If there is a high amount of solvent it is necessary 

to use a catalyst and an initiator in order to consolidate the slurry after to be extruded, via 

temperature or radiation.  

Regarding the solvent, different types as water and Propylene Glycol (PG) were employed. 
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2.1.5.3.3 Dispersant 

As explained in Section 2.1.4.2.3.2, two different processes may be adopted in order to achieve a 

good dispersion: (i) use of a dispersant or gelling agent (ii) amplify the inter-particles interactions.  

Regarding the first approach, in this work Pluronic F-127 was studied, Figure 2. 17. Pluronic F-

127 is a copolymer of polyethylene oxide (PEO) and polypropylene oxide (PPO) (ratio 2:1), which 

shows relatively low viscosity at low temperatures, whilst is highly viscous at room temperature. 

 

Figure 2. 17 Pluronic structure 

It is usually added in 20 – 30 wt. % to aqueous solutions forming a hydrogel at room temperature. 

But at low temperature it flows.21  Consequently, in this work some different compositions with 

Pluronic were tested. 

Several tests were made changing the dispersant proportion to obtain a printable slurry. The 

slurries tested in the present work are collected in the Robocasting Appendix.  

Regarding the second strategy, an inter-particle interaction study was performed using different 

solvents and dispersants. The slurries developed in this section were made using water or 

propylene glycol as solvents and studying the effects of five different dispersants in the slurry such 

as Dispex® A40 (ammonium salt solution of an acrylic polymer in water) (Ciba-BASF, UK), 

Darvan® (an ammonium polymethacrylate solution) (R.T. Vanderbilt), Dolapix CE64 

(C4H6O2NH4+) (Zschimmer & Schwarz), Polyethylene glycol (PEG) (Aldrich), and Pluronic F-127 

((C3H6O·C2H4O)x) (Sigma Aldrich). PEG and Pluronic to achieve a stabilization mechanism steric. 

In the case of Dispex®, Darvan® and Dolapix, steric stabilization was studied, Figure 2.15.  

2.1.5.3.4 Monomer and initiator 

When a good slurry was obtained with a specific viscosity to be extruded by the syringe nozzle, 

acrylamide (Am) as main monomer, N-N’-Methylenebisacrylamide (BisA) as crosslinker and 

sodium persulfate (Na2S2O8) as initiator and tetramethylethylenediamine (TEMED) were added 

in order to print a 3D structure. These two last compounds are the key to cure the slurry using 

temperatures ≈ 40°C. Chemical mechanism is initiated by sodium persulfate followed by TEMED 

in order to solidify acrylamide monomer.23 All of them were studied at different proportions in 

order to achieve a good slurry, with a fast solvent evaporation, leaving a rigid object after printing 
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and easily printable and avoiding nozzle stuck during printing process.  The results will be 

discussed in detail in Appendix 7. 

2.1.5.3.4 Pore former 

Finally, pore former was added too, to increase structure porosity after thermal treatment. 

Graphite with diameter > 1 μm was employed with this purpose adding increasing amount of it: 

8.7, 10.7, 12.6, 14.4 and 16.1 wt. % in the slurry. 

2.1.5.4 Thermal treatment 

The debinding and sintering process were proposed in the same program, going until 600ºC with 

a low rate. Then, sintering was got at 1100ºC for 6h. 

 

Figure 2. 18 Thermal treatment for LSM structures printed with robocasting technique 

2.2   Structural characterization 

The techniques used along this thesis will be describe below, specifying for what purpose have 

been applied.  

2.2.1   Scanning electron microscopy 

Scanning electron microscopy (SEM) in one of the most popular techniques used for 

microstructural characterization of thin and microstructures samples, due to the high-resolution 

images that can be obtained from any specimen in a rather quick and simple process.  

In SEM, the surface of the samples is scanned with an electron beam and the result of this 

interaction produces surface images. Electrons can be generated via current or a field, by using a 

thermionic emission source or a field emission source, respectively. Then the electrons go through 

condenser and objective lenses that accelerate and focus the beam electrons to a spot. Next, the 

sample interacts with the electron beam, giving rise to energy exchanges, which results in the 

reflection of high-energy electrons, emission on secondary electrons or/and emission of 

electromagnetic radiation, Figure 2. 19, where each signal is recognized by particular detector. 
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Depending of the signal and the detector there are some types of images, which are usually 

recorded from Secondary Electrons (SE). The number of emitted SE depends of the incident angle, 

for example in the borders more secondary electrons are emitted, so the image will be brighter 

than in a plane surface, which yields high definition, producing topography information. In the 

case of backscattered electrons (BSE) being used, the image contrast depends on the chemical 

composition, allowing the identification of areas with various compositions. Lastly, the 

electromagnetic radiation (both X-Rays and visible light) generated upon interaction with the 

beam may be used for elemental analysis (X-Ray) or may cause fluorescence (visible light).23–25 

In this thesis different SEM models were employed in various institutions, including Jeol JSM 

6300 (SEGAI, ULL), Jeol JSM 6490 LV (UCLM) and Zeiss Auriga (IREC). SEM was used to analyse 

the morphology, density and porosity of printed devices (electrolytes, electrodes, catalyst and 

supports). SEM was also used to measure the cross-section thickness of these devices and to check 

the resolution of the printed pieces.  

 

Figure 2. 19 Electron process when beam electrons inside in the sample 

2.2.2   X-Ray Diffraction 

X-Ray diffraction (XDR) is a technique used to study and analyse sample composition and to 

identify crystalline phase of materials. The principle of this technique is based on the sample 

exposure to X-Rays. The sample atomic nuclei diffracts the radiation with particular direction and 

intensities according to Bragg’s Law20  as the wavelength of X-Rays is in the same order of 

magnitude of the atomic radii, Figure 2. 20. Emerging diffracted X-Rays provide information 

regarding position and type of atom. Thus, a pattern characteristic of each crystalline structure is 

produced, which allows resolving the position of atoms in the crystal, the chemical bonds and their 

crystallographic disorder, among other parameters.  
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In this work, this technique played a major role on phase identification of titanium oxide 

structures printed by FDM after thermal treatment. The XRD equipment used were located at 

SEGAI, ULL and UCLM (Panalytical Empyrean). Experiments were carried out with mono-

chromatic copper radiation (Kalpha1= 1.5406 Å) in both cases.  

 

Figure 2. 20 Interaction of X-rays and crystal lattice (adapted from reference 20) 

2.2.3   Thermal gravimetric analysis  

Thermal analysis techniques detect physical and chemical changes of the sample, according to 

temperature and time. These analyses are made by controlling the heating and cooling program 

and the atmosphere, producing a thermal analysis curve (thermogram). 

The most common and used thermal analysis technique is thermogravimetry (TG or TGA), that 

measures the mass variation of the sample when exposed to a thermal treatment, Figure 2. 21.  

The atmosphere must be controlled, and can be inert or oxidising, i.e. nitrogen or air / oxygen 

respectively. While the sample is heated, mass variations are recorded by a highly sensitive 

balance. In this way, any change in the sample information is provided with respect to the 

temperature.26 

In this thesis, TG analysis was employed for the compositional study of commercial powder of 

the 3D System Binder Jetting Printer, in order to ensure that commercial ceramic powder was 

pure and only contained crystallization water molecules. Thus, it was possible to look for a correct 

application of this compound, either as support or catalyst. The TG equipment used was a PYRIS 

Diamond TG/DTA High Temp VA, Perkin Elmer Instruments, located at SEGAI, ULL.  
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Figure 2. 21 Scheme of TG analyser 

2.2.4   Particle Size 

The particle size distribution (PSD) analyser allows to analyse between a range of 20 nm and 2000 

µm. This technique uses a laser diffraction which evaluates the intensity of the scattered light as 

a function of the angle when a laser beam passes through a sample of scattered particles. Thus, 

the angular dispersion intensity data is used to calculate the size distribution model of the 

particles responsible for creating the experimental dispersion pattern, using the Mie theory of 

light scattering, Figure 2. 22.27 The equipment always obtains particle size as the diameter of a 

sphere equivalent in volume. When there is small amount of sample measuring accessory via wet, 

Hydro 2000 SM, is employed. Usually, 400 mg of sample are added to 50 – 150 mL of water, 

approximately, which ensures that no sample is lost during the measurement.  

The main goal of this work was to measure the particle size distribution of slurry for DLP 

printing according with different amount of dispersant added. The PSD analyser used was the 

model Mastersizer 2000, Malvern Instruments, located at SEGAI, ULL.  

 

Figure 2. 22 Scattering process when laser inside on the sample 
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2.2.5   Viscosity 

Viscosity is measured by a rotary rheometer, which can apply force to a sample in different ways. 

The pressure can be controlled, enabling a progressive and continuous shear stress, or the 

performance of controlled oscillation tests. Alternatively, the tension can be controlled, to allow a 

continuous shear strain rate or controlled oscillation. The most appropriate operation mode is in 

a continuous and regular shear mode, either with speed or effort control. That generates 

information to study material behaviour as a function of time and the forces applied, which allows 

the study of the viscoelastic nature of the material.28 

In this thesis, this technique was employed to measure the different viscosity of slurry 

for DLP printing according with different amount of dispersant added. The rheometer 

used was the model CVO-100-901, Malvern Instruments, located at SEGAI, ULL.  

2.2.6   Porosimetry 

Mercury Intrusion Porosimetry (MIP) is a technique used in the characterization of porosity in 

solid materials by applying various levels of pressure on a sample immersed in mercury. The 

pressure required to force the entry of mercury into the porous of the material is inversely 

proportional to the opening of the pores. The data provided is the volume of mercury injected as 

a function of the pressure applied, which indicates some characteristics of the porous space and 

can be correlated with different physical properties of the sample, such as the distribution of pore 

size, total pore volume, area total pore surface, average pore diameter and sample densities.29 In 

addition, the pressure required to get mercury to enter the pores of the sample is inversely 

proportional to their size, that means, when smaller is the pore size higher must be the pressure. 

The pores according to their size are classified as shown in Table 2. 11.  

In this thesis, porous samples are required for heterogeneous catalyst applications. Thus, 

this technique was used to study the porosity of the printed devices such as supports via 

binder jetting and catalyst via FDM MIP equipment used was the model AutoPore IV 9520, 

Micrometics, located at SEGAI, ULL.  

Table 2. 11 Sample classification according pores sizes 

Pore size Radio (nm) Diameter (nm) 

Macro-porous ˃ 25 ˃ 50 

Meso-porous 25 ˃ x ˃ 1 50 ˃ x ˃ 2 

Micro-porous < 1 < 2 
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2.3 Functional characterization of materials and printed parts 

The functional characterization of the printed devices must be done to measure their performance 

and evaluate the impact of the 3D structure.  In the present work, two different tests were carried 

out: a) electrochemical performance of the 3D printed electrolytes fabricated by SLA and DLP and 

b) photocatalytic activity for directly printed catalyst via FDM and impregnated catalyst on 

printed monoliths.  

2.3.1  Performance measurement for SOFCs 

Performance of printed YSZ electrolytes by SLA and DLP must be characterized. One of the most 

important parameters of this type of device is the conductivity and electrocatalytic activity. This 

is a characteristic magnitude of each material. In this case the material is the same (8 YSZ), but 

with a determined geometry conductivity can be measured knowing the electrical resistance to 

the passage of a current, using for that Ohm’s law, Equation 2.6. Where the conductivity is 

inversely proportional to resistance. At the same time, resistivity is directly proportional to the 

sample thickness (L), and inversely proportional to the surface (S) and the resistance (R). 

Therefore, for a sample with a given geometry it is possible to determine the thickness and the 

surface. Thus, by measuring the resistance when current passes through the specimen, the 

conductivity can be calculated.  

Impedance spectroscopy (EIS) is one of the most common technique to measure the electrical 

conductivity of materials as it is possible to separate the different contributions (of the material 

or device) among other applications. This technique applies an alternating current of variable 

frequency and very small amplitude on the sample.  

The potential applied to the sample is given by the Equation 2.7, where Eo is amplitude of the 

applied voltage and ω the variable angular frequency. The current measured through the sample 

is also a function of the frequency, as shown in Equation 2.8, being θ the phase shift between the 

applied potential and the current 

Keeping in mind that the impedance is the resistance of the material under alternating current, 

the impedance can be expressed as in Equation 2.9, hence it can be expressed in terms of real and 

imaginary components. 
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𝜎 =
𝐿

𝑆∗𝑅
           Equation 2.6 

�̃�(𝑡) = 𝐸𝑂𝑒𝑖𝜔𝑡      Equation 2.7 

𝐼(𝑡) = 𝐼𝑂𝑒𝑖(𝜔𝑡+𝜃)     Equation 2.8 

�̃�(𝜔) =
�̃�(𝑡)

𝐼(𝑡)
= |𝑍|𝑒−𝑖𝜃 = |𝑍|𝑐𝑜𝑠 𝜃 − 𝑖|𝑍|𝑠𝑒𝑛 𝜃 = 𝑍′ − 𝑖𝑍′′   Equation 2.9 

𝑅𝐶 =  
1

2∗𝜋𝑓𝑚𝑎𝑥
               Equation 2.10 

The representation of the imaginary term 𝑍′′(𝜔) versus the real term 𝑍′(𝜔) is known as Nyquist 

plot, Figure 2.22. The maximum point of the semicircle is the maximum frequency, which is related 

with the capacitance (Zʹʹ) and the resistances (Zʹ) of the material, Equation 2.10. The experiment 

is carried out in a frequency interval and depending on the relaxation frequencies of the 

electrochemical processes taking place, the response will result in the appearance of different 

semicircles in the impedance spectra. This is a consequence of applying a perturbation on 

polycrystalline materials, hence the conductive species must move through the interior of the 

grains and through the grain borders, and the ion/electron mobility in the grain boundaries is 

different to that from the bulk, etc.  

When analysing the data, it must be noted that the capacitance value (relaxation frequency) of the 

semicircle is related to the electrochemical process going on, Table 2. 12. Processes in the in the 

high frequency range appear in the left side of the Nyquist plot and are typically related to the 

bulk, while processes in the lowest frequency range appear on the right and may be ascribed to 

electrode responses. 

In the case of measuring cells (symmetrical cells and full cells), some info can be extracted out of 

the Nyquist plots. The first intercept (lowest impedance) is usually related to series resistance 

(Rs), which includes the ohmic contributions of the electrolyte and the electronic resistance of the 

electrodes when not negligible. On the other hand, the intercepts in the lower frequency range are 

usually related to parallel resistance (Rp), typically associated to electrode processes.31,32 

Table 2. 12 Classification of processes depending its capacity 

Process Capacity (F) 

Bulk 10-12 

Grain boundary 10-8 - 10-11 

Interface electrolyte/electrode 10-5 - 10-7 

Electrochemical reactions 10-4 
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Figure 2. 23 Scheme of Probostat cell 

In this work, EIS was used to study plain and structured YSZ electrolytes, which were obtained 

by traditional methods, SLA and DLP in order to compare them. To carry out the tests, cylindrical 

electrolytes were made with different thickness and geometries. Also, different cathode fixing 

temperatures were studied.  

These studies were done at IREC and ULL, using in both cases Probostat cells, Figure 2.23, between 

500-900°C, using a frequency of 100mHz – 1MHz and perturbation of 0.05 V. In addition, 

measurements were done using either a Novocontrol (Alpha-A High performance frequency 

analyser) or a Parstat (2273 Advance Electrochemical System) equipment located at IREC. While 

the equipment located at ULL was an Autolab (PGSTAT204) potentiostat / galvanostat. The data 

were analysed in all cases with Z-View software.  

2.3.2  Catalytic Tests 

Photocatalytic tests were carried out in this work due to the potential application of 3D printed 

monoliths in contaminant degradation in water. Spiral-shaped monoliths were printed via FDM 

for direct catalyst production and binder jetting for catalyst support fabrication. In both cases, the 

structure is the same and the catalyst used is TiO2, as previously mentioned. Considering the 

mechanism described in Equations 1. 4 - 1. 11, solar light is necessary to trigger all reactions in 

order to remove the contaminant, methylene blue and ciprofloxacin in the present work.  

The photocatalytic equipment used is home-made setup with the following components,  

Figure 2. 24. 

− Fixed bed reactor: quartz tube (18 cm length and 0,6 cm internal diameter) 

− UV-Vis lamp: high pressure sodium vapor 50 cm away from the reactor (model 400-WG / 

92/2, Philips)  
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− Air extractor system to cooling lamp 

− Parabolic cylindrical light concentrator 

− Thermostatic solution deposit (100 mL) with mercury thermometer 

− Thermostat 

− Magnetic stirring system 

− Peristaltic pump to propel the solution through the circuit system with flow controller 

(model 302 S, Watson Marlow) 

− Air bubbling system which maintain the solution oxygenated  

The 3D printed catalysts were placed in the fixed bed reactor, which is placed at a distance of 50 

cm from the lamp and surrounded by a cylindrical parabolic concentrator capable of 

concentrating the radiation from the lamp (Philips, model 400-WG/92/2). Inside the lamp, the 

discharge tube is filled with sodium amalgam, so that the lamp emits in the UV-Vis, reproducing 

solar radiation. It is also placed in a system with air extraction for cooling. The contaminant 

solution was introduced into the tank. The tank has five entries for (i) thermometer, (ii) entry of 

solution, (iii) exit of solution, (iv) bubbling system accoupling and (v) a free joint to take samples 

to measure.  This tank is based on a double wall cell, so that the temperature can be controlled 

during the experiment. One of the deposit mouths is connected to the peristaltic pump (Watson-

Marlow, model 302S), which absorbs the solution feeding the photoreactor. Another mouth is 

connected to the reactor to receive the solution that has circulated through the circuit, generating 

a continuous flow. Another of the entries has a thermometer inserted to control that the 

temperature remains constant throughout the experience. The fourth hole is linked to an air 

bubbling system, which comes from a gas scrubber bottle where the air is saturated in water. This 

ensures that system remains closed, preventing losses due to evaporation. It also ensures that the 

solution remains oxygenated, which is necessary for contaminant photochemical degradation. 

The amount of hydroxyl radicals responsible for the oxidation process will increase in presence 

of O2. The last entry remains closed with a lid, except when necessary for taking an aliquot. Finally, 

it should be pointed out that the solution is under stirring to homogenize in the tank and avoiding 

concentration gradients when a piece of sample is taken.29 
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Figure 2. 24 Photocatalytic system 33 
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3.1 Monolith Architecture 

As discussed in previous chapters, one of the highlights of 3D printing techniques is the possibility 

of improving the performance of different devices by the control of materials microstructure 

allowing the fabrication of complex architectures that could not be obtained using traditional 

manufacturing processes. 

On the other hand, catalytic processes largely depend on the active area and therefore catalysts 

are designed to enhance the contact with reagents, while taking into consideration parameters 

such is the reactor geometry. Consequently, 3D printing technologies may find a niche of 

applications to take advantage of non-conventional geometries to boost the overall performance 

as previously discussed. In this work, photo-catalysis is used to remove emerging contaminants 

in water, as mentioned in Chapter 1, Section 1.2.3, following previous work in this field of the 

research team.1–3  

Several different designs were considered in order to manufacture these devices, Figure 3. 1. 

However, in this thesis, the design of the catalyst is conditioned by the catalytic reactor, which is 

a 10 cm long quartz tube with 6 mm of internal diameter. Consequently, the designs collected in 

Figure 3. 1 are not compatible and other geometries must be explored.  

 

Figure 3. 1 Different digital designs for catalyst supports  

As the catalyst was in a fixed-bed rector, the solution containing contaminants must pass through 

the sample, hence it was necessary using an adequate design of the catalyst that could facilitate 

the flow of the solution. Thus, the chosen design was a spiral that facilitated the flow of methylene 

blue solution on the system counteracting the effect of gravity inside the reactor.4 In addition, the 

spiral geometry allows a more efficient irradiation of the fluid while passing through the catalyst 

into the reactor.  
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Considering all the above in addition to the dimensions of the quartz tube reactor, the resulting 

design is a 40 mm long and 6 mm wide spiral, Figure 3. 2, whose CAD model was carried out on 

Thinkercad, a free online tool for 3D modelling.5 After completed, the stl file was downloaded for 

printing.  

 

Figure 3. 2 Spiral designs of the catalyst and its dimensions expressed in millimetres 

3.2 Binder Jetting Process 

The specific objective of this chapter is to use binder jetting (BJ) printing for the fabrication of the 

catalyst supports. BJ technique offers potential advantages compared to other ceramic 3D printing 

techniques, for example, the use of the powder as raw material, which is simpler to handle than 

ceramic slurries for SLA or DLP or ceramic filaments for FDM. This is a key issue and explains why 

BJ is the 3D manufacturing technique with the largest catalogue of ceramics commercially 

available.6–8 A further advantage is the possibility of achieving a good porosity in the final 

structure, which will give an advantage with respect to functionalizing via infiltration 

proccesses.9,10  

The printer used was a ProJet® 360, the described in Chapter 2, Section 2.1.2.1. The printing 

parameters and the characterization of the raw materials will be described below.  

3.1.1  Feedstock powder and binder 

The starting material is a commercial powder (VisiJet PXL Core, from S.A.T.ÉLITE) which requires 

a water-based binder (VisiJet Clear, from S.A.T.ÉLITE) for the consolidation of the powder 

particles. As the composition is unknown, X-ray diffraction of the powders and TGA were carried 

out to obtain some information regarding phase, composition, etc The experiments were 

performed for (i) the raw material (VisiJet PXL Core, from S.A.T.ÉLITE.), (ii) the printed material 

to ensure that the binder does not cause changes in the ceramic powders.  
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The XRD pattern of the raw material, Figure 3. 3, shows the characteristic peaks of calcium 

sulphate hemihydrate, CaSO4·½ H2O (basanite), with a 95% match, while if it is compared with 

CaSO4, matching goes down to 5%.  

These results are in good agreement with previous studies,11 corroborating that calcium sulphate 

hemihydrate (CaSO4⋅½H2O) is one of the most used materials for 3D printing via binder jetting.  

Regarding the printed support, there is a clear similarity between both phases, besides some 

additional wide peaks (2θ1=11.7 , 2θ2=20.9 , 2θ3=23.3 , 2θ4=29.1 , 2θ5=31.1,  2θ6=33.5) that may 

be perfectly attributed to the organic binder, Figure 3. 4.  

Thus, it can be concluded that the printed support retains the unit cell of the raw material, 

CaSO4·½ H2O.  

 
Figure 3. 3 XRD patterns for commercial raw material compared with patterns of CaSO4·½H2O and 

CaSO4 

 
Figure 3. 4 XDR patterns corresponding to the raw commercial material (blue) and the printed 

support (red) 
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XRD analysis indicates that the main phase was CaSO4·½H2O. However, dehydrated CaSO4 was 

present as well. Therefore, TGA was performed in order to determine the number of water 

molecules in the raw material composition.  

As mentioned before, previous studies suggest that calcium sulphate hemihydrate (CaSO4⋅½H2O) 

is one of the most used materials for 3D printing via binder jetting11 because when the 

commercially binder (98% content water) is jetted, gypsum paste (CaSO4⋅2H2O) forms according 

to Equation 3. 1,12 transforming the powder into a paste. 

𝐶𝑎𝑆𝑂4 ∙
1

2
𝐻2𝑂 +

3

2
 𝐻2𝑂 → 𝐶𝑎𝑆𝑂4 ∙ 2 𝐻2𝑂 Equation 3. 1 

TGA of the commercial powder was carried out under flowing air atmosphere (50ml/min) in the 

25 - 1000°C temperature range using ramp rates of 10°C/min, Figure 3. 5, displays the TGA results. 

Simplifying the data expressed in percentage of mass fraction, there are three main processes of 

mass loss at 150ºC, 300ºC and 500ºC. Comparing with the initial mass, it is possible to estimate 

the mass loss at each step, using the Equation 3. 2.  

%𝐻2𝑂 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑀𝑊𝐻20

𝑀𝑊CaSO4⋅½H2O
× 100 Equation 3. 2 

The molar weight of the suggested compound (CaSO4⋅½H2O) is 145.25 g/mol, where 9.0 g/mol 

corresponds to half a water molecule. Replacing these values in Equation 3. 2, this corresponds 

to 6.21%. After the first step, at 150˚C, there is 94% of compound. This means 6.38% of mass 

loss, which is fairly close to half a water molecule in the compound. Consequently, the first 

step may be ascribed to dehydration. 

The effects of the thermal treatments on CaSO4 dehydration have been reported by Zhou et al.11, 

which happens in the first step regarding, regarding the DSC data with an endothermic 

decomposition at 150°C. These authors suggested that the sample suffers several transformations 

into other phases. The CaSO4-system is characterized by five solid phases, four of them present at 

room temperature: calcium sulphate dihydrate (gypsum), calcium sulphate hemihydrate, soluble 

calcium sulphate anhydrite III and insoluble calcium sulphate anhydrite II. The fifth phase is 

calcium sulphate anhydrite I, which is only chemically stable at temperatures above 1180°C.  
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Figure 3. 5 TGA of the commercial powder (VisiJet PXL Core, from S.A.T.ÉLITE) 

According to reported results in literature and the XRD analysis performed in this work,  

Figure 3. 6 and 3. 7, the second step at 300ºC, is associated to an exothermic decomposition due to 

γ-CaSO4 transformation to other anhydrous species, including calcium hydroxide (CaOH) (12% 

mass loss). And the third step at 500ºC, that is associated to an exothermic decomposition due too 

according with DSC data, could be related with the decomposition of the organics present in the 

3D commercial powder (18% mass loss).   

Therefore these results suggest that the commercial powder (VisiJet PXL Core, from 

S.A.T.ÉLITE.) used as raw material for BJ printed is CaSO4·½H2O. 

 

Figure 3. 6 XDR patterns corresponding to the raw commercial material calcined at 300°C 
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Figure 3. 7 XDR patterns corresponding identified peaks of the raw commercial material calcined at 

300°C 

3.1.2  Printing process 

As the printer is commercial, the parameters for the process are pre-defined. It has 300×450 dpi 

resolution and layer thickness of 0.1 mm, which is the height of the powder layer deposited when 

the platform goes down.  

As the process is automatic, the construction area is completely filled with the starting powder. 

Therefore, the stl files will be placed maximizing the space in the xy plane, in order to save 

material. If more space was necessary, the digital designs would be stacked creating different 

layers with the designs on the z axis.  As shown in Figure 3. 8, there are three lines of files in the 

xy plane, and only one layer of file in the zx plane. The green area corresponds to free space to add 

more stl files if necessary.  

Before starting the printing process, the software provides the user with a report containing 

information about it, Figure 3. 9. In this work, four monoliths will be used in the catalytic reaction 

test.  To obtain these four structures, the process takes 18 minutes using 6.9 mL of binder. In 

addition, it gives information about the area and volume of one design: 691.22 mm2. From this 

info, one may calculate the total active area exposed during the photo-catalytic test, i.e. 

2764.88 mm2.  
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Figure 3. 8 Printer software with stl file uploaded 

Doing the simulation for one hundred monoliths, the process would take 30 minutes, and it would 

use 24.7 mL of binder. This confirms that it is worthwhile printing as many objects as possible 

in the same plane of the building platform.  

 

Figure 3. 9 Printing report for one piece 

Figure 3. 10 shows the aspect of the spirals after the printing process. After a quick glance, it can 

be appreciated that the green body exhibits superficial porosity, which must be considered in 

order to support the catalyst on the surface and inside the pores.  

However, this work is focused in the use of these architectures in aqueous solution for wastewater 

cleaning applications. Hence, it is crucial to carry out some previous treatments (i) for achieving 

a good mechanical stability into aqueous solutions (ii) and for functionalization with the photo-

catalyst active material.  
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Figure 3. 10 3D printed support of CaSO4 manufactured via BJ 

3.1.3  Functionalization 

Prior to functionalization, the monoliths must exhibit adequate mechanical properties, which 

were obtained via thermal treatments.  

In this work, 3D printed monoliths were fired in a range of temperatures, i.e. 150°C, 250°C and 

350°C, for 2 hours to improve the mechanical stability in aqueous solutions needed for the 

functionalization. Figure 3. 11. From that picture, it is clear that the scaffold colour changes as a 

function of the temperature, which highlights the presence of organic components in the green 

body coming from the binder. After 350°C the black colour of the sample suggests the 

carbonisation of the organic compound, which implied that sample was very fragile due to the 

binder decomposition. Thus, the qualitative best results corresponded to monoliths fired at 150°C, 

as they could be manipulated without mechanical damage.  

Figure 3. 12 shows the SEM images of the cross section and the surface of the green body of 3D 

printed ceramic support. The as-printed support exhibited a large degree of porosity, with particle 

sizes in the 10 – 40 µm range. In the cross-section images, 4 µm long and 1.5 µm wide orthogonal 

shapes can be observed. This is due to binder impregnation being more important in the cross 



125 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

125 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

100 

 

section than in the surface, causing powder particle agglomeration. Even so, cross sectional and 

superficial images are fairly similar, showing a good homogeneity which means that the 3D 

printing process does not cause significant changes along the different directions, which is always 

a concern in additive manufacturing. 

 

Figure 3. 11 3D printed support fired at different temperatures 
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Surface Cross Section 

  

  

  

  

Figure 3. 12 SEM images showing different magnifications of the 3D printed CaSO4·½H2O support, 

corresponding to the surface (left) and the cross section (right) 
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Once the monoliths show certain degree of mechanical resistance, functionalization can be carried 

out. Several routes were explored. The first route consisted in impregnating the monoliths with 

TiO2, because the raw material for the printing process (CaSO4) is not photo-catalytically active, 

so its only function is as support.  

As the impregnation must be done in a TiO2 solution, the specimens were previously dip coated in 

Ludox® (colloidal silica, 1.1g) to obtain a better mechanical resistance and preventing the 

structure deformations when in contact with water. The Ludox® coating was carried out under 

vacuum and then fired at 300°C for 2h, with heating and cooling ramp rates of 5°C/min. This step 

is performed twice to ensure high mechanical resistance of the sample during the impregnation 

with the catalyst solution.13 After that, the structures were dip coated under vacuum too, with a 

suspension of TiO2 (Degussa P25) in a Ludox® and Triton X-100 (2wt. %) mixture, then dried at 

70°C for 1h and finally fired at 150°C for 2h.  However, following this procedure the porosity of 

structures decreased and the introduction of the catalyst was somewhat impeded. The final result 

was a superficial non-homogeneous layer of TiO2, Figure 3. 13. Consequently, other options were 

tested maintaining the thermal process applied in the beginning.  

 

Figure 3. 13 Functionalised 3D printed ceramic support via Ludox-TiO2 dip-coating under vacuum  

The second strategy was based on the same 2-step process, but with TiO2 suspended in an 

ethanolic solution to avoid the final treatment at 150°C. After dip-coating, the assembly was dried 

at 80°C for 2 h, though the result was negative too, Figure 3. 14.  
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Figure 3. 14 Functionalised 3D printed ceramic support via dip-coating in TiO2 ethanolic suspension 

under vacuum 

As an alternative, TiO2 was deposited via spray coating and further thermal treatment at 150°C 

for 2h, however the result was pretty similar to Figure 3. 13.  

Therefore, the strategy was completely changed. As adding the TiO2 particles was not effective, 

we evaluated the in-situ generation of the catalyst particles while preserving the porosity of the 

3D ceramic green support.  

In order to achieve this goal, the porosity of the support was measured via porosimetry, where 

the sample is submerged into mercury and pressure is applied in order to introduce it into the 

pores. According to the pressure required to Hg getting inside the pores, the pore size distribution 

can be determined. Regarding this experiment, the graphs shown in Figure 3.15 were obtained. 

Figure 3. 15 (a) shows as at 8.91 psia of mercury filling pressure there is a peak associated with a 

median pore diameter volume of 25 µm, Figure 3. 15 (b). Therefore, it may be concluded that 3D 

printed support possesses macro-porosity, which is appropriate to synthesise TiO2 in situ via TiCl4 

hydrolysis.  
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Figure 3. 15 Porosimetry tests performed in the 3D printed support. (a) Hg cumulative intrusion 

according to the pressure and (b) differential intrusion according to the pore size diameter 

This was achieved by using TiCl4 as starting material that upon hydrolysis allows the production 

of TiO2 according to Equation 3. 3. 

𝑇𝑖𝐶𝑙4 + 2 𝐻2𝑂 → 𝑇𝑖𝑂2 + 4 𝐻𝐶𝑙 Equation 3. 3 

The 3D printed spirals were immersed in TiCl4 under vacuum to ensure impregnation of all the 

pores of the support. When bubbling stopped, the excess titanium tetrachloride was removed, and 

the structures were covered in distilled water to promote the hydrolysis reaction. After that, 

samples were extracted from water and fired at 100°C for 2h and later at 350°C for further 2h, in 

order to ensure good adherence between the catalyst and the support Figure 3. 16. In addition, by 

using this process smaller particle size of TiO2 were produced compared to the impregnation-

based strategies described before. This is a relevant result as the smaller particle size and their 

integration into the porous support will lead to larger active surfaces. 

Surprisingly, this process provided greater mechanical stability to the spirals. In order to ensure 

that the compound synthesised was TiO2, EDS analyses were performed in particles scraped-off 

the support. Figure 3. 17 shows the results, Figure 3. 17 (a).  Particle size could be measured from 

the SEM images Figure 3. 17 (a) that show the presence of the 100-300 nm TiO2 particles 

synthesised via TiCl4 hydrolysis. The EDS analyses confirmed that the composition of these 

particles is TiO2. Figure 3. 17 (b) shows particles of commercial TiO2 employed in the other 

strategies with fairly similar diameters in the 200-240 nm range. Thus, it can be concluded that 

this route of synthesise was optimum for the functionalisation of the support. 
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Figure 3. 16 Functionalised 3D printed ceramic support with TiO2 synthesised in situ 

 

Figure 3. 17 (a) SEM images of TiO2 particles synthesised via TiCl4 hydrolysis, (b) SEM images of the 

commercial TiO2 (c) EDS results for the TiO2 particles obtained via TiCl4 hydrolysis  
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To sum up, these results suggest that the strategy based on TiCl4 hydrolysis for the in-situ 

generation of TiO2 showing good adherence to the BJ 3D printed ceramic porous support 

exhibits adequate mechanical strength to the assembly that will be used for photo-catalytic 

experiments. 

At this point, the microstructure of TiO2-functionalised ceramic support was studied via SEM too. 

Figure 3. 18 shows smoother surface in the TiO2 functionalised support as a consequence of the 

TiO2 layer formation upon dipping and further thermal treatment. Nevertheless, at higher 

magnification one can observe that the layer is not fully homogeneous and, apart from the cracks 

formed during TiCl4 hydrolysis, the TiO2 layer exhibits a mosaic-like microstructure, which 

indicates that a large number of TiO2 particles agglomerate on top of the 3D printed support. 

Surface images, in Figure 3. 18 (left) a cracked layer can be seen that could be caused by the fast 

kinetics of TiCl4 hydrolysis reaction. On the other hand, the microstructure of cross section,  

Figure 3. 18 (right), reveals that porosity remains mostly unchanged and, in some regions, the TiO2 

layer covering the support can be clearly observed, revealing different microstructures. Indeed, 

the support shows a columnar/fibrous structure, while the 1µmTiO2 coating exhibits particulate 

texture. 

Thus, it can be concluded that this process provided greater mechanical stability to the 

spirals since titanium oxide was integrated into the ceramic porous support.    

Nevertheless, this process may be optimised and, in future work, experimental conditions such as 

dipping time into titanium tetrachloride or distilled water and firing temperature and time could 

be screened. 
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Surface Cross Section 

  

  

  

   

Figure 3. 18 SEM images of TiO2-activated printed supports. Images corresponding to the surface 

(left) and the cross section (right) 
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EDS was performed on the surface areas of both the green body support and the functionalised 

support. The results for the superficial area of the green body support and of the functionalised 

support are shown in Table 3. 1. 

Table 3. 1 Percentages of elements measured via EDS on the surface of the green body and 

functionalised body via TiCl4 hydrolysis   

Element Green body Functionalised body 

Calcium 52 % 25 % 

Sulphur 48 % 26 % 

Titanium 0 % 49 % 

These results can be graphically observed in the mapping plot in Figure 3. 19, where titanium is 

the blue area which represents most of the monolith surface. This suggests that the TiO2 

functionalisation via TiCl4 hydrolysis was successful as most of the monolith surface is covered 

with a rather homogeneous layer that shows good adherence and the pre-existing porosity does 

not collapse.   

 

Figure 3. 19 SEM mapping and EDS spectra of (a) printed green body support and (b) functionalised 

support. In the SEM coloured images, three elements are represented: calcium (red), sulphur (green) 

and titanium (blue) 

Finally, the TiO2-functionalised support was analysed by XRD as well. As can be observed in  

Figure 3. 20 a new phase is detected compared with printed support and confirmed with Qualx 
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software, Figure 3. 21, shows the pattern matching of this specimen for CaSO4, CaSO4 · ½H2O and 

20-30wt. % TiO2. 

Thus, it can be concluded that the activation procedure carried out via TiCl4 hydrolysis to 

obtain TiO2 was successfully achieved, allowing the deposition of 20 – 30wt. % of TiO2.  

 

Figure 3. 20 XRD patterns of the printed (red) and functionalised supports (purple) 

 

Figure 3. 21 XRD patterns for functionalised support with TiO2 showing the pattern matching with 

TiO2, CaSO4·½H2O and CaSO4 
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3.3 Photo-catalyst performance 

3,7-Bis(Dimethylamine)pheno-5-thiazinium chloride, commonly known as methylene blue 

(Panreac, C.I. 52015, C16H18C|N3S·x H2O) was the model molecule as emergent contaminant, 

Figure 3. 22, to measure the photocatalytic activity of the printed helicoidal monoliths.   

 

Figure 3. 22 Methylene blue (MB) molecule 

The photodegradation of the MB tests were carried out in a system, described in Chapter 2,  

Section 2.3.2, where the catalyst is in a fix-bed reactor and the solution goes through it. In addition, 

photodegradation is done due to the reactor is irradiated with artificial UV light.  

At different times, a fraction of the solution was taken, and the absorbance was measured at  

664 nm using a UV/Vis spectrophotometer (Cary 50, 530-710nm). Thus, via the Lambert-Beer 

law it is possible to know the concentration of each fraction of solution. Finally, this concentration 

is expressed as percentage of contaminant conversion, using Equation 3. 4.  

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶0 − 𝐶𝑡

𝐶0
∗ 100 Equation 3.4 

Degradation of the methylene blue was reported in literature by Lached et al.14 who showed 

mineralization by the photocatalyst action, Equation 3. 5. 

𝐶16𝐻18𝑁3𝑆+ +
51

2
𝑂2 → 16 𝐶𝑂2 + 3 𝑁𝑂3

− + 𝑆𝑂4
2− + 6𝐻+ + 6𝐻2𝑂 Equation 3. 5 

First of all, the calibration curve of MB must be done, where the absorbances of the different 

concentration solutions can be obtained, Figure 3. 23. Afterwards, the Amax (664 nm) vs 

concentration is represented. In this calibration curve, the concentrations were in the 0.8 and 13.1 

ppm range. All samples were run using distilled water as solvent and they were measured at room 

temperature, 25°C.   
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Figure 3. 23 Calibration curve absorbances of the MB solutions 

Regarding the adsorption on the catalyst active surface, the tests were carried out with the catalyst 

inside the reactor, but with no irradiation. Therefore, four 3D printed helicoidal active supports 

were into the packed bed reactor, through which passed a solution of methylene blue, keeping the 

lamp switched off to operate with no UV-Vis light. Consequently, the adsorbed amount on the 

surface catalyst can be measured as a function of time, rendering useful values to compare with 

the surface-active area of the 3D printed supports.  

While the adsorption process happens, there is no photo-degradation of pollutant molecules, 

hence there will be a saturation point when pollutant cannot be adsorbed anymore. In the present 

case, this is achieved at 22% of MB after 0.5 – 1.5 h, Figure 3. 24. 

These results are fairly similar to those obtained for FDM 3D-printed catalysts (see Chapter 4). 

Despite both structures were printed using different 3D printing techniques, the adsorption 

values in both cases are the same, Figure 4. 42, which may be considered as an advantage because 

when fabricating catalysts, one potential strategy would be to print a support/backbone of a cheap 

material and then functionalise it with the active material, instead of printing directly the catalyst.   

Considering that in both situations the catalyst is TiO2, this result implies that the monoliths 

exhibit the same active surface and therefore the adsorbed contaminant is the same. This is 

further evidence of the geometry being a key parameter on these processes.  



137 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

137 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

112 

 

 

Figure 3. 24 Adsorption test of MB using monolithic structures obtained via BJ technique 

After defining the calibration curve, a photolysis test was done to compare the percentage of MB 

converted when the catalyst is in the solution. After that, a degradation test was carried out using 

four 3D printed ceramic supports, which were functionalised via titanium tetrachloride as 

described before. The data resulted are collected in Table 3. 2 and represented in Figure 3. 25. 

Table 3.  2 MB photo-degradation data, using activated 3D printed ceramic support  

Time (h) Absorbance [C] ppm Conversion (%) 

0 2,615 16,4 0 

0,5 2,326 14,6 10,8 

1 2,155 13,6 17,1 

1,5 2,090 13,2 19,5 

2 2,030 12,8 21,7 

2,5 1,906 12,1 26,4 

3 1,797 11,4 30,4 

3,5 1,691 10,8 34,3 

4,22 1,619 10,3 37,0 

4,73 1,543 9,9 39,8 

5 1,419 9,1 44,5 

5,5 1,386 8,9 45,7 

6 1,264 8,2 50,2 

6,5 1,180 7,7 53,3 

7 1,109 7,2 56,0 

24,53 0,138 1,3 92,0 

70 0,059 0,8 94,9 
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It must be highlighted that more than 50% of contaminant is photo-converted after 6 h, reaching 

almost complete conversion photo-conversion (92%) after 24 h, Figure 3. 25. Comparing these 

results with those obtained for FDM 3D-printed catalysts Chapter 4, it can be concluded that most 

of the contaminant is converted during the first six hours.   

  

Figure 3. 25 MB Photo-conversion using functionalised 3D printed ceramic support and MB 

photolysis 

Regarding the kinetics of the MB conversion compared with the photolysis effect, they were fitted 

by a pseudo-second-order kinetic model, obtaining kconversion=1.71×10-4 mol-1·L·min-1 and 

kphotolysis=2.34×10-5 mol-1·L·min-1, Figure 3. 26. Thus, it can be concluded that the photolysis effect 

is irrelevant compared with photoconversion of MB carried out by the functionalised support 

obtained via BJ 3D printing technique. 

Regarding the photolysis effect, a comparison of the two results reveals an increase in the 

conversion upon catalyst introduction, hence, to remove emergent contaminants it is necessary 

the use of catalysts as the photolysis effect (natural removal) is not enough.  
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Figure 3. 26 Pseudo-second-order kinetics for the photodegradation of MB onto 3D printed supports 

functionalised with TiO2 (circular blue line) and photolysis effect (squared orange line). 

Finally, MB photo-degradation and adsorption results were combined in the same graph,  

Figure 3. 27, revealing that the photo-degradation process drives complete conversion of the 

contaminant when compared to the adsorption process, which is a typical technique used for 

removing organic pollutants from wastewater.15  

Therefore, the photo-degradation process is a better choice for contaminants removal and 

can be implemented in devices that work as water filters, thanks to the chemical reactions 

based on heterogeneous catalysis. Moreover, these devices could be produced at lower cost 

than the state-of-the-art via the use of BJ 3D printing technique. However further data 

collection is required to determine exactly how post-thermal treatment affects to sample 

constitution to be reused. 

Nowadays, MB is typically removed via adsorbent filters (filter paper), because they may retain 

emergent contaminants in a range of concentrations. An example of the state of the art is the 

commercial HMA-79 filter 0,32$ approximately (~0,27€). The costs of the 3D catalysts 

manufactured in this work would cost around 0.10€,16. Nevertheless, there are some issues that 

must be addressed as the TiO2 loading and the microstructure of the CaSO4 support may change 

upon operation in water.    
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Figure 3. 27 MB adsorption and photo-degradation percentages  

To sum up, on one hand, the process developed for the functionalization of 3D printed 

ceramic support via TiCl4 hydrolysis is completely viable to synthetize TiO2 on the 3D 

printed support via BJ.  

On the other hand, the activated supports photo-degrade completely to methylene blue 

solution after 24 h, being an effective process to be employed on a large scale.  

For future work, it would be interesting to study other catalyst designs involving the use of less 

material, i.e. roller or curly geometries. In addition, these tests can be made with real solar light 

in order to establish the real parameters than must be taken into account to apply these devices 

in industrial wastewater treatments.  
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4.1 Device Architecture 

As presented in Chapters 1 and 2, the key parameter of 3D printing is the capability to produce 

complex structures that cannot be produced by conventional manufacturing processes and 

provide unfair advantages regarding performance. In this thesis, the design of the catalyst is 

conditioned by the catalytic reactor, which is a 10 cm long quartz tube with 6 mm of internal 

diameter.  

Also, the design of the catalyst depends on the application. In this work, the photo-catalytic 

process is used to remove emerging contaminants in water, as mentioned in Chapter 1,  

Section 1.2.3, following the previous work in this field by our research team.1–3  

As the aqueous solution passes through the sample, the chosen design is a spiral that facilitates 

the flow of the solution through the fixed-bed photoreactor. The blue-methylene solution is forced 

through the reactor tube against gravity by using a peristaltic pump.4 As the flux goes up through 

the reactor, the helicoidal shape of the catalyst will facilitate the fluid path in the reactor. 

As described in Chapter 3, the resulting design is a 40 mm long and 6 mm wide spiral, Figure 4. 1. 

The CAD model modifications were carried out using Thinkercad, a free online tool for 3D 

designing.5 After completed, the stl file was downloaded for printing.  

 

Figure 4. 1 Spiral design of the catalyst and its dimensions expressed in millimetres 

4.2 Filament fabrication 

The process followed for the fabrication of the filament was described in Chapter 2,  

Section 2.1.1.3.6 The principal idea is to use this device as a photo-catalyst, therefore the material 

must be chemically active for this application (TiO2). However, a key property of the device is the 

porosity as this will be used as heterogeneous catalyst. Thus, the more porous the structure, the 

more active sites there will be for the reactions showed in Chapter 1, Equation 1. 6 – 1. 13, to occur. 
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As mentioned in previous chapters, porosity can be induced in ceramics via the introduction of 

pore formers such as PMMA or C microspheres, flour, starch, etc, in the green bodies. The thermal 

treatments required to debind and sinter the ceramic object will also cause the degradation of all 

organic agents including the pore formers, which will leave a certain degree of porosity after those 

processes. However, the high temperatures required for sintering will cause a reduction in the 

porosity too. In the present work, glassy carbon microspheres were added as pore formers in 

different ratios. In addition, a 100% TiO2 filament was produced (without pore former) in order 

to evaluate the impact of the porosity upon the photo-catalytic performance.  

Table 4. 1 Compositional ratio of the mixture to the solid components 

Sample Inorganic powder wt. % Ceramic : Pore former 

A 70 70 : 30 

B 70 80 : 20 

C 70 100 : 0 

D 75 80 : 20 

E 82 80 : 20 

In the first tests, when the inorganic solid load was 70 % (Table 4. 1, Samples A, B and C,  

Figure 4. 2), the extrusion was correct in all cases, due to the relation between the solid and the 

organic compound was perfect during the filament extrusion (~50-120°C) and the printing 

process (200-275°C). However, when the total amount of solid loading in the filament raised, 

there were problems in the extrusion process and the nozzle clogged.  

The filament extrusion was correct with sample D, however during the printing process the 

structure was not well defined, Figure 4. 2, due to the lower amount of organic compound related 

to the temperature used throughout printing. The filament partially loses thermoplastic 

behaviour and the flowability at the nozzle is reduced, consequently the 3D printing process 

cannot be completed with high quality standards.  

In the last case, sample E, the extrusion was not successful neither.  Hence, it could be verified that 

the solid load is directly related with the temperature used for the extrusion and the printing 

process, suggesting that this must be optimised in both cases. 

                 A                                             B                                            C                                            D 

 

Figure 4. 2 Samples with different solid load: % solid load (TiO2:C spheres)  

(A) 70% (70:30); (B) 70% (80:20); (C) 70% (100:0); (D) 75% (80:20) 
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We decided to work with compositions corresponding to A, B and C for the spiral design 

fabrication and to study the microstructure and the photo-catalyst activity because the 

optimization of the printing parameters for FDM processing, particularly the temperature, was 

beyond the scope of this thesis. 

4.3 Printing process 

As the filament is homemade and not commercial, the printing parameters must be optimised. 

Firstly, every time a new filament is used, the feeding parameter must be measured again, as 

described in Chapter 2, Section 2.1.1.2. 

Once the filament flow is stabilised, printing temperature, shell thickness, density and bed 

temperature were defined, Table 4. 2, while the nozzle diameter, thickness layer and printing 

speed were optimized.   

Table 4. 2 Fixed printing parameters 

Printing parameters Value 

Printing temperature (°C) 215 

Shell thickness (mm) 3.5 

Density (%) 100 

Bed temperature (°C) Room temperature 

For the laboratory tests performed during the parameter optimization, a grid pattern was 

envisaged as shown in Figure 4. 2. 

The resolution of the printer is related with the nozzle diameter and the precision of the extruder 

(xy axes) and bed (z axis) movements.7 For this reason, the first parameter optimised was the 

nozzle diameter. As the filament was made with ceramic powders, the smallest diameters were 

not tested, in order to avoid the ceramic getting stuck inside the nozzle. Consequently, two 

diameters were tested in this work: 0.6 and 0.4 mm. As shown in Figure 4.  3, with a larger nozzle 

diameter the squares of the grid are less defined, hence the design was modified, and the diameter 

reduced. Then, the structure with the 0.4 mm nozzle was better defined. After these results, the 

nozzle size was fixed at 0.4 mm.  

0.6 mm 0.4 mm 

  

Figure 4.  3 Printed grilled design with different nozzle size 
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Another aspect to consider is the printing temperature. Initially, the temperature was set at 204°C, 

which was raised eleven degrees, 215°C, to facilitate melting of the filament in the search for 

resolution improvement. 215°C was the optimum temperature for the printing process.  

Next, the layer thickness was optimised using the 0.4 mm nozzle. The goal was to achieve the 

thinnest layers. Three different layer thicknesses were explored: 0.2, 0.1 and 0.05 mm,  

Figure 4. 4. 

0.2 mm 0.1 mm 0.05 mm 

 

Figure 4. 4 Printed grilled design with different thickness layer 

As can be observed in the SEM images shown in Figure 4. 4., the micrographs reveal a good 

adherence between layers in all the specimens. The printed objects were free of defects and no 

cracks or delamination effects were observed. The layer thickness chosen for the spiral device 

fabrication was 0.1 mm, in order to save time during the printing process. This decision was made 

because, although the layer resolution is a key parameter in FDM, there is a trade-off between 

resolution, processing time (i.e. cost) and the final application. In this work, the resolution is not 

a limiting factor, especially due to the subsequent thermal treatment. Consequently, the layer 

thickness was fixed at 0.1 mm because it gives a good resolution and the printing process is 

faster than in the case of thinner layers and the performance of the ceramic will not be largely 

affected. 

Finally, the printing speed was evaluated as well for time saving. In this work, five different 

printing speeds were tested: 25, 30, 40, 50 y 70 mm/s, using a 0.4 mm nozzle and 0.1 mm layer 



147 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

147 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

122 

 

thickness The results can be observed in Figure 4. 5. Regarding the resolution, there is not much 

difference between 25, 30 and 40 mm/s. However, there is a marked deleterious effect at speeds 

of 50 and 70 mm/s. 

25 mm/s 30 mm/s 40 mm/s 50 mm/s 70 mm/s 

 

Figure 4. 5 Printed grilled design with different speeds printing 

Regarding the processing time, it was 9’58’’ for the lowest speed (25 mm/s) and 11’19’’ for the 

fastest (70 mm/s). As there is not much difference regarding time, the speed was set at 25 mm/s 

for the device fabrication, avoiding resolution losses.  Hence, the summary of parameters 

optimised is collected in Table 4. 3. 

Table 4. 3 Optimised parameters for the devices printing 

Optimised parameters  Value 

Nozzle size (mm) 0.4 

Thickness layer (mm) 0.1  

Speed printing (mm/s) 25 

4.4 Monolith printing 

Using the parameters established in the previous section, some monoliths were fabricated with 

the spiral design in order to use them in the catalytic reactor and evaluate their performance in 

the degradation of emergent contaminants. Some monoliths were printed using 100% TiO2 

(Sample C, Table 4. 1) and some others using filaments containing TiO2 and pore formers (Samples 

A and B, Table 4. 1), Figure 4. 6.  

After printing, debinding and sintering treatments were carried out. Both thermal processes used 

are those described in Chapter 2, Section 2.1.1.1. The resulting green bodies and sintered 

monoliths are shown in Figure 4. 7. According to the measurements of the green and sintered 

bodies, shrinkage could be measured for each of the printing axes: 21% (z), 25% (y) and 

17% (x), approximately.  
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Figure 4. 6 Spiral structures printed by FDM without pore former (white structure) and with pore 

former (grey) 

 

Figure 4. 7 Green and sintered spiral devices 

4.5 Phase stability 

As the printed items undergo thermal treatments at relatively high temperatures, a major concern 

is whether there occurs any phase transition upon sintering. Hence, XRD experiments were 

performed to study and analyse the composition of different printed and sintered monoliths.  

According to the phase diagram of titania, over 600°C the predominant phase is rutile, 

independently if the starting raw material is anatase, Figure 4. 8 (a) or brookite, Figure 4.8 (b).8,9 
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In this case, the raw material was anatase TiO2, thus the final phase after sintering at 1200°C must 

have been rutile.  

 

Figure 4. 8  Phase diagram for TiO2 polymorphs 8,9 a) Anatase as starting material  

b) Brookite as starting material. 

Along this work some thermal treatments were studied, Chapter 2, Table 2. 1, in order to avoid 

crack formation during the process.  

The first thermal treatment test was done up to 225°C as drying process, Table 2. 1 (A). Then, 

debinding was done at 400ºC and at 900ºC to burn the organic compounds in air, Table 2. 1 (B). 

Once the treatment was completed the absence of cracks was corroborated, and samples were 

completely white, but when they were manipulated, they broke down which would mean that the 

mechanical resistance was low, therefore this sintering route was not adequate, Figure 4. 9. 

 
Figure 4. 9 Sintered structures at 900°C under air atmosphere 
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Then, the third thermal treatment was done at 1200°C, Table 2. 1 (C), which was successful as no 

cracks appeared and it could be summarised as a directly treatment, Table 2. 1 (E). Though the 

resulting samples had not the typical colour for rutile phases, Figure 4. 8. Usually, rutile and 

anatase have a white or yellowish white colour.10,11 However, in these cases, in spite of being 

sintered at the same temperature and atmosphere, the results did not match with the initial 

expectations.  

In the case of air atmosphere reddish brown, yellowish streaks in a reddish-brown structure and 

yellowish grey tonalities were observed, Figure 4. 10 (a, b & c respectively). 

On the other hand, under argon atmospheres, darker colours were obtained. In addition, a colour 

gradient can be observed inside one of the monoliths, Figure 4. 10 (e) or in the bottom part of 

another, Figure 4. 10 (f).  

Apart from rutile and anatase, there are several other TiO2 polymorphs, including brookite. The 

role of brookite has not been extensively studied in photocatalysis. However, its photocatalytic 

activity for the degradation of hazardous organic compounds has been reported to be very 

superior to rutile and very similar to anatase, due to the similarity of both polymorphs regarding 

properties as particle size and shape, specific surface area, and band gap.21 Considering all the 

above, it is important to know which phase is present in the fabricated device in order to analyse 

its activity removing contaminant via photocatalysis and the production of TiO2 monoliths via 

FDM 3D printing and subsequent thermal treatments does not cause a major change in the 

structure.  

As there were no reasons nor evidence to blame on cross-contamination, one hypothesis could be 

the formation of brookite phase in the structures that would explain the reddish brown colour.12 

In order to confirm this hypothesis, X-Ray diffraction was done to determine the phases present 

in the sintered monoliths.  

                     a b             c 

Air 

 
                   d e              f 

Argon 

 

Figure 4. 10 Sintered structures at 1200°C using different atmospheres 
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Regarding the XRD pattern results, Figure 4. 11, the commercial TiO2 coincides with anatase and 

the sintered specimens with rutile.13,14 The presence of brookite could not be unambiguously 

confirmed, but as spectroscopic techniques ruled out the presence of chemical elements other 

than Ti and O, this result suggests that brookite appears as traces, very minor secondary phase, 

which can cause colour changes in the sintered sample despite the very small amount.15 It should 

be noted that the limit of detection (LOD) in XRD is typically between 2-3 % of presence in the 

measured sample, which can be even higher if the phase does not have good crystallinity.  

The presence of brookite after firing at 1200°C apparently contradicts the phase diagram showed 

above, but it could be due to the thermal treatment program combined with the presence of 

organics, which degrade at moderate temperatures. During the heating and cooling processes, the 

temperature program follows a very slow ramp rate to avoid the appearance of cracks that could 

compromise the structure. Under these working conditions, traces of brookite may form. Perhaps, 

by changing the conditions, the formation of brookite could be minimised. To corroborate that 

hypothesis, a quenching experiment was performed by removing the samples at 1200°C and 

immersing them in liquid nitrogen. After quenching, the reddish-brown sample became yellowish 

white. In order to confirm that the sintered sample (reddish brown) and the quenched sample 

(yellowish white) were the same phase, they both were analysed by XRD. The XRD pattern was 

the same for both samples, Figure 4. 12, which suggests that our hypothesis was correct.  

 

Figure 4. 11 XRD pattern of commercial TiO2 (red) and sintered at 1200ºC (blue) 
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Figure 4. 12 XRD pattern of sintered (blue series) and quenched (orange series) titanium oxide 

samples. 

For this reason, the presence of samples with the gradient colour, i.e. sintered under argon, is due 

to temperature gradients inside the furnace. Figure 4. 13 shows the samples that were located in 

a row inside the furnace. In this case, it can be observed as some samples were exposed to higher 

temperatures (left samples) whilst some others could not complete of the degradation of the 

organics and hence, they remain grey (right samples). This issue was solved by putting less 

samples and locating them as centred in the hot-spot as possible, avoiding temperature gradients 

among them.  

 

Figure 4. 13 Sintered samples at 1200°C under argon atmosphere (tubular furnace) 

In conclusion, this study has found that after sintering at 1200ºC the phase of TiO2 in the 

monoliths is mostly rutile, in spite of the colour differences.  This is imperative as we need to 

know the composition before proceeding with any further work. Nevertheless, the relevance of 

identifying the phases present in the sample is important too, due to the different photocatalytic 

performance that exhibit each polymorph of titania. The photocatalytic reactions depend on the 

number of adsorbed radicals on the surface of catalyst, Chapter 1, Section 1.2.3. The higher the 
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surface area, the higher the density of localised states will be. However other parameters are 

relevant for a good photocatalytic performance, including band gap and the microstructure of the 

sample.16 As mentioned in Chapter 1, Section 1.2.2, anatase has a larger experimental band gap 

compared with rutile (~3.2 eV and ~3.0 eV respectively), but despite this, it has been reported 

anatase has a superior photocatalytic performance. In contrast, other reports suggest that rutile 

can be beneficial for some applications due to acicular morphology, the combination of both 

phases or because of doping with a transition metal.17–20  

4.6 Microstructure characterisation 

At this point, the microstructure was studied via SEM to study the level of porosity and sintering. 

Therefore, the microstructure of 3D printed supports with different compositions were studied 

as well to evaluate the effect of the pore former in the slurry. In addition, as XRD did not show 

phase changes, SEM was employed to confirm whether the microstructural changes with the 

temperature and also to determine the optimum atmosphere for both the debinding and sintering 

processes, i.e. argon or air.   

Firstly, the sintering program employed was under flowing argon atmosphere at 1000ºC as 

described in Table 2.1 (D), Chapter 2.  Three different areas can be observed in the sample, Figure 

4. 14: (1) grey area, (2) yellowish white area and (3) reddish-brown area (from the centre to 

outside). Regarding the microstructure, Figure 4. 14 (c & d) shows a similar degree of sintering 

between two different areas, with grain sizes in the 2-10µm range. The top region of the sample 

is fully dense, Figure 4. 14 (a), with perfectly sintered microstructure. The bottom of the sample 

shows a somewhat different microstructure with a minor degree of porosity, Figure 4. 14 (d), 

despite having a similar colour. Additionally, regarding the grey zone, Figure 4. 14 (b), the 

corresponding SEM image clearly shows that organic compounds were not totally removed, 

because carbon spheres (3-6µm) can still be observed in the sample, which makes sense as the 

central zone is in contact with the alumina plate used as support during the thermal treatments, 

hence it is less exposed to the atmosphere and therefore organics burning off is more difficult.  

In summary, it can be concluded that 1000°C is not enough to sinter the samples and at this 

temperature samples show different degrees of porosity. For this reason, the sintering 

temperature was set at 1200°C to remove all the organic compounds and the pore formers. 

Subsequently, the microstructure at 1200°C will be compared regarding both atmospheres: air 

and argon, Table 2.1 (F), Chapter 2. 
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Figure 4. 14 SEM and digital images corresponding to sintered structure at 1000°C with different 

sintering levels 
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Most of the samples sintered under air at different temperatures (900°C and 1200°C) were 

yellowish white, despite some of them that were reddish brown. This issue was solved via 

temperature quenching as described before. When the samples had the typical colour for this 

phase, the microstructure was studied. Figure 4. 15 shows 2-3 µm pores corresponding to the 

burnt carbon spheres and the posterior sintering process. Hence, it can be concluded that this 

program under air atmosphere does not lead to the complete densification, providing certain 

porosity to the sample that will be studied by mercury porosimetry.  

 

Figure 4. 15 SEM images corresponding to sintered structures at 1200°C under air 

On the other hand, sintered samples under argon atmosphere show more complex results as three 

different microstructures could be observed. Firstly, a more porous microstructure was detected, 

showing larger pores than in samples sintered under air, Figure 4. 16. Also, unburnt structures 

can be noted as in the sample sintered at 1000°C, Figure 4. 17, which is due to glassy carbon being 

still stable under inert atmosphere.   
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Figure 4. 16 SEM images corresponding to sintered structures at 1200°C under argon 

 

Figure 4. 17 SEM images corresponding to sintered structures at 1200°C under argon with remnants 

of unburnt pore formers 



157 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

157 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

132 

 

Finally, a surprising and unexpected acicular structure was achieved. The aggregated particles 

consist of many fine acicular or needle-shaped particles that measure 36µm long and 4µm wide 

on average, Figure 4. 18.  

 

Figure 4. 18 SEM images corresponding to sintered structures at 1200°C under argon with acicular 

morphology 

It is very interesting due to acicular morphology of rutile has the potential to improve the 

photocatalytic activity by increasing specific surface area, compared to spherical particles of 

anatase.22,23 However, as the samples showed a gradient between the reddish brown and the grey 

colour, it is suspected that these acicular structures could be the result of carbon degradation. To 

corroborate the composition of the acicular shapes, EDS was carried in two different zones: (i) a 

general area, Figure 4. 19, and (ii) a specific needle, Figure 4. 20.  

 

Figure 4. 19 SEM image and EDS spectra of a general acicular shaped zone 

The program compared the EDS scan of the chosen area for study with stored standard scans to 

analyse the unknown composition. The results for the general area were 67% of oxygen and 33% 

of titanium, coinciding with the stoichiometry of TiO2. The analysis of an isolated needle 

corresponds to 100% of TiO2.   
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Figure 4. 20 SEM image and EDS spectra of a specific needle 

Nevertheless, EDS is not a surface technique, so these signals may be from the TiO2 background. 

To complete this study, the specimens were broken, and fragments were analysed by TGA,  

Figure 4. 21.   

 

Figure 4. 21 TGA of TiO2 structures with acicular shapes under oxidant conditions 

Thermal gravimetry results show a mass loss above 660°C. This value is compatible with the 

oxidation of carbon residues. If fibres had been made of TiO2, this loss of mass would have not 

been observed at this temperature. From this result, it can be concluded that acicular shapes 

were due to the decomposition of carbon spheres.   

As the formation of this microstructure was unexpected, further thermal treatments under both 

atmospheres were performed Table 2. 1 (F) and the results were different. The SEM image of the 

sample sintered in air atmosphere, Figure 4.   22, shows a dense microstructure and thickness 

reduction of the layer printed at 0.1mm down to 83µm.  
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Figure 4.   22 SEM images corresponding to sintered spirals at 1200°C under air atmosphere 

As occurred when sintering at 1200ºC, the spiral sintered under argon presents acicular particles, 

Figure 4. 23. The TGA was performed again with similar results to the previous case with acicular 

structures, i.e. weight loss above 610⁰C, Figure 4. 24. In both cases the sintering program was 

carried out under argon atmosphere. 

 

Figure 4. 23 SEM images corresponding to sintered spirals at 1200°C under argon atmosphere 
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Figure 4.   24 TGA of TiO2 spirals with acicular shapes under oxidant conditions 

As the presence of acicular particles indicates that the degradation process of the pore formers 

was not finished, thermal conditions were changed to ensure a complete debinding and sintering. 

For that purpose, the thermal treatment was divided in two steps using different atmospheres. 

The new thermal treatment does not require stopping at an intermediate temperature to avoid 

cracks and achieve sintering for providing the device with enough mechanical resistance to 

support the water pressure during the photocatalysis experiment.   

The optimised thermal program consisted of debinding at 900°C for 12 hours under inert 

atmosphere followed by a sintering stage at 1200°C for 12 hours under air atmosphere, 

with a heating and cooling speed of 2°C/min. This program was applied to the next samples 

whose microstructure was also studied to corroborate the results under these new conditions. 

Besides, this microstructure was studied for the devices with two compositions: with and without 

pore former, both sintered with the ideal conditions just mentioned before. Figure 4. 26 shows the 

microstructure of the surface for both compositions, while Figure 4. 26, reveals the microstructure 

of the cross section.  

Regarding the surface of the sample without pore former, Figure 4. 26 (right), after the thermal 

treatment there is some residual porosity, although the cross section is fully dense, Figure 4. 26 

(right) which indicates that it is a superficial phenomenon. 

Concerning the sample with pore former, the porosity remains on the surface, Figure 4. 26 (left) 

and on the cross section too, Figure 4. 25 (left). Thus, it can be concluded the successful use of 

the C microspheres in the composition as pore formers.  

The cross-sectional SEM images, Figure 4. 26, shows well-adhered layers without defects. The 

impact of the presence of pore formers in the filament composition is also quite clear, leading to 
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porous microstructures (left), with more disconnected grains, compared to the sample without 

pore formers (right) which is fully dense.  

Summarising, it can be concluded that the main goal of this chapter was reached, i.e. the 

fabrication of good quality monoliths via FDM 3D printing, exhibiting good adherence 

between layers and with no defects. Moreover, the porosity of the sintered material can be 

controlled adding pore formers, which are burnt-off after printing via an optimised 

thermal treatment.  

Despite these promising results, some aspects require further research, i.e. a complete porosity 

study including larger amounts of pore formers. That would imply changing the composition of 

the filaments, which could be explored to determine the maximum amount of pore formers that 

is viable to print and to study the photo-catalytic responses with highly porous monoliths. 
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With pore former  
(porous monolith) 

Without pore former  
(dense monolith) 

  

  

  

  

Figure 4. 25 SEM images corresponding to the surface microstructure of TiO2 printed monoliths with 

pore formers and without pore formers (right) 
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With pore former  Without pore former  

 

Figure 4. 26 SEM images corresponding to cross section microstructure of TiO2 printed devices with 

pore formers (left) and without pore formers (right) 

4.7 Catalyst studies on 3D printed monoliths 

4.7.1  Methylene blue conversion 

3,7-Bis(Dimethylamine)pheno-5-thiazinium chloride, commonly known as methylene blue 

(Panreac, C.I. 52015, C16H18C|N3S·x H2O) was the model molecule used as emergent contaminant, 

Figure 4. 27, to measure the photocatalytic activity of the printed helicoidal monolith.  

Regarding the catalytic tests, some different experiments were carried out: (i) photolysis, (ii) 

adsorption and (iii) degradation. 

 

Figure 4. 27 Methylene blue molecule 24 
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The photocatalytic tests were carried out in the system described in Chapter 2, Section 2.3.2. A 

solution containing the contaminant goes through the catalyst into a packed-bed reactor where 

artificial UV light strikes. The contaminant conversion will be measured at different times, as an 

aliquot is taken from the solution tank. Then, as methylene blue (MB) presents a maximum 

absorbance (Amax) the absorbance of the sample is measured at 664 nm, using a UV/Vis 

spectrophotometer (Cary 50, 530-710nm). Consequently, the concentration of the sample at 

different times can be determined using the Lambert-Beer law. Knowing the concentrations, 

the conversion equation, Equation 4.1, could be applied to obtain the percentage of contaminant 

conversion. 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶0 − 𝐶𝑡

𝐶0
∗ 100 Equation 4. 1 

With this goal, firstly a calibration curve must be obtained and, afterwards, representing the 

Amax vs. concentration. In this calibration curve, the concentrations were in the 0.8 and 

13.1ppm range. All samples were run using distilled water as solvent and they were measured 

at room temperature.   

Figure 4. 28 shows that the largest concentration (13.1 ppm) presents a somewhat saturated 

absorbance peak, being the oversaturation beyond 20ppm. For this reason, it is recommended 

that the photocatalytic tests are performed at lower concentrations.  

After representing the curve calibration (R2= 0.997), the concentration of future tests can be 

known by measuring their absorbance.  

 

Figure 4. 28 Absorbance of methylene blue of the calibration curve solution 
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In previous studies, it has been suggested that MB can be degraded under solar light, this effect is 

known as photolysis. 

Regarding the bibliography MB degradation occurs under solar light in basic media rather than 

acid, due to the presence of OH-.25,26 To illustrate this, photolysis effect showed a 15% conversion 

of the contaminant after 90 min, whereas the complete photolysis of the contaminant was 

obtained at pH=11.25  

In this work, the MB solution has a pH=6.11. It is the limit where there could be a photolytic 

effect.25 The experiment was carried out without the presence of catalyst, using an initial 

concentration of 15.7ppm.  

The graph below shows the results of this work, Figure 4. 29, and illustrates that after 9h. (540 

min) less than 20% of contaminant has been converted.   

 

Figure 4. 29 Photolysis of methylene blue conversion curve (blue squares) and adsorption of TiO2 

porous printed devices 

Thus, it can be concluded that there is an insignificant photolytic effect. For this reason, photolysis 

is not the best process to remove MB under these pH conditions, as the conversion value is very 

low to be applied to real wastewater treatments with this contaminant. However, in the same 

conditions, kinetics of the reaction could be improved by using catalysts with different: phases, 

geometries and porosities, which may lead to their use as water filters producing the highest 

conversion of pollutant in the shortest time. 

During the degradation process, first, a part of the pollutant is adsorbed on to the TiO2 catalyst 

surface, then light arrives, and radical reactions are triggered, Chapter 1, Equations 1. 6 - 1. 13.  At 
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that point, the pollutant mineralised into salts, water and carbon dioxide, Equation 4. 2,27  which 

did not absorb in the same range that MB, so it can be measured by UV-Vis spectrometry.  

𝐶16𝐻18𝑁3𝑆+ +
15

2
𝑂2 → 16 𝐶𝑂2 + 3 𝑁𝑂3

− + 𝑆𝑂4
2− + 6 𝐻+ + 6 𝐻2𝑂 Equation 4. 2 

The first experiment performed was related to the level of contaminant adsorption on the catalyst 

active surface.  In this case, four porous 3D-printed monoliths were placed into the packed bed 

reactor, through which passed a solution of MB with no UV-Vis light, that is, the lamp of the system 

was switched off.  

In this way, it is possible to know the level of the adsorbed contaminant, which is not converted, 

which will be useful to compare the porosity of the directly printed catalyst device with 3D printed 

catalyst support described in the previous chapter.  

As can be seen in Figure 4. 29, the percentage of contaminant present in the solution decreases to 

30% and then remains constant. This value is the amount of the contaminant adsorbed on to the 

total active area of the catalysts and it helps to understand how the degradation process takes 

place.  

Then, degradation was studied in the next tests, where four catalytic monoliths were exposed to 

light, Figure 4. 30, and the reduction of the pollutant concentration as a function of time was 

monitored. To achieve this, porous and non-porous devices were studied to determine if porous 

structures show higher degree of adsorption, and whether the performance increases with the 

porosity, keeping the same experimental conditions.  

Firstly, porous monoliths were tested. As shown in Figure 4. 31, after 48 hours, the sample 

absorption is close to the baseline, which implies that most of the pollutant has been transformed. 

These data are expressed as percentage of conversion versus time and reveal that 70% of 

pollutant is converted after 7 hours and after 24 hours 90% is converted. Therefore, it can be 

concluded that after 48 hours MB is almost completely removed. 

Previous research works have reported several results on MB degradation. Many of them used 

TiO2 as catalyst, but they combined the main reaction (i) with doped material;28–33 (ii) or using 

different conformations as TiO2 suspension,34 nano-particles,35 pellets,36coated,37 or filmed,38 (iii) 

or even assisting the UV photocatalyst with ultrasonic irradiation.36,39 As the experimental 

parameters are rather scattered, it is very complicated to compare fairly the results. Furthermore, 

in this work, direct 3D printing of TiO2 was employed for its manufacture, which is novel in this 

field. In the literature, higher conversion percentages were achieved in shorter periods of time. 

These cases report the use of TiO2 powders that offer greater active surface, achieving even a 
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100% conversion in a few minutes. However, one should not forget that, although the kinetics of 

the reaction are faster, the method developed in this work render high conversion rates offers the 

possibility of reusing the catalyst and facilitates the separation between the solid and liquid 

phases, which is one of the main advantages compared to the catalyst suspensions. Lee et al.39 

reported one of the first studies evaluating MB degradation using TiO2 suspensions as a function 

of a range of parameters such as pH, initial MB concentration, H2O2 presence, anions presence and 

varying of temperature. Using this study as reference, when TiO2 suspensions are used (pH 5 ‒ 7) 

a conversion of 50‒60% was achieved after one hour. In this work, this was achieved after 2‒7 

hours. The difference may be due to the very different MB initial concentrations, i.e. 10 ppm vs. 

10 µM in the literature. As described by Lee et al, the higher the initial concentration, the lower 

the kinetics of the reaction. Other research lines also achieve almost a complete degradation after 

1 hour using suspended TiO2.34,40  

Thus, despite the slower conversions, the use of 3D printing technique provides advantages of 

heterogeneous catalysis as easy recovery and the capability of reusable the catalyst. A further 

advantage would be the possibility of producing more complex structures, which may enhance 

both the kinetics and the performance of the reaction. In this work spiral architectures were 

employed, though as future work, different more complex geometries that may maximise the 

catalyst irradiated/contact area could be tested.  

 

Figure 4. 30 Printed catalyst into the fixed-bed reactor under UV-Vis light 
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Table 4. 4 Data of MB conversion via photo-catalyst for 48h 

Time (h) Absorbance [C] (ppm) Conversion (%) 

0 1.4956 8.5 0.0 

0.5 1.1165 6.2 27.1 

1 0.9419 5.2 39.5 

1.5 0.8575 4.6 45.5 

2 0.8171 4.4 48.4 

2.5 0.7620 4.1 52.4 

3.0 0.7113 3.8 56.0 

3.5 0.6994 3.7 56.8 

4.5 0.6298 3.3 61.8 

5.5 0.5976 3.1 64.1 

6.5 0.5504 2.8 67.5 

7.5 0.5211 2.6 69.5 

25 0.2482 0.9 89.0 

48 0.1052 0.1 99.2 

 

 

Figure 4. 31 Conversion of MB via photo-catalyst using FDM printed porous catalyst monoliths (data 

from Table 4. 4) 

Among all the advantages of heterogeneous catalysis mentioned above, one of the most important 

is the easy separation of the catalyst from the study sample. According to the action plan of the 

European commission about circular economy, some sectors must be focused on potential 

resources with high circularity and ensuring less waste, such as: electronics,  batteries, vehicles, 

packaging, plastics, textiles, construction, food; water, etc.41 One of the general measures 
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established by European Commission, is aimed at product designs, emphasising their 

repairability, durability, and recyclability.42 

Several studies reported that TiO2 is a reusable catalyst for MB degradation or other dyes, 

although the activity decreased after several experimental runs.43,44 Nevertheless, this loss of 

activity can be mitigated if the catalyst is immobilized.45,46 Moreover, the catalyst could be 

reactivated by a thermal program to remove any organics remaining on the catalyst surface.45 

In this context, after a first use, the 3D printed catalytic structures were re-activated via thermal 

treatment at 500°C for 3h under air atmosphere to remove pollutant traces that could have 

remained absorbed in the catalysts surface. After re-activation, the photo-catalyst tests were 

reproduced under the same conditions, Figure 4. 32.  

The activity loss was 8 % after one cycle. To compare this result with the literature, more than 

20% of activity loss has been reported when the catalyst is not reactivated46, though this is 

reduced down to 2% when the catalyst is reactivated for the degradation of acid orange.45 

Although the contaminant is not MB, it is also a dye, hence it can be used for comparison. 

Therefore, it can be concluded that the activity loss factor in the present work is very close 

to the values reported in the literature.  Finally, despite the kinetics of the reaction with the re-

activated catalyst were higher during the first 5h., the overall performance was higher for the 

unused catalyst.  

Overall, these results indicate that printed catalysts convert more than 70% after 5h and 

complete transformation is achieved after 48h. In addition, TiO2 printed monoliths can be 

re-used with an 8% performance loss after the first cycle. 

 

Figure 4. 32 MB degradation using fresh printed monoliths vs using re-activated supports.  

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

Photodegradation using fresh devices

Photodegradation using re-activated devices



170 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

170 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

 CHAPTER IV: 3D PRINTING FUSED DEPOSITION MODELLING FOR CATALYST 

145 

 

Figure 4. 33 shows all measurements together. In summary, the effect of catalyst 

photodegradation was higher than the photolysis effect, corroborating the essential role of 

the 3D printed catalyst: 14.3 % of MB was photodegraded via photolysis after 6 hours, while 

the printed catalyst achieved a 67.5% conversion.  

Regarding the adsorption, it is concluded that without light effect, the catalyst only adsorbs 

up to 30% of contaminant, being higher the catalyst activity.  

Finally, the reusability of the printed monoliths was confirmed, using a thermal reactivation. 

The result was an 8% loss of catalyst efficiency after one cycle. 

Once the porous 3D printed monoliths were tested, their catalytic activity was compared with 

dense 3D printed devices (Figure 4. 34), in order to study whether the achieved porosity caused 

changes in the catalytic activity. 

 

Figure 4. 33 Methylene blue conversion via different phenomenon using porous devices. 

Photodegradation of fresh 3D printed catalyst devices (rhomboid yellow line) tested under UV-Vis 

light. Photodegradation of re-activated 3D printed catalyst devices (squared green line) tested under 

UV-Vis light. Adsorption effect of the 3D printed catalyst devices (triangular red line) tested without 

light. Photolysis effect (circular blue lines). 

Also, the photocatalysis of the dense structures was studied as well and they were re-activated via 

the thermal program described before. 

Firstly, the adsorption was measured to compare the performance between porous and dense 

printed monoliths. Two different experiments were carried out. On one hand, both dense and 
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porous 3D printed structures were finely ground in an agate mortar to produce TiO2 powders, 

hence their adsorption must be de same. Figure 4. 34 shows that the result obtained was identical 

as expected. After 2 and 6 hours both powders present the same adsorption, which is strong 

evidence of the identical chemical nature of both monoliths.   

 

Figure 4. 34 Adsorption study of the TiO2 powder proceeding from the milled porous and dense 

printed structures  

On the other hand, the same experiment was carried out using coarser particles, i.e. between 1–2 

mm. The results of the correlational analysis are presented in Figure 4. 35, where porous particles 

present higher adsorption values than in the case of dense particles. After 4 hours, porous 

particles were disaggregated, and this may explain the increase observed.  As porous devices 

presented a higher surface area, a larger amount of contaminant can be adsorbed in order to carry 

out the photocatalysis reaction. Thus, these results suggest that the photodegradation of the 

porous monoliths will be higher due to the larger active surface. 

 

Figure 4. 35 Adsorption study of the TiO2 particles (1-2 mm) proceeding from the milled porous and 

dense printed structures 
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Finally, the adsorption of the 3D printed structures (dense and porous) was also evaluated,  

Figure 4. 36, rendering very similar results. This implies that under these working conditions, the 

porosity generated in the 3D printed ceramic monoliths do not have an impact in the adsorption 

tests. Thus, it would be interesting to study in a future work a higher porosity grade or changing 

the thermal treatment to reduce the relative density to discern whether porosity may modulate 

pollutant adsorption. 

 

Figure 4. 36 Adsorption study of the dense and porous structured devices with helicoidal shape 

The comparison between the photocatalytic activity of porous and dense monoliths is shown in 

Figure 4. 37. The photocatalytic activity of dense devices is slightly lower than for porous 

catalyst, which means that by increasing the porosity or achieving a nano-porosity, the fraction 

of photo-converted MB could be even higher.  

 

Figure 4. 37 Photo-catalytical activity for methylene blue conversion of porous devices compared 

with dense devices. Porous devices (squared blue line), dense devices (triangular green line), re-

activated porous devices (crossed yellow line) and re-activated dense devices (circular red line).  
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As mentioned above, re-activating porous devices caused an 8% loss in their catalyst efficiency. 

However, when dense devices were re-activated using the same thermal program their catalyst 

efficiency is reduced by 72 %. In other words, the loss of the photo-catalytical activity of re-

activated devices for the dense printed catalyst is more significant than in the case of 

porous specimens, because fresh dense devices converted 87.0 % of MB after 24 hours, while re-

activated dense catalysts converted a 62.6 %, Figure 4. 37.  

In addition, reusability of the porous catalyst was examined by employing it repeatedly for four 

times, after the thermal activation and observing the MB photodegradation during each test. Each 

photodegradation test repetition was taken for 24 hours, and then monoliths were reactivated 

following the thermal program before described. Figure 4. 38 clearly exhibits that the 

photoconversion ratio remained above 50% even after 4 cycles. Some studies about TiO2 recycling 

have been reported. Wang et al.43 prepared polyalinile-TiO2 composite for MB removing and 

studied its catalytic activity after 5 cycles of 3h. each one. They reached more than 60% conversion 

after the fifth cycle. Also, Dou et al.44 studied the same effect after 5 cycles achieving successfully 

almost a 90% of conversion after the fifth cycle. However, these studies used TiO2 suspensions 

and without any treatment in contrast to this work. Nevertheless, here it was necessary done a 

thermal treatment because catalyst was a monolith and not particles. So, it may retain MB into 

their porous being necessary the activation via a thermal program. In addition, in this thesis 

recycling experiments were carried out for 24 hours, much more than reported studies on 

literature, which probably it could affect at the efficiency. Regarding TiO2 immobilised, Nawi et 

al.46 reported a studio after 10 cycles, and they confirmed that when the catalyst is immobilised 

their activity is smaller than when it is on suspension due to the decrease of BET surface. And also, 

they reported more than 60% after ten cycles, but studying the conversion for 2 hours and 

cleaning the catalyst only with ultra-pure water under light irradiation. So, once again the 

photocatalyst time studio is lower than studied in this work and they do not use a temperature 

activation which in this case could decrease the BET surface of the printed catalyst too. Hence, the 

recyclability of the 3D printed TiO2 catalyst in treating MB contaminated water is satisfactory but 

further studies could take these variables regarding the catalyst treatment into account for its 

recycling.  
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Figure 4. 38 The recycling of 3D printed porous TiO2 monoliths for photodegradation of MB during 

four cycles 

To corroborate the kinetics of the reaction, the results of the fresh monoliths (porous and dense) 

was better fitted by the pseudo-second-order kinetic model, kporous =5.44×10-4 mol-1·L·min-1 and 

kdense=4.24×10-4 mol-1·L·min-1, Figure 4. 39 

 

Figure 4. 39 Pseudo-second-order kinetics for photodegradations of methylene blue onto 3D printed 

TiO2 porous (squared orange line) and dense devices (circular green line) 

Lastly, a pack of nonstructured TiO2 monoliths was studied in order to establish the relation 

between the catalytic activity and the geometry of the device. 5-6 mm diameter fragments of 

printed porous monolith were placed in the reactor taking up the same length exposed for the 

structured catalyst, Figure 4. 40.  
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Figure 4. 40 Unstructured catalyst devices placed into the reactor tube 

Figure 4. 41 shows the MB conversion of structured and non-structured devices. As can be seen, 

during the first two hours the nonstructured catalyst had a higher conversion of contaminant than 

the structured monolith. However, thereafter, the conversion was lower for the nonstructured 

monolith, Figure 4. 40 (magnification). This effect may be due to the macropores found in the cross 

section of the monoliths produced upon the debinding process. In those areas, the contaminant 

could be adsorbed preferentially.  

This argument explains why after 2 hours the conversion is lower, as the light did not irradiate 

inside the macropores, therefore the contaminant was adsorbed on them, but not photodegraded. 

Consequently, it can be concluded that the phenomenon observed for the two first two hours in 

non-structured monoliths corresponded with the adsorption of the contaminant on the pores, 

while photodegradation prevails afterwards, and this process is higher for 3D printed structured 

monoliths.  

 

Figure 4. 41 Photodegradation of structured catalyst devices (squared blue line) vs unstructured 

catalyst devices (rhomboidal red line)  
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Therefore, the catalyst conformation influences the performance of the photocatalytic 

reaction, corroborating one of the main goals of this chapter, based on how 3D printing allows 

the fabrication of more complex structures that may enhance the material performance by 

increasing the active surface through its geometry. 

4.7.1.1 3D printed catalysts or 3D printed supports? 

As presented in this work, Chapter 3 and Chapter 4 are closely connected. While Chapter 3 studied 

3D printing of ceramic support for their subsequent functionalisation with the catalyst, Chapter 4 

studied the directly 3D printing of catalyst process.  

In order to compare them, both studies used the same 3D structure geometry and the same 

emergent contaminant degradation. Thus, this section is focused on summarise all result exposed 

in both chapters to compare and conclude what process would be more adequate to be employed 

in a large scale. Consequently, the results obtained according to adsorption, photo-catalyst 

degradation and the kinetic of the MB conversion will be outlined.  

Regarding to the MB adsorption, as mentioned in Chapter 3, the percentage of MB adsorbed using 

the functionalised 3D printed support is similar being around 20-30 %, Figure 4. 42. However, this 

difference comes from the direct 3D printed catalyst via FDM. Initially, it could be thought that 

ceramic supports obtained by BJ is more porous than the catalysts printed via FDM, which is 

confirmed by nitrogen adsorption analysis. Table 4. 5 shows as the green body support 

manufactures via FDM has a SBET= 1.3852 m2/g, being almost the double of the porous catalyst 

fabricated via FDM, SBET= 1.1446 m2/g. Nevertheless, this support was functionalised via TiCl4 

hydrolysis, which caused a smother surface of TiO2 on the support, reducing the porosity and 

consequently, a decreasing of the exposed surface. Therefore, the smallest values of adsorption of 

the contaminant were achieved for the functionalised support.  

In addition, comparing both types of monoliths obtained via FDM, it is confirmed that the dense 

catalyst is much less porous than porous catalystas measured via nitrogen adsorption, being their 

SBET= 0.2831 m2/g and SBET= 1.1446 m2/g respectively. However, despite this big difference 

regarding their BET surface area, their MB adsorption is pretty similar. This may be due to the 

mechanism of absorption of methylene blue on the surface thereof, which can cause steric effects. 

Or even being able to collapse the pores of the catalyst, since methylene blue measures 

approximately 0.84 nm while monoliths have a pore size (PS) of PSdense=7.8 nm and  

PSporous=8.3 nm. 
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Figure 4. 42 Comparison according to the adsorption of MB between the catalyst obtained directly 

via FDM vs the printed support via BJ  

Table 4. 5 BET Surface Area and pore size parameters of the tested materials via nitrogen adsorption 

test 

 Micro-porosity Macro-porosity 

Sample 
Sbet 

(m2/g) 
Pore Size 

(nm) 
Pressure 

(psia) 
Pore diameter  

(µm) 

FDM dense 
catalyst 

0.2831 7.7869 
10.0  21.82 

139.2  1.567  

FDM porous 
catalyst 

1.1446 8.3032 

5.01 43.53 
8.91 24.49  

14.68 14.86  
23.33 9.353  
90.69 2.406 

BJ green 
body 

support 
1.3852 27.5985 8.91 24.49 

Macro-porosity was studied via mercury porosimetry, Figure 4. 43. In this case, the FDM dense 

catalyst, Figure 4. 43 (a, b), shows two pore dimeter volumes around 22 µm and 1.6 µm 

corresponding to 10.0 and 139.2 psia of mercury respectively. While, FDM porous catalyst,  

Figure 4. 43 (c, d), does not show two well defined pore size distribution. Firstly, it shows small 

peak at 43.53 µm; 24.49 µm; 14.86 µm and 9.353 µm corresponding with an interval of pressure 

between 5.01- 23.33 psia. But this sample shows a high defined peak at 90.69 psia associated with 

a pore diameter volume of 2.406 µm. All these results compared with the porosimetry of the 

ceramic support discussed in the previous chapter are reported in Table 4. 5. These results suggest 

that all samples exhibit mesoporosity as in all cases the pore diameter is between  

2 – 50 nm.  
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Figure 4. 43 Graph associated with porosimetry test of the (a, b) FDM dense catalyst and (c, d) FDM 

porous catalyst 

As a reminder MB photodegradation depends on the amount of MB absorbed on the surface of the 

catalyst. Hence, the degradation of contaminant achieved for the functionalised support was 

smaller too than achieved for direct printed catalyst, Figure 4. 44. However, after 24 hours the 

percentage of MB converted is somewhat higher for the functionalised support, which means that 

the kinetics are different, but the overall performance after 24 hours is similar in both cases.  

Consequently, if these results are analysed regarding the porosity of the samples, all of them show 

a similar porosity. Thus, the difference may be conditioned by the catalyst itself. This would 

explain that both catalysts obtained via FDM technique have a similar MB adsorption, while the 

catalyst manufactured via functionalisation of the BJ support shows a lower MB adsorption as the 

TiO2 catalyst was synthesised via a different route.  
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Figure 4. 44 Comparison according to the photodegradation of MB between the catalyst obtained 

directly via FDM vs the printed support via BJ which was posteriorly functionalised with TiO2  

This hypothesis was confirmed by comparing the kinetics in both cases, Figure 4. 45. The graph 

reveals that the kinetics for porous and dense FDM printed catalysts were higher, than for the 

functionalised support. 

 

Figure 4. 45 Kinetic comparison between the FDM catalyst vs the printed support via BJ which was 

further functionalised with TiO2 (Data reported in Table 4. 6) 

Comparing the pseudo-second order kinetic constant in all cases, the kinetics of 

photodegradation carried out by porous FDM printed catalysts is five times higher than BJ 

printed supports functionalised with TiO2.  
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Table 4. 6 Kinetic parameters extracted from graph showed in Figure 4. 45 

Sample Kinetic constant (mol-1·L·min-1) 

Porous catalyst printed via FDM 5.44×10-4 

Dense catalyst printed via FDM 4.24×10-4 

Functionalised support printed via BJ 1.71×10-4 

However, the performance after 24 hours is the same for all cases, even higher in BJ 

supports. 

Regarding the price, the cost of a piece a support was 0.10€ while the cost of a single piece of the 

direct printed catalyst is 5-10 €.  However, despite the higher cost, printed catalysts can be easily 

reused as the supports lose their geometry in contact with solutions after a while, which could 

imply performance drops.  

To sum up, it has been demonstrated that both routes are viable for contaminant removal and 

their application on large scale wastewater treatments must be focused on a deeper study about 

the relationship between performance and cost that both would entail. 

4.7.2  Ciprofloxacin conversion 

With the same goal, another emergent contaminant molecule was studied, that is a compound 

belonging to the drug field, specifically, ciprofloxacin (CIP), Figure 4. 46. CIP was chosen for 

degradation studies as is widely used as a third generation fluoroquinolone, i.e. an antibiotic used 

in infectious diarrhoea, respiratory tract infections, skin infections, typhoid fever, and urinary 

tract infections, etc.47,48 The growth and extended use of this type of drug has  caused a dramatic 

increase of its concentration in wastewater treatment plants effluents water, surface water, 

groundwater and soils which could favour the existence of microbial populations, i.e. 

fluoroquinolones resistant pathogens.48,49 Hence, finding suitable catalysts accelerating the 

degradation of this contaminants can be considered as a hot topic in wastewater treatments. 

 

Figure 4. 46 Ciprofloxacin molecule 

Previous research has established that TiO2 is a good catalyst for ciprofloxacin.50–52 with a well-

known conversion mechanism rendering by-products with negligible toxicity.51 Thus, in this work 
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the capability of the printed catalytic device for degradation of different types of molecules was 

evaluated, using the same system and parameters described before.  

The degradation process occurs similar to that of MB. First, a part of the pollutant is adsorbed on 

to the catalyst surface, then light arrives, and then radical reactions are triggered, Chapter 1, 

Equations 1.6 - 1.13.  Paul et. Al53 reported a simplified description of the proposed mechanism for 

this drug photo-degradation, which had been reported in detail in the literature.54–57 Thus, during 

photodegradation via TiO2 catalyst, the pollutant undergoes piperazine ring cleavage, some 

nitrogen and fluorine loss, Figure 4. 47.54 

 

Figure 4. 47 Summary of the result reported by Paul et al.54 Inorganic product formation under (a) 

visible light and (b) UV irradiation. Organic product formation under (c) visible light and (d) UV 

irradiation and (f) the proposed product structures  

The experiment was carried out between 240-390 nm, where the pollutant has a maximum 

absorbance at 278 nm. The steps followed were the same to those of the MB experiment: (i) 

calibration curve, (ii) photolysis, (iii) adsorption and (iv) photo-degradation.  

Figure 4. 48 shows the different absorbance values for a solution of ciprofloxacin (1-20 ppm). The 

largest concentration presents a somewhat saturated absorbance peak, being the oversaturation 

beyond 20ppm. For this reason, it is recommended that the photocatalytic tests are performed at 

lower concentrations.  



182 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

182 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

 CHAPTER IV: 3D PRINTING FUSED DEPOSITION MODELLING FOR CATALYST 

157 

 

The calibration curve was the result of representing the Amax (278nm) versus the concentration 

(ppm), (R2= 0.9997). Consequently, the concentration of future tests can be known by measuring 

their absorbance.  

 

Figure 4. 48 Absorbance of ciprofloxacin in the corresponding calibration curve 

Regarding the photolysis effect, an initial concentration of 15.7 ppm was employed to study 

whether this drug degrades only by the light action. Figure 4. 49 shows as ciprofloxacin did not 

degrade under UV-Vis light without the presence of the catalyst. Therefore, it can be concluded 

that ciprofloxacin does not undergo photodegradation by itself. 

 

Figure 4. 49 Absorbances graph of ciprofloxacin solution during photolysis test 

Photo-catalyst conversion was measured using four porous monoliths on the tube reactor, 

analogous to MB experiments done. Photodegradation data are collected in Table 4. 7 and 

represented in Figure 4. 50. This graph shows that 34,8% of ciprofloxacin was converted after 

5 h, and 50,87% after 50 h.   
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Table 4. 7 Data of ciprofloxacin conversion 

Time (h) Absorbance [C] (ppm) Conversion (%) 

0 2,4799 15,7 0,0 

0,5 1,8985 12,0 23,2 

1 1,7760 11,3 28,1 

1,5 1,7344 11,0 29,7 

2 1,7113 10,9 30,6 

2,5 1,6783 10,7 32,0 

3 1,6672 10,6 32,4 

4 1,6309 10,4 33,8 

5 1,6800 10,7 34,9 

6 1,5791 10,0 35,9 

7 1,5844 10,1 35,7 

25,5 1,4241 9,1 42,1 

50 1,2037 7,7 50,9 

 

 

Figure 4. 50 Conversion of ciprofloxacin with porous printed catalyst from (data from  

Table 4. 7) 

Also, the reusability of the catalyst monoliths was tested employing the same thermal program 

used in the case of MB experiments. Figure 4. 51 presents the loss of catalytic efficiency when 

the monolith is reactivated, which corresponds to 13.3 %. This is somewhat higher than the 

obtained for MB, however they are different process so they could not be compared straightaway. 

Thus, it can be concluded that it is a good result regarding the reusability of the catalyst for this 

process.    
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Figure 4. 51 Photodegradation graph of ciprofloxacin using fresh printed devices vs using re-

activated devices 

In summary, 3D printed TiO2 monoliths exhibit catalytic activity for the degradation of different 

emergent contaminants, such as dyes and drugs. These results obtained provide important 

insights into the role of 3D printing process for the manufacturing of catalytical materials, saving 

material, time and money compared with the traditional manufacturing process. Thus, it would 

be possible to employ these monolithic catalysts for wastewater treatment to remove different 

types of molecules that can be dangerous for the environment and our health.  
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5. 1 Device architecture and preliminary considerations 

As presented in Chapter 1, SOFC components can be obtained by ceramic 3D printing, simplifying 

the number of steps during the cell fabrication and reducing the waste material. In this chapter, 

we will focus on achieving 3D printed electrolytes for SOFCs. The first goal is to optimize the 

fabrication of YSZ electrolytes by using a DLP printer prototype called Spid3r (developed by 

Print3D Solutions). This will be done by comparison of the DLP-printed flat electrolytes with 

analogue reference electrolytes manufactured using a SLA commercial printer from 3DCeram (at 

the Catalonia Institute for Energy Research, IREC). This chapter is complemented with Appendix 

7, dedicated to the development of robocasting electrode deposition, for the ultimate goal of 

fabricating complete SOFC cells by 3D printing. 

One important parameter of the SOFCs is the resistance of the electrolyte. This resistance is 

directly related to the conductivity and geometry of the part. As presented in Chapter 2, Section 

2.3.1, the resistance of the electrolyte is inversely proportional to the conductivity, while it is 

directly proportional to the thickness sample and inversely proportional to its surface area 

(R=L/(𝜎*S)). Considering the abovementioned, the purpose of this work is developing a 3D 

printed electrolyte where the thickness is as small as possible, and the area is as big as possible. 

To reach this goal, flat electrolytes will be printed first trying to minimize the thickness while 

afterwards, 3D structures will be produced to increase the electrolyte performance by increasing 

the area.  

Figure 5. 1 show the digital design of the electrolyte with expected dimensions for each printer. 

As depicted in the figure, H-like pieces with flat electrolytes of 500 µm in thickness will be printed 

first with the SLA commercial printer to optimise the cathode attachment and serve as a reference. 

Afterwards, these electrolytes will be compared with equivalent electrolytes obtained via our DLP 

prototype.  
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Figure 5.  1 H-like flat electrolyte design for SLA printing (a) cross section, (b) top view. Electrolyte 

design for DLP printing (c) cross section, (d) top view, (e) electrolyte with platform to ensure a good 

attachment to the build platform of the printer 

It is important to notice here that, in the case of the SLA 3D printer, the dimensions of the printed 

structure will be the same as in the digital design, Figure 5. 1 (a & b), since the machine has a 

software able to introduce geometrical corrections occurring during debinding and sintering 

processes (for an optimized slurry). However, for the DLP printer prototype, the digital design 

must be optimised to achieve a printed structure with the desired aspect depending on the slurry. 

In this case, the sintering shrinkage must be studied for each slurry in order to achieve a final 

structure with the proposed height, width and depth. Once the shrinkage factor and the difference 

between the dimensions of the design and the printed object are studied, the digital design must 

be modified. In this way, the printed architecture will be exactly as the digital design. 

Consequently, the dimensions of the electrolyte for DLP, Figure 5. 1 (c & d) are not the same that 

electrolyte for SLA, Figure 5.1 (a & b). In addition, it is necessary to add a platform on the DLP 

digital design, Figure 5. 1 (e), to raise the attached surface of the cured slurry to the build platform, 
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preventing the tank drags the cured paste in its path. Figure 5. 2 show 3D structured electrolytes 

designs.  

 

Figure 5.  2 Structured electrolyte design for SLA printing(a) cross section, (b) top view. 

5.2  Slurry development 

Slurries for the DLP printer were developed during this thesis. DLP slurries are typically based on 

monomer resin, photo-initiator, solvent, dispersant and ceramic powders. Although there are 

some commercial resins that directly contains the monomer and the photo-initiator, in all cases, 

the ratio of the slurry components, the procedure and the printing parameters must be optimized. 

This is the main purpose of this work. In the next sections, the components used for the 

development of the mixture and their effect on the rheology and printability of the pastes will be 

described.  

5.2.1 Organic vehicle: monomer and photoinitiator 

A resin was developed using polyethylene glycol diacrylate (PEGDA) as monomer and Irgacure 

819 [Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide] as photoinitiator. The optimum 

amount of photoinitiator was optimized by trying to achieve the best resolution of cured layers at 

the lowest curing time possible since depending on the photoinitiator ratio employed, the 

absorption region of the light spectrum varies. 

In this regards, Irgacure 819 changes its maximum absorption wavelength depending on its 

concentration.1,2 This fact is due photoinitiator interacts with the solvent. As PI molecules are 

sensitive to charge acceptor and donor species, could interact with the solvent modifying the 

energy levels, which leads the photoinitiator to change its absorption maximum to other new 

wavelengths. However, there are not a lot studies in the bibliography due to once 1-5% of the 

monomer is cure after photoinitiator absorbs light, the formulation of the mixture becomes very 

complex. So, some parameters as rate constants, quantum yields applied on photo-reactions or 

understanding how chain reactions works, is inapplicable to mixture with photoinitiatior without 
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solvent. Therefore, the knowledge of behaviour and reactivity of the photoinitiators in solvents 

has restricted application to real systems.3  Figure 5. 3 shows the effect of the concentration of the 

photoinitiator on the change in the maximum of absorption, which is between 360 - 440 nm 

(corresponding to UVA/visible range) for high concentrations while between 280 - 340 nm 

(corresponding to UVB/UVA range) for low ones. It is good to keep this fact in mind when using 

mixtures where the solvent plays a fundamental role in the rheology of the pulp. However, in cases 

where the photoinitiator is used by itself, this fact will not be relevant and we will work in the 

wavelength zone where it presents its characteristic absorption maximum. 

 

Figure 5.  3 Irgacure 819 absorption spectrum according to the concentration (diluted in 

acetonitrile)1 

Accordingly, in this work, different amounts of Irgacure 819 were added to PEGDA resin 

formulations, namely, 0.5, 0.7 and 1 wt. %., to optimize the curing process. Lower concentration 

values were discarded because the curing time was above one minute to reach defined patterns. 

The best result was obtained when 1wt. %. Irgacure 819 was employed, obtaining a good 

resolution after only 3 seconds, Figure 5. 4. 
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0.5 wt. %.; 5s. 0.7 wt. %.; 3s. 1 wt. %.; 3s. 

 

Figure 5.  4 Cured layers using the resin made by PEGDA and Irgacure 819 (a) 0.5wt. %. Irgacure 819 

cured after 5 seconds (b) 0.7wt. %. Irgacure 819 cured after 3 seconds (c) 1wt. %. Irgacure 819 cured 

after 3 seconds 

However, when the mixture is mixed with YSZ powder, the curing time needs to be increased at 

least up to 10 seconds. During this extra time, over-curing of the areas out of the pattern mask is 

taking place, i.e. the parts exposed to the “black light” of the projector (typically a dim white light). 

In order to improve this over-curing phenomena due to long exposition, a photoninitiator 

combination was employed in order to improve the adsorption spectrum in the UV-visible zone. 

With this purpose the photoinitiator called Sudan I (1-Phenylazo-2-naphthol)4 was added to the 

mixture. However, using Sudan I the resin did not cure in spite of increasing the concentration 

(0.06 - 0.1 wt. % range). Because of this poor behaviour, this approach was finally discarded.   

Due to the issues with the photoinitiators, commercial resins with maximum absorption in the 

UV-visible were also evaluated in our DLP system. Specifically, three different resins were tested 

from Standard Blend, corresponding to red, black and unpigmented resin. The formulation of this 

family of resins is based on acrylate monomers, glycol diacrylate monomers and phosphine oxide 

based photo initiator according to the MSDS sheets5 supplied by the manufacturer. Regarding the 

curing time, the company reported that all proposed resins cure between 2 and 4 seconds when a 

DLP projector of 2500-3000 lm is employed.6  

The maximum absorption of the unpigmented resin lays between 225 nm and 415 nm, presenting 

a maximum at 405 nm, according to the manufacturer. In order to verify this important 

specification for our application, its absorbance was measured in our lab by using a UV-Vis 

spectrophotometer. Figure 5. 5 shows the absorption spectrum of the resin by irradiation with 

wavelengths between 200 - 2000 nm. Confirming the manufacturer’s specifications, the resin 

absorbs in UV and in an interval of the visible range (380 – 450 nm), showing its suitability for our 

projector. Different dilutions of the resin were measured, Figure 5. 5 (and inset), corroborating 

that more diluted resin absorbs at shorter wavelengths. The absorption intensity of the sample 
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does not decrease, but it was displaced to lower wavelengths because of the new chemical species 

present created by the interactions between resin molecules with the solvent. 

 

Figure 5. 5 Standard Blend (SB) Unpigmented resin absorption spectrum (200 – 2000 nm) (original 

and diluted in ethanol) 

Regarding the curing tests, all resins were evaluated for curing times of 3 and 5 seconds to 

compare with our home-made mixture of PEGDA and Irgacure 819 (1 wt. %.). In Figure 5. 6 the 

resolution achieved using the different Standard Blend resins is presented (see a detailed study 

in the next Section 5.3.2). Unpigmented resins offered the best results for curing times of 3 

seconds, Figure 5. 6 (a). The other resins have not a good definition at the same curing time,  

Figure 5. 6 (c, e). For all the resins, curing times of 5 seconds induced over-curing effects, 

Figure 5. 6 (b, d, f). 

Overall, these results indicate that Standard Blend Unpigmented resin can be an 

appropriate organic vehicle to be employed on our DLP Spid3r printer, in particular, for 

the fabrication of the YSZ electrolyte for SOFCs. 
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Figure 5. 6 Standard Blend resins (for DLP prototype printer) cured at 3 and 5 seconds. (a) 

Unpigmented resin 3 s. cured (b) Unpigmented resin 5 s. cured (c) Red resin 3 s. cured (d) Red resin 

5 s. cured (e) Black resin 3 s. cured (f) Black resin 5 s. cured 

5.2.2 Dispersant 

Once the organic vehicle is chosen, the next step is to achieve a good mixture with the highest 

content of 8YSZ solid load as possible. Previous studies on YSZ slurries for DLP have explored 

solid loads between 30 and 50 vol %.7–9 In this thesis, the maximum solid load reached values 

of 70 wt. %. Nevertheless, due to the high viscosity of the obtained slurries, solvent and 

dispersant were necessarily added to adequate the rheology to the printing process. The addition 

of a dispersant was carried out to avoid the flocculation and stabilise the suspension. Ethanol was 

employed as a solvent for preparing solutions, but due to its low boiling point (78°C), it was 

evaporated before using the mixture for printing process.  

More specifically, Triton™ X-100 (t-Octylphenoxypolyethoxyethanol) was employed as a 

dispersant. It adsorbs onto the ceramic particles surface by Van Der Waals attraction,10 achieving 

a steric stabilization as was showed in Figure 2. 16 (a), Chapter 2. The optimum amount of 

dispersant added was set studying its effect on the particle distribution and on the viscosity of the 

sample, which will be detailed in the Section 5.2.4. Before detailing the rheology study, the 

distribution of ceramic particle aggregates is presented in Section 5.2.3. 

5.2.3 Distribution of particles 

Previous research findings into particle size distribution have been focused on the Triton X-100 

role as dispersant,11–13 being established its use to modify the diameter of particles agglomerates 

in nanoscience. The particle size distribution of the 8YSZ slurry was measured for the ceramic 

powder in the absence and presence of Triton X-100. With this purpose, the commercial powder 

was mixed with different weight percentages of Triton X-100 using ethanol as a solvent, until 

solvent is evaporated. The measurements were carried out using a laser scattering equipment 

(Mastersizer 2000 in SEGAI), as mentioned in Chapter 2, Section 2.2.4. Figure 5. 8 shows the 

particle distribution without and with the dispersant. When the YSZ powder was tested without 

dispersant, two different particle size distributions centred in d1= 3 µm and d2= 65 µm (with a 

total volume of particles v1= 2.9 % and v2= 3.7 %, respectively, at the maximum) were observed. 

When the dispersant was employed, the particle size of the first distribution decreased until d1= 

1.5 µm (but the volume of particles increased up to 4.6 %) while the number of particles with a 

diameter centred around d2= 65 µm was decreasing as the amount of dispersant increased, 

Figure 5. 8 (orange and red lines). Therefore, one can easily conclude that the YSZ particle size 
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distribution depends on the presence of the dispersant agent in the mixture (and the mixing 

process), achieving a higher amount or particles with smaller diameters of 1.5 µm than without 

the use of dispersant.  

It is important to mention here that when 3 wt. % of dispersant was employed the distribution of 

bigger particles substantially changed its centre, from d2= 65 µm to d2= 28 µm, Figure 5. 7 (yellow 

line). This effect was visually observed because liquid slurry was obtained, which is not desirable. 

However, decreasing a bit the amount of dispersant (2.85 wt. %) it is possible to recover the 

previous rheology, Figure 5. 8 (green line).  To avoid this instability approaching 3 wt. %, the 

formulation with 2 wt. % Triton X-100 as dispersant was the choice for the rest of 

experiments.  

 

Figure 5. 7 Particle size distribution of YSZ powder using different concentration of dispersant Triton 

X-100 for DLP prototype printer. 

5.2.4 Rheology of the ceramic slurry 

Once the ideal amount of dispersant was optimised, the paste was formulated by combining the 

dispersed ceramic with the organic vehicle described before. The main goal was trying to achieve 

a printable paste with the maximum possible solid load while keeping its printability. In order to 

reach this objective, pastes with different solid loading were prepared, their viscosities were 

measured (at 20°C) and their printability was tested. Since Spid3r is a prototype printer, there is 

not a commercial material to be employed as a reference.  

Figure 5. 8 shows the impact of the solid loading on the viscosity of the sample pastes.  First, it can 

be observed that slurries with 80 wt. % show considerably higher viscosity than the rest. Up to 70 

wt. %. the viscosity trend was maintained with increasing solid loading. This fact was associated 
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with the printability of the sample, because all slurries (40 wt. % - 70 wt. %) could be printed but 

the slurry with 80 wt. % of solid loading. The printable paste with the highest solid loading 

was set at 70 wt. %. of YSZ, Figure 5. 8 (red triangular line) and presents a viscosity of 106 Pas 

at the typical shear rate of the Spid3r (0.071 s-1). These values are higher compared well with 

commercial slurries employed in SLA/DLP printers, where most of them the viscosity does not 

exceed 3 Pa*s to achieve an acceptable recoating.14–16However, this fact is because of the printer 

design. DLP printers usually print via bottom up, for this reason is necessary a low viscosity for 

the self-recovery. But the DLP printer developed in this thesis work top down, allowing to increase 

the viscosity of the slurries since these pastes are going to be deposited thanks to the path of a 

tank with the mixture above the building platform. 

  

Figure 5. 8 Viscosity measurements for YSZ slurries with different solid loads: 40 wt. %. (brown), 50 

wt. %. (green line), 60 wt. %. (yellow line), 70 wt. %. (violet line) and 80 wt. %. (red line).  

5. 3  Printing process optimization 

5.3.1 Depth curing  

Depth curing relies on several parameters, which were named in Section 2.1.4.2.1 on Chapter 2, i.e. 

particle size, refractive index of the resin, minimum intensity required to cure, etc. However, when 

the ceramic slurry is stablished, the depth curing is directly associated to the curing time. So, the 

longer the curing time is, the higher will be the layer thickness. In this work, the layer thickness 

after curing was directly measured for the best performing slurry (68.6 wt. %. YSZ + 29.4 wt. %.  
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SB resin + 2.0 wt. %. Triton X-100 dispersant). Curing times between 1 and 15 seconds were used 

for the calibration of the curing depth while the homogeneity of the curing process was 

determined by measuring the thickness of the layer at different points employing a digital 

microscope Leica DFC420. Figure 5. 9 shows pictures of the layers printed and cured for different 

times. Although good results are obtained for all the curing times, it is important to notice that 

after 8 seconds, the resolution is affected by the previously mentioned over-curing 

phenomenon.  

 

Figure 5. 9 YSZ printed single layers for different curing times 

Figure 5. 10 (and Table 5.1) shows the curing depth as a function of the time. The average 

thicknesses are presented as symbols while the different measurements of each sample are 

represented as bars. Although it is not a linear behaviour, it is clear that increasing the 

exposure time the depth curing increases (and the thickness of the layer). After the first four 

seconds, a linear relationship can be established as defined by depth(µm) = 5.5 * time(s) + 

134.  

As observed in the graph and listed in Table 5. 1, the thickness of the cured layers was not totally 

homogeneous, undergoing standard deviation between 2 and 6 µm depending on the exposure 

time. These inhomogeneity represents less than 5% of the total thickness in all the cases and can 

be considered reasonable for a prototype. It is important to remind here that depth curing is not 
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only relevant to control the layer thickness but also because it defines how much the z-axis of the 

printer must move after each layer deposition (in order to cure the total amount of mixture 

deposited and attach the new layer to the previous cured one). An accurate layer curing avoids 

remaining uncured slurry between layers and prevents from producing defects during the 

printing process, i. e.  displacement of layers, dragging of cured parts with the passage of the slurry 

tank, etc. 

 

Figure 5.  10   Depth curing of YSZ slurry (68.6 wt. %.) developed for DLP Spid3r printer 

Table 5. 1. Curing depth (at different points of a single layer) for different curing times 

Curing 
time  
(s)  

Curing depth  
(µm)  

Average (µm)   
Standard 
deviation 

(µm) 
1  62  64  66  66  64  2  

2  108  109  113  106  109  3  

3  129  128  125  124  128  5  

4  148  147  149  148  147  2  

5  149  154  156  155  154  3  

6  166  172  169  175  172  5  

7  175  176  176  177  176  1  

8  185  182  178  179  182  3 

9  188  191  191  193  191  2  

10  192  196  197  200  196  3  

11  196  195  198  192  195  2  

12  197  198  196  202  198  2  

13  207  204  202  205  204  2  

14  201  204  201  209  204  3  

15 219 215 207 218 215 5 
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5.3.2 Resolution  

SLA and DLP technologies present the highest resolution compared with FDM (and other 3D 

printing techniques). However, there are differences between SLA and DLP mainly due to the 

nature of the light sources. Stereolithography employs a laser and, therefore, the maximum 

resolution will depend on the laser spot size. On the other hand, digital light processing (DLP) uses 

a projector, so the maximum resolution achieved will depend on the pixel size, see Figure 5. 11. 

Typically, a higher quality and resolution can be achieved with SLA printers even for bigger laser 

spot sizes than pixel sizes in DLP (due to fact that DLP printers use a matrix of squared pixels 

which achieve a lower quality printing, see Figure 5. 11).17 Moreover, due to over-curing effects, 

the resolution of a DLP printer depends on curing time and distance of the projector to the 

building platform.  

 

Figure 5.  11  Resolution of SLA vs DLP. (Figure adapted from literature) 17,18 

The resolution of the Spid3r prototype printer is studied, in this work, using several organic 

vehicles and YSZ formulated slurries.  

Regarding the XY resolution, it was studied by printing digital designs specifically conceived for 

resolution analysis and calibration purposes (see Figure 5. 12). This design was printed using all 

proposed resins and the YSZ slurry to corroborate the preliminary tests reported in Section 5.2.1 

for the resin choice. The curing time employed for all organic vehicles was 3 seconds while, for 
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the YSZ slurry, three different times with expected good performance (after experiments in  

Figure 5. 9) were employed, namely, 3, 5 and 10 seconds.  

 

Figure 5. 12 Digital design employed to test the XY resolution of the printer 

A number of printed patterns were obtained after curing for the home-made PEGDA and Irgacure 

formulation (Figure 5. 13) and the commercial Standard Blend Black (Figure 5. 14),  

Red (Figure 5. 15) and Unpigmented (Figure 5. 16).   The quality of the patterns was qualitatively 

analysed by visual inspection and quantitatively by measuring the diameter of the holes and sides 

of the geometrical figures of the mask.  

Regarding the home-made resin, it is clearly shown that over-curing effects are dominating the 

printing, which makes difficult to obtain a defined structure even after very few layers  

(Figure 5. 13). This study confirms the initial decision of discarding the PEGDA and Irgacure 

based resin. 

For the commercial resins from Standard Blend, different resolutions were observed. The 

resin that presented less over-curing effect was the black, Figure 5. 14, as clearly observed by the 

final dimensions of the holes, which were closer to the projected designs. However, using this 

resin the shapes were not well-defined. A better balance was achieved by the un-pigmented resin 

(Figure 5. 16) that reasonably maintained the original dimensions while offering much excellent 

shapes. From these results, it was concluded that the best resin in terms of resolution was 

the SB Un-pigmented, which matches well with the result obtained by the fast curing tests in 

Section 5.2.1. 
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Figure 5. 13 XY resolution for developed resin based on PEGDA and Irgacure (curing time: 3s.) 

 

Figure 5. 14 XY resolution for Standard Blend Black resin (curing time: 3s.) 
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Figure 5. 15 XY resolution for Standard Blend Red resin (curing time: 3s.) 

 

Figure 5. 16 XY resolution for Standard Blend Un-pigmented resin (curing time: 3s.) 

Regarding the xy resolution for the YSZ slurry, similar calibration patterns were printed as shown 

in Figure 5. 17. These tests were done using curing times of 3s, 5s, and 10 s. It is possible to 

observe that the over-curing effect is higher when higher is the curing time, decreasing the 

printing resolution. The optimum result is obtained using low curing times, nevertheless, it may 

affect to the layer attachment (not enough cross linking of the two consecutive layers). 
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3 seg. 5 seg. 10 seg. 

 

Figure 5. 17 Resolution of the Spid3r using YSZ developed slurry at different curing times: 3 s., 5s. and 

10s. 

In order to achieve a good trade-off between the curing time, the achieved resolution and a good 

attachment between successive cured layers, a 3D structure (with several layers) was printed 

using different curing times. In this was, it was also possible to study the resolution in the Z axis. 

The digital design proposed for this purpose includes different shapes with different dimensions 

and heights as sketched in Figure 5. 18.  

 

Figure 5. 18 Digital design used to study the resolution on the three axes 

First, for a curing time of 3 seconds, the thickness layer was set at 100 µm in the printer. 

The printing of the digital design was finished successfully, however, during the cleaning 

process using ethanol, the different layers of the final 3D printed structure presented clear 

signs of detachment (Figure 5. 19). Although the observed resolution was reasonably good, a 

displacement of several layers of the printed part could be observed due to the poor attachment 

(Figure 5. 19(a)). 
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Figure 5. 19 3D printed design for resolution test using 3 second for the curing time 

The same test was repeated using curing times of 5s and a thickness layer of 150 µm. A 

similar effect was observed, which indicated that using 5 s was not still enough to solve the 

attachment issues.  

Finally, longer curing times of 10s were tested. Keeping the layer thickness at 150 µm, the 

printing of the 3D design was successfully finished, and the cleaning process could be easily 

carried out (Figure 5. 20). Although a worse resolution is observed for 10 seconds, this is the only 
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time that allowed completely printing 3D objects that not suffer from dramatic failure during the 

printing or the cleaning process due to the delamination.  

Overall, it is possible to conclude that a printer resolution of 150 µm on the z-axis and 1 

mm on the xy-plane is achievable for curing times of 10 seconds when using the formulated 

YSZ slurry. 

 

Figure 5. 20 3D printed design for resolution test using 10 seconds for the curing time 

5. 4  Electrolyte printing 

This section is focused on the printed electrolytes fabricated via our Spid3r prototype printer, 

which will be compared with 3D-SLA printed electrolytes manufactured using SLA commercial 

printer of 3DCeram (at IREC). 

The first manufactured designs were H-like circular pellets that would facilitate further 

electrochemical characterisation by ensuring an easy sealing to the test station. The design shown 

in Figure 5. 1(a & b) was employed for electrolytes made with the SLA printer while the design of 

Figure 5. 1 (c & d) was employed for electrolytes obtained using the DLP Spid3r printer. The SLA 

printer used 8YSZ pastes previously developed in the EU project Cell3Ditor (coordinated by IREC 

and participated by the ULL), while the DLP printer employed 8YSZ developed slurry as described 

before. Printing parameters for both machines are shown in Table 5. 2. The debinding and 

sintering process of the green bodies printed using Spid3er DLP followed the thermal program 

described in Chapter 2, Section 2.1.4.2.3.3, for a final sintering temperature of 1350°C. The thermal 

program used for SLA printed electrolytes was developed in the previously mentioned Cell3Ditor 

project reaching up to 1450°C. 
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Table 5. 2 Printing parameters for manufacturing 8 YSZ electrolytes via SLA and DLP techniques 

Printing parameters DLP SLA 

Thickness layer (µm) 150 100 

Raster speed (mm/s) 25 5000 

Curing light wavelength (nm) 360-405 (max 380) 355 

Curing Time (s) / Intensity laser (%) 10 93 

5.4.1 Electrolytes printed using a DLP Spid3R printer 

Figure 5. 21 (a & b) shows green bodies of DLP-electrolytes with different geometries (flat and 

squared), while Figure 5. 21 (c & d) shows the green body and the sintered parts for the same 

design, which allows the determination of the shrinkage factor. First, it can be observed that a 

clear over-curing effect took place by comparing the printed mask with the digital design,  

Figure 5. 21 (b.1 and b.2). The same issue can also be observed in the perimeter of the DLP-

electrolytes, which are not completely circular. In addition, over-cured areas can be appreciated 

on squared pattern where corners were rounded. As previously discussed, this phenomenon 

originates from an excessive curing time of 10 seconds needed for avoiding dramatic delamination 

of the printed pieces.  

Regarding the change in size shown in Figure 5. 21 (c & d), the dimensions of the samples were 

measured in order to calculate the shrinkage factor of the printed samples after the thermal 

treatment. Table 5. 3 lists the changes in dimensions for the different geometries before and after 

sintering.  The shrinkage factor is around 31 – 35% on xy axis for flat samples while around 

36- 37 % for squared patterns. Complementary manufactured samples verify that the shrinkage 

of the material was different between samples with a different structure. Regarding the 

shrinkage factor on the z axis, it was more homogeneous and independent of the different 

geometries of the sample showing values between 20-24% in all the cases.  
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Figure 5. 21 3D structured YSZ electrolytes manufactured via DLP Spid3r printer 

Table 5. 3 Dimension values of the printed samples and sintered samples and their shrink factor on 

each axis 

Sample Axis Green body Sintered 
Shrinkage 

Factor 

Flat 
x 2.51 ± 0.01 cm 1.71 ± 0.01 cm - 32 ± 1% 

y 2.55 ± 0.01 cm 1.68 ± 0.01 cm - 34 ± 1% 

3D Structured 
x 2.64 ± 0.01 cm 1.66 ± 0.01 cm -37 ± 1% 

y 2.60 ± 0.01 cm 1.67 ± 0.01 cm -36 ± 1% 
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Overall, it is possible to conclude that flat and structured electrolytes were easy to 

manufacture using the Spid3r prototype printer and the YSZ slurries developed in this 

work, therefore, reaching the major goal of manufacturing structured electrolytes for SOFCs.   

5.4.2  Electrolytes printed using a SLA printer 

Figure 5. 22 directly shows the sintered flat and structured designs obtained by SLA printing, being 

possible to observe clear evidences of a better resolution. This better finishing essentially comes 

from specific features of the printer such as: i) a more precise deposition of the layers (double 

doctor blade); ii) a better controlled curing process (tuneable power laser); iii) an improved 

lateral and vertical resolution by laser focusing capabilities and iv) a deeper understanding of the 

debinding process. In this case, the shrinkage factor is integrated in the software of the 

printer having a value of 29% on xy axis and 27% on z axis. Despite the big difference between 

both samples, pieces printed with the DLP machine still offer interesting features for the 

application in SOFCs.   

 

Figure 5. 22 3D structured YSZ electrolytes manufactured via SLA- 3D Ceram printer 
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5.5 Symmetrical cells based on 3D printed electrolytes and microstructural 

characterization 

After sintering the printed electrolytes as described in the previous sections, they were 

functionalized with electrode (cathode) to configure symmetrical Solid Oxide Fuel Cells. The 

deposition and thermal treatment steps required for this complete cell fabrication. Firstly, a YSZ 

rugosity layer was sprayed and sintered at 1150°C/1h. Then electrodes were manually deposited 

trying to achieve a thickness of 35 µm at least. LSM-YSZ cathode were employed to optimise the 

cathode temperature attachment. The range of studied temperatures was 1100°C-1200°C. Gold 

was deposited as interconnector material using even a gold mesh to improve the attachment with 

the connections of the probostat cell. All the details of this process were described in  

Chapter 2, Section 2.1.3.4. The next sections are devoted to a detailed characterization of the so-

fabricated cells.   

5.5.1 Electrolyte characterization 

Electrolytes employed for optimising electrode deposition had a flat geometry, having been 

designed for a thickness of 500 µm. Figure 5. 23 show SEM pictures of sintered electrolytes 

fabricated with the DLP Spid3er printer, Figure 5. 23 (a, b & c), and, for comparison, using the SLA 

printer, Figure 5. 23 (d, e & f). In these images, first, it is possible to observe that the printing 

processes were highly reproducible since the thickness of the three replicas was similar. The 

measured thickness for 3D-DPL electrolytes was of 488 ± 8 µm while for 3D-SLA electrolytes was 

498 ± 7 µm. Second, the mages clearly show the absence of notable delamination between layers 

or bubble formation.  

 
Figure 5. 23 Sintered 3D electrolytes manufactured via SLA 3DCeram printer (a, b & c) and via DLP 
Spid3r prototype (d, e & f) with LSM cathode deposited on both faces.  
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In order to study the densification during the sintering process, higher magnification SEM images 

were acquired for DLP- and SLA-printed electrolytes. Figure 5. 24 shows SLA electrolyte (a) and 

DLP electrolyte (b) sintered at 1450°C and 1350°C respectively. In both cases, almost fully dense 

electrolytes are observed with an apparent small amount of open porosity.  

It is important to mention here, that thermal debinding and sintering procedure for SLA takes 

~100 hours in total, while the thermal program proposed in this thesis only takes 34 hours in 

total. As it is shown, DLP electrolyte shows a higher porosity than SLA electrolyte. So, thermal 

process must be longer for DLP electrolytes in order to achieve a better density. 

 

Figure 5. 24 (a)SLA sintered electrolyte at 1450°C (b) and DLP sintered electrolyte at 1350°C  

5.5.2 Electrodes characterisation 

This section is focused on the characterisation of the electrodes painted on the sides of the printed 

and sintered electrolytes. The focus of the analysis will be in the thickness and the porosity of the 

layer and the quality of the attachment to the electrolyte. The importance of these parameters was 

previously discussed in Chapter 2. Figure 5. 25 shows SEM cross section images of each DLP-

electrolyte after being functionalised with LSM-YSZ electrodes on both sides, configuring a 

symmetrical cell. The electrode deposition was carried out manually, therefore, a certain 

variability in the cathode thickness is expected and observed (with values between 100 and 115 

µm). These values represent reasonable thicknesses for a highly porous electrode according to 

our previous experience. 

To study the porosity of the layers and the quality of the electrolyte-electrode attachment, higher 

magnification images were acquired. Figure 5. 25 shows the interface at different temperatures of 

attachment for electrolytes manufactured via DLP while Figure 5. 26 shows the interface SLA-

electrolyte - LSM electrode for the different attachment temperatures. Regarding DLP 

electrolytes, it can be determined that a better mix of YSZ and LSM material was achieved 
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at 1100°C presenting a good porosity better homogeneity of the grain size throughout all 

deposited cathode layer than electrode attached at 1150°C and 1200°C.   

Besides, it is possible to observe in Figure 5. 26 (c) that the attachment between both phases is 

better than at higher temperatures, defining a better TPB zone as it is shown in Figure 5. 27 

(electrolyte: right zone; electrode: left zone). However, the porosity of the cathode is lower than 

for lower temperatures. Regarding the SLA electrolyte, the difference between the highest 

temperatures with the lowest one is significant. In spite of the particle size at 1200°C, Figure 26 

(a), and 1150°C, Figure 26 (b), were smaller, at 1100°C was achieved a porous structure where 

the pores seem connected each other facilitating the gas flow through the electrode until 

TPB zone, Figure 26 (c).  

 

Figure 5. 25 LSM electrode – YSZ electrolyte (DLP) interface symmetrical cells, where the electrode 

was sintered at different temperatures (a) 1200°C; (b) 1150°C and (c) 1100°C 
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Figure 5. 26 LSM electrode – YSZ electrolyte (SLA) interface symmetrical cells, where the electrode 
was sintered at different temperatures (a) 1200°C; (b) 1150°C and (c) 1100°C. 

 

Figure 5. 27 Detail of the attachment at 1100°C of the LSM-YSZ cathode to the 3D printed electrolyte  
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5.5.3 Roughness layer 

According to the procedure described in Chapter 2, Section 2.1.3.4, YSZ roughness layers were 

sprayed on both electrolyte sides to improve the electrode attachment between the YSZ 

electrolyte and the YSZ-LSM cathode. SEM images clearly show (artificial colouring) this 

roughness layer for DLP, Figure 5. 28 (a & b), and SLA electrolytes, Figure 5. 28 (c & d), and the 

interface between cathode-roughness layer-electrolyte. Different thicknesses are observed due to 

the manual application of the layer, however, due to the considerable thickness of the electrolyte 

(electrolyte-supported cells) this variability is not considered relevant for the final 

performance of the cell.  

 

Figure 5. 28 Cross-section SEM images of the microstructure of the interface cathode-roughness 

layer-electrolyte for (a) 3D-SLA electrolyte and (b) its coloured image; (c) and for 3D-DLP electrolyte 

and (d) its coloured image. [Cathode (green), roughness layer (yellow) and electrolyte (brown)] 

5. 6  Electrochemical performance 

Symmetrical cells (Au/LSM-YSZ/YSZ/LSM-YSZ/Au) were studied via impedance spectroscopy 

(EIS) for measuring the ionic conductivity of the electrolytes manufactured using the DLP Spid3r 

printer and the SLA industrial printer, employing the material listed in Table 5. 4. In order to 
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measure the performance of these SOFCs, the fabricated cells were sealed on a Probostat system, 

as shown in Chapter 2, Figure 2. 23, using Ceramabond™.  

Nyquist plots of the different symmetrical cells obtained via DLP and SLA, whose cathodes were 

sintered at 1100°C, 1150°C y 1200°C, are shown of Figure 5. 29. They were measured by EIS 

different temperatures (700–900 °C) in synthetic air (symmetrical atmosphere). 

Table 5. 4 SOFC materials employed and geometrical dimensions of the symmetrical LSM-

YSZ/YSZ/LSM-YSZ cells measured. (Tatt: Attachment temperature) 

  Material  Technique  Tatt Thickness  Area  

Electrolyte  8 YSZ  DLP  1350°C  490 µm  2.41 cm2  

Electrolyte  8 YSZ  SLA 1400°C  500 µm  1.77 cm2  

Cathode  LSM-YSZ  Painted  
1200°C   
1150°C   
1100°C  

100 µm DLP 
120µm SLA  

-  

Current 
collector  

Au  
Painted and 

mesh  
800°C  -  -  

Nyquist plots were fitted using an equivalent circuit with physical meaning (Figure 5. 30). The 

model includes an inductance (L1), typically associated to the setup, in series with an ohmic 

resistance (R1), related to the contribution of the YSZ electrolyte and contact resistances, which is 

in series with two arcs (RC) corresponding to the polarization resistances from the LSM-YSZ 

electrodes (R2CPE2 and R3CPE3). The results regarding R1 are very important because they contain 

information on the quality of the attachment since the connected area between electrolyte and 

electrode (effective contact surface) and the resistance associated to the current collection 

through the electrode directly contribute to this element. That means, R1 gives an idea about the 

electrode percolation, that is if the gasses can flow through it without problem. Regarding the 

information straightforwardly related to the electrolyte conductivity, it can only be extracted for 

the optimum attachment temperature (involves assuming a contact resistance smaller than the 

electrolyte). The data resulting from the fitting of the EIS curves is shown in Table 5. 5. 

 

Figure 5. 30 Equivalent circuit for fitting EIS curves 
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Figure 5. 29 Nyquist plots of the EIS spectra of the symmetrical LSM-YSZ/YSZ/YSZ-LSM cells using 

the electrolyte manufactured via DLP and SLA printing 

Figure 5. 31 and Figure 5. 32 illustrate the Arrhenius plots of the respective contributions of the 

serial (Rs) and polarization (Rp=R2+R3) resistances as a function of the inverse of temperature. It 

is clearly observed in both plots that cathodes fixed at 1100°C result in the lowest values of serial 

and polarization resistances for both DLP and SLA electrolytes. This can be confirmed with the 

result shown in Table 5. 5 where lower values were achieved for the attachment done at 

1100°C, resulting in conductivity values pretty similar for both electrolyte types. This is in 
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good agreement with the cross-section images that were previously discussed, where the higher 

the temperature the coarser and sintered the microstructure was.   

So, it can be concluded that the optimum temperature for electrodes attachment is 1100°C. 

Table 5. 5 Circuit elements values obtained at different temperatures (T = 700–900 °C) for the cells 

whose Nyquist plot are represented in Figure 5. 29  

    DLP SLA 

Tatt T (°C) Rs (Ω) R2 (Ω) R3 (Ω) Rs (Ω) R2 (Ω) R3 (Ω) 

1
1

0
0

 

900 0.5 0.4 0.06 0.6 0.4 0.02 

850 0.6 0.6 0.1 0.6 0.5 0.2 

800 0.8 0.5 0.9 0.8 0.7 0.5 

750 1.2 1.3 0.9 1.2 2.3 0.5 

700 1.8 1.7 2.1 1.8 1.9 2.2 

1
1

5
0

 

900 2.1 2.2 5.5 2.5 2.5 0.6 

850 4.1 1.7 10.2 3.0 1.1 5.1 

800 5.2 6.1 16.6 4.8 2.1 8.8 

750 8.1 7.4 36.0 6.7 4.1 17.2 

700 10.1 23.8 62.8 9.0 8.8 34.8 

1
2

0
0

 

900 2.1 2.2 3.1 0.9 0.6 0.1 

850 3.4 7.3 1.8 1.1 1.2 0.2 

800 5.0 2.2 14.8 1.6 2.1 0.4 

750 8.0 4.0 26.6 2.3 4.0 0.9 

700 11.3 9.1 54.0 3.3 7.0 2.4 
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Figure 5. 31 Arrhenius plot of the serial resistance associated to cells with cathodes attached at 

different temperatures (Tatt=1100, 1150 and 1200°C) 

 

Figure 5. 32 Arrhenius plot of the polarization resistance associated to cells with cathodes attached 

at different temperatures (Tatt=1100, 1150 and 1200°C) 
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As previously mentioned, from the optimized cells, it is possible to extract the ionic conductivity 

of the electrolyte (assuming that the ohmic resistance associated to the contact and current 

collection at the electrodes is negligible compared with the resistance of the electrolyte).  

Therefore, it is possible to plot the ionic conductivity of the DLP and SLA electrolytes for the cells 

with cathodes attached at 1100°C, Figure 5. 33. The Arrhenius behaviour is confirmed by linear 

fitting. From the slope of the fitted lines, it is possible to extract the activation energies  

(Table 5. 6), which are close for the typical values for YSZ (~Ea= 0.8 – 1.2 eV).19–22 The ionic 

conductivities values at 900°C achieve a maximum of 0.054 ± 0.013 S/cm for the electrolyte 

printed via DLP while 0.046 ± 0.011 S/cm for SLA (Table 5. 6). Both values are in excellent 

agreement with other reported conductivities for 8YSZ at the same temperature (0.08 - 0.09 S/cm 

at 900°C).22–26 

 

Figure 5. 33 Arrhenius plot of the ionic conductivity of the 3D printed 8YSZ electrolytes achieved for 

each symmetrical cell with a cathode attached at 1100°C 
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Table 5. 6 Ionic conductivity at T=900 °C and activation energies for SLA and DLP YSZ electrolytes, 

obtained from the optimum electrode attachment temperature (Tatt=1100°C) 

Samples Ea (eV) σ (S/cm) 

SLA Tatt= 1100°C 0.9 ± 0.1 0.046 ± 0.011 

DLP Tatt= 1100°C 0.9 ± 0.1 0.054 ± 0.013 

Figure 5. 34 represents the ASR (Area Specific Resistance, ASR=R/A) of the electrode (ASRpol/2) 

and half cell (ASRtot/2) for the optimized cell (Tatt=1100°C). Additionally, a horizontal dashed line 

is plotted at ASR=0.5 Ω·cm2. This value of ASR is considered a threshold below which the cells 

perform sufficiently well (P~0.5W/cm2).  This representation allows us to conclude that the 

fabricated electrolyte-electrode layers are suitable for operation at T=750°C (ASRpol/2=0.5 

Ω·cm2) or 850°C (ASRtot/2=0.5 Ω·cm2).  

 

Figure 5. 34 ASR plot of half of the symmetrical cell with electrolyte manufactured via SLA and DLP 

technique, and cathode deposited at 1100°C 

To summarize, it can be concluded that it is possible to fabricate 8YSZ electrolytes 

employing DLP and SLA techniques, giving acceptable results for SOFC cells.  
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The present thesis explores the introduction of the additive manufacturing techniques   for 

ceramic device manufacturing in the energy and environmental field. Complementing the state-

of-the-art of these technologies with the microstructural control of the studied materials and its 

connection with the performance on contaminant degradation devices and clean energy 

production via solid oxide fuel cell. 

On the one hand, regarding the environmental applications, two different 3D printing method 

were addressed, binder jetting and fused deposition modelling, in order to study if print the 

catalyst support via BJ is better or not than directly catalyst printing via FDM.  

In both 3D printing processes a helicoidal ceramic structure was fabricated with dimensions of 

40×6 mm with an active area of 691.22 mm2 each one. Thanks to the use of BJ and FDM 

technologies, several monoliths of CaSO4 were obtained using BJ and other of TiO2 were achieved 

via FDM with a high reproducibility during the fabrication on both processes. To measure the 

photodegradation of the methylene blue as emergent contaminant, four monoliths were used. 

CaSO4 monoliths were functionalised with the in-situ generation of TiO2 via the route of TiCl4 

hydrolysis showing good adherence to the BJ 3D printed ceramic porous support after being fixed 

at 150°C. According photodegradation tests, it shows a 22% of MB absorbance and a 50% of 

degraded contaminant after 6 hours and almost a total conversion after 24 hours with a 92% of 

MB photoconverted. Fitting the photoconversion with a pseudo-second-order kinetic model, 

obtaining kconversion=1.71×10-4 mol-1·L·min-1. 

Porous and dense TiO2 direct printed monolith were fabricated. Porous monolith had a 70% of 

inorganic powder of which 30% were pore former. Printing parameters were optimised at 215°C 

of extrusion temperature, 3.5 shell thickness, using a nozzle of 0.4 mm, a speed of printing of 25 

mm/s and 0.1 mm of layer thickness. After printing structures were treated thermally under 

argon atmosphere at 900°C and sintered under air at 1200°C, achieving a shrinkage of 21% (z 

axis), 25% (y axis) and 17% (x axis). Adsorption test of dense and porous structures were pretty 

similar. Regarding photodegradation of MB porous the photocatalytic activity of dense devices is 

slightly lower than for porous catalyst with an 87% of MB conversion compared with 89% for the 

porous after 24 hours. Meaning that by increasing the porosity or achieving a nano-porosity, the 

fraction of photo-converted MB could be even higher. Also, the reutilisation of the catalyst was 

studied, resulting a better reutilisation for porous catalyst due to it experimented an 8% loss 

compared with a 62.7% loss for the dense monolith. Fitting the photoconversion with a pseudo-

second-order kinetic model, kporous=5.44×10-4 mol-1·L·min-1 and kdense=4.24×10-4 mol-1·L·min-1. 

Therefore, if the absorption of MB via two described processes are compared, the result is higher 

for the 3D direct catalyst than for the functionalised support. Which implies that the first nine 
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hours the percentage of photodegradation for the direct printed catalyst is higher, however, after 

24 hours the total percentage of MB photoconverted is higher for the functionalised support. 

Hence, kinetics is higher for direct catalyst obtained via FDM, but the final result is better for the 

functionalised support obtained via BJ. 

On the other hand, concerning to energy applications, other two different 3D printing methods 

were employed, stereolithography and digital light processing, to manufacture electrolytes for 

solid oxide fuel cells. Using in this work an SLA-commercial and a DLP-prototype printer with this 

purpose. Electrolytes were successfully produced using Spid3r printer (DLP prototype) 

employing a 70 wt.% of 8 %mol YSZ as ceramic powder, 2 wt.% of Triton™ X-100 as dispersant 

and Standard Blend resin as monomer and photoinitiator. This slurry presents a viscosity of 106 

Pas at the typical shear rate of the Spid3r (0.071 s-1). The electrolytes were printed using 10 

seconds as curing time achieving around 196 µm thickness layer. Three-dimensional plane 

electrolytes were sintered at 1350°C. The shrinkage factor is around 31–35% on xy axis and 20-

24% on z axis. Finally, electrolyte 500 µm thickness were electrochemically characterised making 

a symmetrical cell LSM-YSZ/YSZ/LSM-YSZ. The optimum temperature for cathode attaching was 

1100°C, achieving ionic conductivities values at 900°C of  0.054 ± 0.013 S/cm. Regarding the ASR 

data, finally it was concluded that the fabricated electrolyte-electrode layers are suitable for 

operation at T=750°C (ASRpol/2=0.5 Ω·cm2) or 850°C (ASRtot/2=0.5 Ω·cm2). 
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7.1  Introduction 

Robocasting is a direct ink writing technique that is well known by its simplicity. As described in 

previous chapters, the slurry is contained into a syringe for extrusion by a nozzle when applying 

pressure. Objects are fabricated, layer-by-layer, by moving the nozzle to materialize the specific 

design. Robocasting relies on the rheology of the deposited paste and on the process from which 

each layer achieves consistency after deposition.  

The great advantage of this process is the possibility of using different nozzles to print multiple 

materials with a single machine. However, each slurry should be developed individually since 

different chemical compositions require different optimization routes. On the other hand, the 

same feedstock can be used in formulations based on aqueous, solvent or photocurable vehicles 

giving the technique a great versatility. Despite this, in the ceramic field, robocasting has not been 

widely employed (compared to other 3D printing techniques such as inkjet). Nevertheless, an 

increasing interest is showed in the last years on the manufacturing of advanced ceramic 

materials1 for specific fields such as catalysis with environmental applications, biocompatible 

materials with medical applications or electroceramic compounds for energy.1–3  

In the literature, a common example of material employed for environmental applications is 

titanium dioxide that presents excellent catalytic, photocatalytic and sensing capabilities 

combined with a good bioactivity, biocompatibility, photocatalytic properties, catalytic 

performance, sensing capabilities, etc. Aleni et al.4 developed robocasting slurries of this material 

and achieved barely dense (8.6% of porosity) and foamy structures with 180µm pore size (65% 

of porosity). Recently, Hajimirzaee5 et al. reported catalytic material based on Pd:Pt, doped on 

Al2O3/HY zeolite and promoted by CeO2, ZrO2 and TiO2 which was robocasted with a mesh cylinder 

shape with different angle rotation of the filament to achieve different porosity grades, in order 

to be employed in catalytic oxidation of methane.  

In the field of biomedical materials production,6 alumina,7–10 hydroxyapatite,11,12 zirconia13 and 

tricalcium phosphate14 are some examples of ceramic materials with well-controlled architecture. 

Lewis12,15 was pioneer in this field making 3D ceramic structures of hydroxyapatite with 

submicron features more than a decade ago, which were though for bone scaffold. A decade after, 

Fu et al.7 achieved lattices and auxetic alumina structures with a heterogeneous texture 

controlling this last parameter complementing robocasting technique with templated grain 

growth, being possible to achieve denser or more porous structures as needed. However, typically 

porous structures have been achieved due to solid loading and the debinding process, as Moon8 

or Rueschhoff 9 reported few years ago.  
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Finally, extensive research of functional ceramic for energy devices is reported in the literature, 

as supercapacitors and batteries16–19 or solid oxide fuel cells 20–23.  Lewis and co-workers19 

reported Li4Ti5O12 and LiFePO4 microbattery on a gold current collector using multi-material 

printing via a robocaster with two nozzles, being favourably compared against literatures results 

in terms of both areal energy and power density. Carbon materials also were printed via 

robocasting for energy applications, an example of it was reported by Chen et al.24 who printed 

full-packaged single wall carbon nanotube as supercapacitor, having a high energy density of 1.18 

mWh cm−3at a power density of 11.8 W cm−3. Following with the same type of material, Zhu et al.25 

robocasted some graphene composite aerogel electrodes using a mesh pattern with thicknesses 

in the order of the millimetre. Two of these pieces were stacked together exhibiting a maximum 

gravimetric capacitance of 4.76 F g−1 at a current density of 400 mA g−1.  

In the last few years, 3D printing techniques have been employed for build SOFCs too, despite 

most of the AM process were not robocasting,26 there are some research works focused on micro 

SOFCs. Kuhn et al.21,23 have reported in some occasions µ-SOFC, firstly they developed anode and 

cathode printable slurries and optimizing the sintering process.23 Then, they reported printed NiO 

anode and LSM cathode on a YSZ plate with two different curvilinear electrode geometries, 

achieving in both cases a power density of 0.9 V and 2.3 mWcm−2 at 700ºC.21 In the same direction, 

Kim et al.22 produced a similar cell but using a planar geometries for the electrodes, showing  an 

open circuit voltage of 1.82 V and a maximum power of 35 mW at 800ºC.  

As solid oxide fuel cell performance depends on many aspects, including the active surface of its 

components, this can be improved by modifying the geometry of the electrolyte and electrodes, 

hence the importance of applying 3D printing techniques for SOFC devices fabrication. As 

referenced, electrode fabrication by robocasting is still a matter of study, for this reason this work 

shows preliminary tests for electrode printing to develop LSM-YSZ formulations and further 

characterization slurries and optimisation of the printing. The goal is achieving a symmetrical cell 

completely via 3D printing process. 

Specifically, depending on the chemical and physical properties of the materials to print, the 

robocasting technique could be applied using a slurry composition based on (i) aqueous, (ii) 

organic or (iii) photocurable formulation. The routes based on aqueous and organic formations 

require a controlled drying process that can generate fragile structures. The photocuring 

approach presents a better controlled and uniform consolidation process. However, it is not 

appropriate for ceramic compounds with high refractive index or absorption.3 Alternative 

strategies based on thermo-curable processing, where polymerization is induced by the 

temperature, represents a more universal approach. This work will employ a combination of these 

processes.  
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7.2   Device Architecture 

Several designs were used for this proof of concept. Cube and cylinder, Figure 7. 1) electrolyte 

shapes were designed in order to achieve a self-supported printed structure, which allows a 

standalone YSZ membrane. Filled circles were used for printing electrodes in both electrolyte 

faces, Figure 7. 2. The YSZ electrolyte was printed via SLA at IREC (Catalonia Institute for Energy 

Research) using the Ceramaker industrial printer already described in Chapter 2, Section 2.1.3.1. 

while the electrodes were deposited by robocasting BioX Cellink at DTU. 

The electrolyte membrane has a diameter of 2.0 cm supported by an external ring of 2.5 cm of 

diameter. Regarding the YSZ thickness, two designs were proposed with 300 µm and 400 µm in 

thickness.  

 

Figure 7.  1 Electrolyte design, cross section and top view 

Regarding the electrode layer (yellow area), it presented a diameter of 1.5cm and 1.0mm in 

thickness. 

 

Figure 7.  2 Electrode design (yellow area) 

7.3    Slurry composition 

Most robocasting studies use evaporation of the solvent for solidification of the printed pastes, 

but this step consumes a lot of time and generally the resulting structures exhibit low mechanical 

resistance. For this reason, this work aims to explore different paste formulations where 

solidification takes place via a polymerization process, avoiding solvent evaporation.  

The polymerization reaction needs to be initialized. In this work, thermal energy will be employed 

as initiator because the alternative UV-activation is hindered by the LSM strong absorption of the 
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UV-light. Thus, using thermal initiators, radicals are provided for the cross-linked polymeric 

matrix creation. 

Thermal energy can be generated using a laser to enable local heating. However, this would need 

a complete and deep characterization of the thermal profile to ensure a good resolution. In this 

work, this is not required, and such a resolution study is out of the scope of the application in 

SOFCs.  

The following sections describes the formulation of the employed robocasting slurries. Several 

factors influence the rheology of the slurry, so understanding them is useful to formulate an 

optimal suspension. As previously mentioned in Chapter 2, some of these parameters are size and 

morphology of the powder, particle interactions and viscosity of the paste.27 Table 7. 1 compiles 

the formulation of all the trial slurries employed in this annex. Please, refer to this table all along 

this annex in order to better understand how the performance of the different formulations 

correlate with their printability. 

7.3.1  Ceramic powders 

Electrode slurries were based on Lanthanum Strontium Manganite (LSM) material from Kceracell. 

Yttria-Stabilized Zirconia (YSZ) 8% mol (TOSOH) was employed for the electrolyte fabrication and 

also, in combination with LSM, for composite electrodes.  

Two different LSM powders were employed during the development, namely, as-received and 

after calcination for 2h at 800ºC. According to results observed along this work, more problems 

arise using calcined LSM due to a poor rheological behaviour (see next section). Observing their 

microstructure, calcined LSM powder shows agglomerates (Figure 7. 3 (c, d)), not observed in as-

received powder (Figure 7. 3 (a, b)). The particle agglomeration and the irregular shapes of the 

grains are likely in the origin of more viscous and unprintable pastes (see next section). 
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Figure 7.  3 (a & b) As-received LSM microstructure (c & d) Calcined LSM microstructure 

7.3.2   Solvent 

First formulation tests were based on water. It is generally known that YSZ is well dispersed in 

polar solvents as the water. However, LSM dispersion is a critical point because of its fast 

sedimentation. Previous research achieved a very low LSM dispersion at pH=10.28 Beyond pure 

water-based solutions, propylene glycol (PG) was added in different proportions without a 

satisfactory result. Therefore, dispersant addition was studied in order to achieve a good 

stabilization for LSM powder.   

7.3.3   Dispersant 

As it was described in Chapter 2, Section 2.1.5.3.3, there are two different approaches for achieving 

a good dispersion: (i) use a dispersant as gelling agent (ii) use a dispersant that amplifies the inter-

particles interactions. In this work, both strategies were employed to try to stabilize the powder 

solutions. The printability of the different slurry compositions, when different dispersants were 

added combined with other components, are shown in Table 7. 1.  
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7.3.3.1   Pluronic 

According to the first approach, Pluronic F-127 was used as a gelling agent. Preliminary tests with 

different proportion of Pluronic were done, Table 7. 1. Different proportions of Pluronic were 

tested, adapting the ceramic powder, solvent and pH conditions. All the experiments used cold 

Pluronic (T <5˚C), which was in liquid state. However, when reaching room temperature, its 

viscosity substantially increased needing ball milling for a proper mixing. Therefore, mixtures 

were always done using ball milling at 200rpm for 10 min.   

According with Table 7. 1, different percentages (1-4 wt. %) of Pluronic F-127 were added to the 

slurries (Slurry 1 - Slurry 6) using water and PG as solvent, but none of the formulas was printable. 

Using water, the issue was the bubbles presence in the paste because at room temperature the 

Pluronic was more viscous, being impossible to inject it. When PG was employed as solvent was 

not even possible to dissolve the dispersant.    

Despite the fact that Pluronic is widely used as a gelling agent, usually added in 20 – 30wt. % to 

aqueous solutions to form a hydrogel, it was not a good strategy here, even decreasing the amount 

added. That could be due to the features of the LSM and YSZ, the size of the particles or even the 

temperature of the laboratory. If the printing process could be done at lower temperature (<22˚C), 

maybe Pluronic would be more liquid and printable slurry would be possible to prepare. 

In summary, Pluronic is not a good dispersant for LSM and YSZ slurries because the mixture was 

extremely viscous mixing by stirring. On the other hand, mixing on a planetary milling resulted in 

the formation of bubbles caused by temperature rise. 

7.3.3.2   Dispex® and Dolapix 

Regarding the second strategy, Dispex® A40 (ammonium salt solution of an acrylic polymer in 

water) (Ciba-BASF, UK) and Dolapix CE64 (C4H6O2NH4+) (Zschimmer & Schwarz) where used as a 

dispersant since they provide electrosteric stabilization of colloidal dispersions.  

First of all, LSM sedimentation tests were carried out. In a test tube, calcined LSM was mixed with 

Dispex® (2.3 & 6.9 wt. %) using water as a solvent and modifying the pH by KOH addition. Then, 

sonication was employed studying the sedimentation of the solid particles in the tube. Despite 

different conditions were examined, all experiments end up with total sedimentation after 15 min. 

The same test was repeated using as-received LSM, which sedimented too, while YSZ formed a 

perfect suspension. Therefore, the difficulties to achieve a good suspension for LSM powder were 

confirmed being even more difficult if LSM was previously calcined. Changing sonication by 

planetary ball milling and using 1.5 wt. % Dispex®, the quality of the dispersions slightly improved 
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without presenting satisfactory results yet. When calcined LSM was used, agglomerations were 

formed in the slurry. For calcined YSZ the mixture presented a gritty aspect.  

The results were improved, and printable paste was fabricated using LSM and YSZ (both as-

received) mixed (1:1) using a range between 1.5 - 2.0 wt. % of Dispex®. However, after the fast 

drying and hardening, the cross section of the material shows a strong segregation of YSZ and 

LSM, Figure 7.  4. These globule aggregations suggest that segregation was driven by the 

minimization of the interaction area between the two materials. 

 

Figure 7.  4 YSZ and LSM segregation with Dispex® as dispersant 

To avoid the fast drying and clogging into the nozzle, some additional tests were carried out 

adding some propylene glycol with water (1:1) trying to decrease the evaporation rate on the 

slurry. But the results were pretty similar than when only water is added.  

As fast drying can be avoided changing the solvent, a new dispersant (Darvan) was employed in 

order to verify if YSZ segregation could be dismissed, but the results were not significantly 

improved.  

At this point, the formula with Dispex®, whose results were most promising, was chosen. So the 

monomer (Am) and the crosslinker (BisA), Chapter 2, Section 2.1.5.3.4, were added to see if its 

effect improved the rheology of the paste to be printable, Slurry 7, Table 7. 1. The appearance of 

the mixture notably improved. Both powders were well suspended, and the viscosity decreased, 

which would facilitate the extrusion by a nozzle. Despite the good extrudability, the drying of the 

paste was still very fast clogging the injection system, not showing good enough printability.  

As lower amount of powder cannot be either employed, since results in liquid slurries and LSM 

sedimentation, the use of Dispex® and Darvan were dismissed and new trials were carried out 

using Dolapix.  
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Dolapix-based pastes showed a promising printability, so following the formulation used for Am 

and BisA addition, Slurry 8, Table 7. 1. This time fast drying was reduced avoiding clogging the 

syringe (< 1min.).  

Due to the promising results catalyst (TEMED) and initiator (Na2S2O8) were added Slurry 9 & 10, 

Table 7. 1, but they reduced the viscosity, so 3D printed structures were not self-supported, losing 

the mechanical resistance and collapsing towards the centre of the objects as shown in  

Figure 7. 5. Despite catalyst and initiator amount were raised the result did not change.  

 

Figure 7.  5 a) Digital square design; b) Fresh printed paste; c) Dried printed paste 

7.3.3.3   Polyethylene glycol  

To solve self-supporting issues, new formulations were proposed adding polyethylene glycol 

(PEG) as dispersant additive together with Dolapix, which provided mechanical stabilization 

mechanic steric due to its long chains, raising the viscosity and supplying better mechanical 

stability. 

Different molar weights PEGs were used: 600 and 400,000 g/mol (Aldrich). Firstly, the PEG (MW: 

600 g/mol) solubility in water was studied, managing to dissolve more than 60 wt. % resulting 

successful.  

Beyond manual trials employed in previous formulations, from here on printable pastes were 

tested using the 3D printer, so other issues appeared due to printing parameters need to be 

optimized for each slurry formulation. For the best slurries, printing parameter are showed in the 

next section. 

Continuing with the formulation of slurries, needle clogging was still a problem. It was also 

observed that printed structures dried first from the bottom (instead of from the surface). The 

absence of stabilised LSM particles in the paste could explain this phenomenon, because LSM 

would sediment in the bottom having less solvent than on the surface, therefore drying first. This 

hypothesis would explain why needles clogged, because in this case LSM particles would have 

preference drying in the walls of the needle, generating a solid film that blocks the extrusion.29 

Analogue formulations employing LSM and YSZ powders were fabricated and compared to 

confirm if the clogging problems were directly related to a different powder nature. YSZ paste 
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(Slurry 12, Table 7. 1) is printable using plastic G18 and G20 nozzle while using the equivalent LSM 

slurry the nozzles clogged (Slurry 13, Table 7. 1).  This indicates that the different morphology of 

YSZ and LSM powder strongly affects the printability of the slurry. 

As previously mentioned, in order to solve self-supporting issues, LSM pastes using increasing 

contents of PEG (MW: 400,000 g/mol) were fabricated, namely, Slurries 14, 15 & 16, Table 7. 1. 

Adding 0.4% of PEG in Slurry 15 resulted in an acceptable printability. Using this optimum 

dispersant value, LSM and YSZ were added, Slurry 18, Table 7. 1, being possible to print a mesh 

cube. When monomer and crosslinker were added the viscosity decreased Slurries 19 & 20, Table 

7. 1. Even so, it was possible to print them reaching a mesh structure. The printing parameter of 

the printed structures using the formulation of Slurry 17, 18, 19 and 20 will be described next 

Section 7.3.4. 

7.3.4   Pore former 

In the following formulations, graphite was added in order to raise the viscosity, to achieve a 

greater porosity of the electrode and to avoid clogging during printing. Different proportions of 

graphite were tested, using the same paste formulation and increasing graphite proportion, 

Slurries 21, 22, 23 & 24, Table 7. 1. The goal was to discover the maximum amount of graphite that 

could be added resulting in a printable slurry, being this amount 14.4wt. % as introduced in Slurry 

23.  

Introducing graphite had a big impact on the viscosity of the slurries as proved by measuring 

viscosities of slurries 21-24 with a rheometer (Figure 7. 6). Viscosity was compared to a 

commercial gel specifically optimized for robocasting applications (Cellink) showing higher 

values in all cases, which suggest the origin of most of the reported printing issues.  



240 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

240 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

APPENDIX I: PRELIMINARY TEST FOR ELECTRODES MANUFACTURING VIA ROBOCASTING 

215 

 

 

Figure 7.  6 Viscosity as a function of the shear rate for LSM-YSZ slurries with graphite. Slurry 21 

with 10.7 wt. % of Graphite (blue); Slurry 22 with 12.6 wt. % of Graphite (red); Slurry 23 with 14.4 

wt. % of Graphite (yellow); Slurry 24 with 16.2 wt. % of Graphite (green); Commercial robocasting 

gel (Cellink) is included for comparison. 

  



241 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

241 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

216 

 

 



242 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

242 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

APPENDIX I: PRELIMINARY TEST FOR ELECTRODES MANUFACTURING VIA ROBOCASTING 

217 

 

 



243 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

243 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

218 

 

 



244 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

244 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

APPENDIX I: PRELIMINARY TEST FOR ELECTRODES MANUFACTURING VIA ROBOCASTING 

219 

 



245 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3262037				Código de verificación: EMjsOz8N

Firmado por: María de las Maravillas Aguiar Aguilar Fecha 2021/03/05 13:53:04
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Salida
Nº registro:  2021/4859

Nº reg. oficina: OF002/2021/2000
Fecha:  05/03/2021 13:56:33

245 / 278

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3188226				Código de verificación: /Rb5p/Fe

Firmado por: Lorena Hernández Afonso Fecha: 02/02/2021 16:32:27
UNIVERSIDAD DE LA LAGUNA

Alberto Tarancon Rubio 02/02/2021 17:09:46
UNIVERSIDAD DE LA LAGUNA

Pedro Carlos Esparza Ferrera 02/02/2021 17:31:47
UNIVERSIDAD DE LA LAGUNA

JESUS CANALES VAZQUEZ 02/02/2021 18:18:40
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 18/02/2021 15:24:10
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/7082

Nº reg. oficina:  OF002/2021/6990
Fecha:  02/02/2021 21:23:57

3D PRINTED CERAMIC MATERIALS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS  

220 

 

7.4   Printing process  

Robocasting technique resolution depends on different printing parameters, including (i) nozzle 

size, (ii) pressure, (iii) speed of extrusion, and (iv) density of the design. However, these 

parameters change according to the rheology of the mixtures. Therefore, the control of the 

rheology is essential in this technology. Parameter printing optimization will be detailed for each 

printable slurry within this section.  

Compositions of slurry 17 and 18 are similar with the only difference of the addition of Am and 

BisA in slurry 17, which notably influenced on the viscosity. That is why slurry 18 was more 

viscous than slurry 17, needing a higher pressure and a speed than slurry 17 (50 kPa; 10mm/s vs 

40 kPa; 15 mm/s). 

Tables 7. 2 & 7. 3 show 3D structures printed with slurry 17 (only small high was possible) and 

using slurry 18 (3D grid cube was produced), which was the mixture without the monomer and 

the crosslinker. Slurry 18 had walls so well defined that only a small portion of the surface was in 

contact between them. In the image perfect filaments touching them in a small point can be 

observed. This is a desired achievement from the technical point of view, but for electrodes 

application is not the best structuration possible. This fact means that for electrode fabrication 

more liquid pastes are required.  

Alternatively, slurry 17 was employed to produce YSZ parts, being more successful than with LSM-

YSZ mixtures30 For this reason, both receipts were modified for LSM-YSZ mix powders. Slurry 17 

was modified increasing the amount of and, accordingly to the results obtained with slurry 18, 

adding Am and BisA obtaining a more liquid paste.  

Table 7.  2  Slurry 17: printing parameters and printed structures 

Slurry 17 

Nozzle size G18 (metallic) 

 

Extrusion Pressure 40kPa 

Printing Speed 15 mm/s 

Fill density 90 % 
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Table 7.  3 Slurry 18: printing parameters and printed structures 

Slurry 18 

Nozzle size 
G18-G20 
(metallic) 

 

Pressure 50 kPa 

Speed 10 mm/s 

Fill density 80 % 

When printability of slurry 19 was studied, Table 7. 4, the nozzle size and printing speed kept as 

the in previous pastes (G18; 15 mm/s) but an increasing of required pressure was observed due 

to its higher amount of added PEG. This mixture had a granulated aspect that reduced the printing 

resolution.  So, it is corroborated that an slight excess of PEG 400,000 produces a jump in 

viscosity.31 For this reason, this slurry was discarded although the printed parts were optimum. 

Table 7.  4  Slurry 19: printing parameters and printed structures 

Slurry 19 

Nozzle size G18 (metallic) 

 

Pressure 80 kPa 

Speed 15 mm/s 

Fill density 70 % 

Printing parameters related to slurry 20, Table 7. 5 show that a smaller nozzle size could be 

employed (G20), which ultimately would improve the resolution. That is due to the presence of 

monomer and crosslinker in the sample. When it was printed, agglomeration of YSZ particles was 
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observed indicating poor dispersion of LSM and YSZ powders. It can be due to when Am and BisA 

addition since the proportion of the other compounds decrease regarding the total mixture 

weight, discarding the Slurry 20 for this agglomeration. 

Table 7.  5 Slurry 20: printing parameters and printed structures 

Slurry 20 

Nozzle size G20 (metallic) 

 

Pressure 45 kPa 

Speed 10 mm/s 

Density 60% 

Finally, mixture with pore former, slurry 23, was printed using the parameters showed in Table 

7. 10. Effectively, graphite produced a better lubrication avoiding nozzle clogging. Therefore, G20 

nozzles could be used and the 3D structure was completely homogeneous. The walls were not so 

sharply defined as with previous slurries, but they were stiff enough to allow stacking of layers. 

Pressure raised due to a smaller nozzle, but good flow of the slurry was finally achieved. Overall, 

similar appearance than slurry 17 was reached.  In summary, graphite addition led to viscosity 

stabilization raising and good printability. 

Table 7.  1 Slurry 23: printing parameters and printed structures 

Slurry 23 

Nozzle size G20 (metallic) 

 

Pressure 90 kPa 

Speed 15 mm/s 

Density 90% 
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7.5   Preliminary test on full cells fabrication  

Different layer combination was explored to study a single step sintering program (co-sintering) 

for a full cell with electrodes and electrolyte. For this, it is essential to match the shrinkages of 

both materials (including removal of organics). As this is a critical point, different approaches 

were preliminary tested to produce the cells in the future: (i) the use of robocasting technique for 

the cathode and the electrolyte fabrication, (ii) the use of robocasting for the cathode and inkjet 

printing for the electrolyte production (iii) the use of robocasting for the cathode and SLA for the 

electrolyte. 

i. Robocasting for the combined cathode and electrolyte production 

For this approach, slurry 17 was chosen for the electrolyte production, while slurry 23 was used 

for cathode production. The proposed symmetrical cell had a pyramidal architecture, Figure 7. 7, 

to avoid that slurry of the cathode was in contact and producing short-circuits.  

During printing process, the printer had to be calibrated between different materials, because 

different pastes require different printing parameters. 

Figure 7. 7 Symmetrical SOFC composition designs produced by robocasting [LSM(graphite)-

8YSZ/8YSZ/LSM(graphite)-8YSZ]. a) Digital design top view; b) Digital design front view; c) Green 

body of SOFC top view; d) Green body of SOFC front view, e) Sintered SOFC top view; f & g) Sintered 

SOFCs front view 
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In total, three layers of 2 mm in thickness were printed. Two different tests were carried out, using 

YSZ slurry with and without one drop of catalyst and initiator, to achieve polymerization process 

via thermal activation (30 min, 45-50˚C). As-printed structures were both similar, but after the 

curing process of the acrylamide, cracking occurred because they were dried and a bit bended 

before polymerising. This effect could be originated by the stress generated while water was 

evaporating giving place to cracks. After the sintering program, the results were different 

because the polymerised cell conserved its shape, Figure 7. 7 (f), while the one not polymerised 

presented delamination Figure 7. 7 (g). Therefore, the polymerization process seems a critical step 

during the manufacturing process and should be carried out avoiding a fast drying.  

The sintering coefficient was measured by comparing initial and final dimensions, and it results 

of ca. 20%. The microstructure was measured by SEM. Figure 7. 8. shows its cross section that 

reveals an almost full densification without interconnected porosity. Figure 7. 8 (a) presents the 

microstructure of the cross section of the cell. Air bubbles are observed, probably introduced 

during the printing process. Since the printing pressure is constant, the origin of the bubbles it is 

likely coming from a bad filling of the syringe. Due to the high viscosity of the pastes, it was not 

possible to follow the usual air removal of the pastes by sonication before the filling of the 

cartridges. Figure 7. 8 (a, b, c & d) show images of the interface between the YSZ electrolyte and 

the LSM-YSZ electrode. The attachment seems to be adequate and homogenous all along the 

interface. Figure 7. 8 (e & f) shows the densification level of the electrolyte and the electrode. It 

can be observed an electrolyte that is not fully dense, although open porosity is not present. This 

indicates that the sintering temperature is still low to achieve a fully dense electrolyte but, 

probably, it could be used since gas tightness is possible with closed porosity. On the other hand, 

the electrode looks porous but not as much as expected for electrodes. In Figure 7. 8 (f) elongated 

pores can be observed likely due to the graphite pore former, nevertheless they were not 

connected forming a percolating network.   

Overall, the current level of density of the electrolyte could be enough for practical applications 

indicating the suitability of the robocasting technique for printing this element. However, the 

limitation in thickness of the robocasting layers should be considered since thinner electrolytes 

are always preferred. In this regard, inkjet printing is considered a better option.  Regarding the 

electrode, formulations presented here should be improved to increase the porosity of final layer 

(at least at the high sintering temperature presented here). Different pore formers and in higher 

proportion could allow to reach this goal, especially those intended for generating interconnected 

porosity.  
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Figure 7.  8 Cross section of cell robocasted with slurry 23 for the LSM-YSZ cathode (yellow), and 

slurry 17 for the YSZ electrolyte (green). (a, b, c & d) Interphase between electrolyte and electrode 

magnification; (e) YSZ electrolyte; (f) LSM-YSZ cathode electrode.  

ii. Robocasting for the cathode and inkjet printing for the electrolyte production 

In order to reduce the thickness of the electrolyte, inkjet printing was proposed for its fabrication. 

Two trials were attempted, printing YSZ electrolytes made of 3 layers, Figure 7. 9 (c) and of 18 

layers, Figure 7. 9 (d). 
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Figure 7. 9 Symmetrical SOFC composition designs. Cathode produced by robocasting and electrolyte 

made by inkjet printing. [LSM(graphite)-8YSZ/8YSZ/LSM(graphite)-8YSZ. a) Digital design top 

view; b) Digital design front view; c) Green body of SOFC with 3 layers of electrolyte, top view; d) 

Green body of SOFC with 18 layers of electrolyte, top view, e) Dried SOFC with 18 layers of electrolyte, 

front view. 

Firstly, the cathode was done via robocasting. Once it was dried, the electrolyte was inkjet printed 

and, finally, the second cathode was fabricated on top of the bilayer via robocasting. Top cathode 

layer was delaminated after drying due to a poor attachment between the new cathode layer and 

the smooth inkjet printed electrolyte. In this preliminary test, the need for adhesion layers 

between inkjet and robocasting layers is evidenced. On the other hand, the quality of the 

electrolyte is promising. Figure 7. 10 shows the microstructure a high-density level was achieve 

when YSZ electrolyte ink-jetted was sintered.  

 

Figure 7.  10 Microstructure corresponding to YSZ ink jetted. (a) Electrolyte cross section (b) 

Electrolyte top view 
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In summary, inkjet printing for electrolyte fabrication combined with robocasting for electrode 

production seems to be a good option, because the attachment is improved. In the future, this 

work can be recovered after the cathode slurry is optimised with a good level of interconnected 

porosity.   

iii. Robocasting for the cathode and SLA for the electrolyte production 

In this last approach, the SLA commercial printer described and employed during the Chapter 5 is 

used to print the electrolyte. Printed electrolytes were provided by IREC under the Cell3Ditor EU 

project. Slurry 23 was employed for robocasting of the electrodes. The digital design was the one 

explained in Section 7. 2 of this appendix.  

The first cathode face was printed on one side of the cured SLA electrolyte Figure 7. 11 (a). After 

cathode drying, complete delamination occurred Figure 7. 11 (b). Therefore, it was not possible to 

even deposit the second cathode neither co-sintering the full piece.  

As in the previous trial based on inkjet printed electrolytes, the smoothness of the layer evidenced 

the need of a well-optimized adhesion layer. A certain improvement could be achieved with 

another electrolyte designs that secure cathode slurry to electrolyte, (not a plane electrolyte) or 

even trying to print a roughness layer first and then depositing the electrode. So, can be concluded 

that there is a lot of work ahead. Part of this work it has been developed in Cell3Ditor project32 

which involved other thesis33 which continued in this path. 
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Figure 7.  11 Symmetrical SOFC composition designs. Fresh (a) and dried (b) cathode produced by 

robocasting and electrolyte made by SLA. [LSM(graphite)-8YSZ/8YSZ/LSM(graphite)-8YSZ 
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8.1   Introduction 

As mentioned in Chapter 1, Section 1.2.4, one of the alternatives to reduce fossil fuel consumption 

is biofuel production. Biofuels assists to reduce both (i) waste, because it can be used as starting 

material during biofuel synthesis, and (ii) the emission of hydrocarbons, particles and carbon 

monoxide into the atmosphere.  

One route for biofuel production is via the transesterification of vegetables oils, including the use 

of cooking oil waste.1 This reaction happens in the presence of an alcohol (methanol) in order to 

produce fatty acid alkyl esters and glycerol, Figure 1. 13.2 However, the Achilles’ heel of this 

process was the possible hydrolysis and saponification reactions during the course of the main 

reaction, due to the presence of water and free fatty acids in the media.  

A possibility for improving this reaction is by using a catalyst. As described, the goal is to carry out 

a heterogeneous catalytic reaction because it offers some advantages, i.e. the possibility of 

recycling and reusing several times the catalyst. In this context, 3D printing techniques are a good 

strategy to fabricate this catalyst, allowing: (i) saving time and minimising waste, and (ii) the 

possibility of generating complex geometries that will offer novel approaches to boost the 

performance. 

Previous studies were based on catalysts placed into the fixed-bed reactor3,4 or suspended.5 

However, a new goal is proposed in this work, based on preliminary tests that apply AM 

techniques to produce structured catalysts. More specifically, the goal was to produce a structured 

3D catalyst that may simultaneously act as stirring system, thereby improving the contact with 

the reactants, avoiding the use of slurry reactors and allowing easier reusability of the catalytic 

material. 

8.2   Device architecture  

This work employed FDM technique using PLA filament to fabricate negative polymeric moulds 

that will be filled with a slurry containing the catalyst (pumice) and removed to achieve the 

shaped monolithic catalyst. 

At the beginning, several bladed designs with different shapes were proposed: star, asterisk and 

gear, Figure 8.  1 (a, b & c). As blades must be as long as possible to ensure a good stirring during 

the reaction, but they should offer the lowest resistance to the solution. In the case of the second 

model, Figure 8. 1 (b), the blades exhibit the same width both at the end and the base (7mm). As 

with the third design, Figure 8. 1 (c), blades are even wider at the ends (11mm) than at the base 

(8mm). Thus, both designs offered a high mechanical resistance during the stirring, which caused 

blades breaking down as the tension at their ends was larger than at the centre of the design. On 
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the other hand, the star design, Figure 8 .1 (a) offered the opposite of the other designs. Therefore, 

star design was chosen for the trials. 

 

Figure 8.  1 Bladed designs for the catalyst stirrer 

The design was further optimised by fabricating an eight-pointed symmetric star with a cylinder 

in the middle to avoid a design whose parts are subjected to stress gradients that could trigger the 

monolith collapse during the experiment.  Figure 8.  2 shows the mould dimensions appropriate 

for the cylindrical reactor whose diameter is 7 cm.  

 

Figure 8.  2 Digital design measurements of the mould for the catalyst 

8.3   Optimization of the fabrication 

In this section, the procedure for the manufacture of the catalyst paste and the implementation 

process of the FDM technique for its shaping are described. 
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8.3.1   Feedstock  

Among all possible catalysts for biodiesel production commented in Chapter 1, this work used 

potassium hydroxide loaded on an amorphous aluminium silicate support. This support is 

naturally occurring as an extremely porous volcanic rock known as pumice, although in the 

present work, commercial pumice was the choice (pumice stone granules technical grade, 

PanReac).  

As mentioned before, this work used FDM for printing the negative mould for the catalyst, but the 

catalyst was not directly 3D printed. However, it was a preliminary test as proof of concept of the 

catalyst slurry which could be employed in Robocasting technique, avoiding the mould 

manufacturing and producing a complex structure  

Robocasting is a direct printing, hence it is necessary to print self-supported parts. To achieve that 

a viscous slurry must be done. This fact implies a very load solvent or a cured slurry using UV or 

IR light (depending on the printer).  

The paste developed was based on typical tape casting slurries adapted to pumice material. The 

slurry is composed by: (i) catalyst powder, (ii) solvent, (iii) dispersant, (iv) plasticizer and (v) 

binder as detailed on Table 8. 1.  

Table 8.  1 Composition of pumice paste 

Components Amount (g) 

Pumice 10  

Butanone & ethanol (3:2, w/w) 10 

Triton-Q 0,5 

Dibutyl phthalate 2 

Butvar® B98 1 

Firstly, the pumice was conditioned via ball milling. 15 g of pumice powder were placed into 

zircona milling jars with 6 zirconia balls (d=10mm) and covered with acetone. The mixture was 

ball-milled at 200 rpm for 20h. Then, it was dried at 70°C for 30 min to acetone evaporation 

rendering the powders ready for paste preparation. The slurry was prepared by first mixing all 

the liquid components by mild magnetic stirring and then the pumice powders were added. The 

resulting slurry was further ball milled at 200 rpm for 2h.  
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8.3.2   Fabrication process  

The negative moulds were 3D-printed using the next printing parameters:,(i) at a 50 mm/s speed 

printing, (ii) thickness layers of 100μm, (iii) extruder temperature at 215°C, (iv) bed temperature 

at 30°C, (v) and a 30% of infill. Once the moulds and pumice paste were ready, the moulds were 

filled. Initially, few drops of the solvent were added to the mould to ensure that all the corners 

were filled, thus avoiding free spaces formed by surface tension of the mixture with the mould.  

Paste filling was carried out using a Pasteur pipette. To avoid holes inside the monolithic catalyst, 

mould filling was performed in a layer by layer fashion and waiting between them to allow solvent 

evaporation at room temperature. Depending on the thickness layer, evaporation could take be 

between 15-60 min. This process was repeated until covering all the negative mould.  

In this work, removing the catalyst from the rigid PLA mould was difficult and consequently a 

thermal treatment was done at 1000°C for 4h (5°C/min) to generate the shaped catalyst. Then, a 

second thermal treatment was performed at 1400°C for 4h (5°C/min) to sinter the catalyst 

structure. The final structure is shown in Figure 8. 3 (b). Nevertheless, flexible PLA could be 

employed in order to remove easily the catalyst at room temperature, avoiding the first thermal 

treatment, which would have saved time and energy.  

On the other hand, in the future this slurry could be applied for robocasting technique, though the 

amount of solvent must be decreased to achieve a higher viscosity of the paste and avoiding longer 

times for solvent evaporation. In addition, solvent evaporation could be assisted by UV or IR light 

or increasing the bed temperature of the printer. 

 

Figure 8.  3 (a) PLA Negative mould printed by FDM. (b,c,d) Structured pumice catalyst sintered at 

1400°C. (e) Sintered pumice catalyst with holes due to solvent evaporation 
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Figure 8.  4 Digital scheme of the catalyst stirring structures joined to stirrer axis (a &b) front view 

and (c) bottom view. Real catalyst structures joined to stirrer axis (d & e) front view, (f) structures 

submerged on KOH solution for activation.  

Biodiesel production was studied according to the number of catalytic stirrers present on the 

solution Figure 8.  4. The experiment was carried out using one, two and three catalyst pieces to 

confirm that using more catalytic pieces, the performance raised. These results will be discussed 

on the next section related to catalytic performance. 

8.3.3   Functionalization 

Catalytic structures were attached to the rotating axis of the stirring system. Before 

functionalisation with K, pumice monoliths were dried at 120°C for 2h to avoid the presence of 

water during the transesterification reaction. Potassium hydroxide (KOH) loading was carried out 

via immersion in KOH 1M solution for 24h and further dried at 120°C.  

The catalytic activity depends mainly on the KOH loading3,6,7 and, on the amount of catalyst used. 

Thus, before using the 3D printed catalytic stirrers for biodiesel production reaction, KOH loading 

was optimized in a previous work using catalytic particles in the2.4-4.0 mm range in a packed-

bed reactor.8 The best results were achieved for 6.2wt. % KOH loading.  
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8.4   Characterization  

Functionalization studies were carried out via infrared spectroscopy (IR) using a Thermo Nicolet 

Avatar 360 FTIR, using KBr disks in the 400–4000 cm−1 range.  

The FT-IR spectra, Figure 8.  5, reveals the characteristic peaks of pumice at 400, 800 and 1100cm-

1. The first two (400 and 800 cm−1) may result from Si–O bending strength vibrations of the 

amorphous quartz, which constitutes the structure of the pumice. The strong peak (1100 cm−1) 

may come from Si–O stretching vibrations.9,10 The peaks detected at 1640 and 3400 cm-1 are 

associated to OH stretching vibrations of the water11 that was adsorbed by the catalyst sample, 

which is further evidence of the need of drying stages. However, the OH stretching vibration of the 

hydroxyl groups due to KOH are around 1400cm−1 and are not present in the IR spectrum of the 

support.12 

 

Figure 8.  5 IR spectra of pumice support and functionalised support 

Finally, the microstructure characterisation was carried out via SEM. Figure 8. 6 show SEM images 

of the catalytic support material (a & b) and the same material after activation with 6.2 wt. % of 

KOH load (c, d, e & f).  

According to XRD, Figure 8. 7, pumice is amorphous and the corresponding SEM images reveals 

irregular morphologies and 0.5 – 2.0 µm pores the micrographs, pumice (aluminium silicate) is 

amorphous and present irregular shapes and 0.5 - 2.0 µm pores. In addition, it is important to 

emphasize that these pores did not intersect each other, Figure 8. 6 (a & b).  
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In summary, these images illustrate the little of porosity of the material that could provide a large 

surface area for KOH attachment, which in turn increases the active sites to boost the system 

performance.  

Subtle changes were observed after the KOH treatment, Figure 8. 6 (c, d, e & f), including a lower 

proportion of pores and the presence of needle-shaped crystals produced during the 

impregnation. Even Figure 8. 6 (c, d, e & f) shows the fiber of KOH produced as result of the 

impregnation.  

Regarding KOH distribution EDS was done for pumice and KOH loaded pumice sample,  

Figure 8. 8. On the one hand it shows different elements in a colour range where the base of the 

sample is yellow corresponding to Si and green for the O which are the principal elements of the 

pumice as it is shown on Figure 8. 8 (a). On the other hand, Figure 8. 8 (b) clearly shows an orange 

distribution corresponding to K element, being uniform in all the surface. In summary, the 

material surface after KOH loading revealed a good dispersion. Therefore, it can be concluded that 

the morphology of the raw material was modified when the sample was impregnated on KOH 

solution.  

Hg porosimetry and N2 adsorption-desorption measurements revealed further information 

regarding the porosity of the specimens. The specific surface area was measured via N2 

adsorption-desorption, the catalytic support presented 0.587 m2/g, while the catalytic support 

impregnated with KOH presented 0.389 m2/g, as previously reported by Soetaredjo et al.13 Finally, 

regarding the meso or macroporous surface, bulk porosity and the pore diameter were obtained 

via Hg porosimetry. The results are shown in Table 8. 2 and they prove that the porous structure 

changed as consequence of KOH loading producing a macroporous sample (pore diameter > 50 

nm). 

Table 8.  2 Structural characteristics of the tested material 

Sample 
SBET 

(m2/g) 
S (m2/g) ε (%) D (nm) 

Catalytic support 0.587 27.63 56.3 76.3 

Catalytic support impregned with 

KOH (6.2 wt. %) 
0.389 10.93 43.9 145.3 
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Figure 8.  6 SEM images of the (a & b) catalytic support material, (c & d) the catalytic support 

material after the KOH-loading impregnation (6.2 wt. %) and (e & f) a magnification of KOH loaded 

pumice sample with fibrous structure of KOH 
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Figure 8.  7 XRD of the pumice sample and the KOH loaded pumice sample  

 

Figure 8.  8 EDS of the (a) pumice sample and (b) the KOH loaded pumice sample  

8.5   Catalytic Performance 

Regarding the catalytic test for biodiesel production, they were carried out at 55°C in an Autoclave 

Engineers PA USA reactor (200 ml) equipped with a methanol condenser and mechanical stirring 

system. 

Commercial sunflower oil and methanol were employed for biodiesel production, with 24:1 molar 

ratio (methanol/oil).  Also, free fatty acid model compound was added (0.2-6% %wt.) based on 

oil weight, for testing the activity of pumice.  

When the reaction was finished, biodiesel was collected after the products were separated from 

the catalyst, methanol was evaporated, and glycerol was separated using a funnel.  
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The impact of the number of catalytic stirrers on the reaction was evaluated and there were no 

reaction rate differences under these experimental conditions. However, the biodiesel production 

increased with the number of catalytic stirrers used (% of catalyst amount related to 

methanol/oil), Figure 8. 9. In order to measure the performance of the experiment, the pieces of 

the catalyst were extracted from the reactor after the reaction finished. Then methanol was 

evaporated and glycerol (a derivate of the reaction) was separated. Finally, the biodiesel was 

analysed by 1H nuclear magnetic resonance spectrometry using the method reported in 

literature.14,15 The maximum yield was 96% which was attained after 2h using 3 catalytic stirrer 

pieces. This 96% of yield corresponds with 73% and 26% for biodiesel and glycerine products, 

respectively. This yield is the same to that obtained using particles of the catalytic material in a 

slurry reaction.   

 

Figure 8.  9 Biodiesel production yields using different numbers of catalyst stirrer pieces 

8.6   Conclusions 

Following a conventional tape casting recipe, a pumice-based slurry was produced to fill 

polymeric moulds and generate structured monolithic catalysts. A negative mould made by FDM 

with PLA was 3D printed and filled with the developed mixture in a layer by layer fashion. The 

main step of this process was waiting for each filled layer to dry as evaporation of the solvent must 

be gradual to avoid crack formation, which could compromise the structure of the monolith.  
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Once dried, the mould was burnt at 1000°C for 4h and structured monolithic catalyst was 

obtained. Finally sintering thermal process was realised at 1400°C for 4h.  

The catalytic material, 3D micro-structured for the stirring system, showed enough mechanical 

strength and, indeed, the monoliths did not break during the reaction despite being subjected to 

great stress during the experiment as they also act as stirrers. Therefore, it can be concluded that 

they are an efficient and reusable catalytic system, showing the same high activity for the biodiesel 

production reaction than the catalytic particles used in a slurry reaction system.  

Some advantages of using this 3D catalyst stirrer are an easy product separation and continuous 

operation point of view were observed. So, it can be concluded that using 3D printing for biofuel 

production is a novelty that brings good solutions for catalyst production.  

Concluding that this preliminary test is successful, being the next step the application of the 

pumice slurry for robocasting. 
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CONFERENCE ATTENDANCE 

 XI Congreso de estudiantes de la Sección de Química, San Cristóbal de La Laguna, Spain, 2015 

Impresión 3D de materiales cerámicos para aplicaciones medioambientales 

 

 17ª Reunión Bienal del Grupo Especializado de Química Inorgánica de la RSEQ y la 11ª 

Reunión Bienal del Grupo Especializado de Química del Estado Sólido de la RSEQ (QIES), 

Torremolinos, Spain, 2016 

Impresión 3D de materiales cerámicos para aplicaciones medioambientales 

 

 XX Semana Científica Antonio González, San Cristóbal de La Laguna, Spain, 2016.  

Impresión 3D de biomateriales utilizando luz visible  

 

 XIII Congreso de Estudiantes de la Sección de Química, San Cristóbal de La Laguna, Spain, 

2017. 

Impresión 4D de polímeros con memoria de forma 

 

 XXXVI Reunión BIENAL de la Real Sociedad Española de Química 2017, Sitges, Spain, 2017. 

Caracterización electroquímica de componentes de Pilas de Combustible de Óxidos Sólidos 

impresas en 3D 

 

 XXI Semana Científica Antonio González, San Cristóbal de La Laguna, Spain, 2017. 

Impresión 3D para producción de biodiesel 

 

 2º International Conference on 3D Printing Technology and Innovations, London, UK, 2018 

SLA-3D Printed Electrolytes for Solid Oxide Fuel Cells 

 

 2º International Conference on 3D Printing Technology and Innovations, London UK, 2018 

3D Printing to biodiesel production by photocatalysis - [Award-winning] 

 

 XIV Congreso de Estudiantes de la Sección de Química, San Cristóbal de La Laguna, Spain, 

2018 

Aplicaciones de la impresión 3D usando materiales conductores 

 

 18ª Reunión Del Grupo Especializado De Química Inorgánica y 12ª Reunión Del Grupo 

Especializado De Química De Estado Sólido (QIES), San Cristóbal de La Laguna, Spain, 2018 
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Impresión 3D mediante SLA de electrolito de YSZ para pilas de combustibles SOFC 

 

 13th EUROPEAN SOFC & SOE FORUM, Luzern, Switzerland, 2018 

SLA 3D Printed electrolytes for solid oxide fuel cells 

 

 Young Ceramist Additive Manufacturing Forum (yCAM), Mons, Belgium, 2019 

SLA 3D Printing for solid oxide fuel cells 

 

 7th Shaping Conference, Aveiro, Portugal, 2019 

TiO2-Based energy devices produced by FDM 3D printing - [Award-winning] 
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PUBLICATIONS 

 Fabrication and characterisation of ceramics via low-cost DLP 3D printing 

Giftymol Varghese; Mónica Moral; Miguel Castro García; Juan José López López; JuanRamón 

Marín Rueda; Vicente Yagüe Alcaraz; Lorena Hernández Afonso; Juan Carlos Ruiz Morales; 

Jesus Canales Vázquez 

Boletín de la Sociedad Española de Cerámica y Vidrio, 57, 9 – 18, ELSEVIER, (2017) 

 

 Use of 3D printing for biofuel production: efficient catalyst for sustainable biodiesel 

production from wastes. 

M. E. Borges, L. Hernández, J. C. Ruiz-Morales, P. F. Martín-Zarza, J. L. G. Fierro, P. Esparza 

Clean Technologies and Environmental Policy,19, 2113–2127, (2017) 

 

 Ceramic-Based 3D Printed Supports for Photocatalytic Treatment of Wastewater 

Lorena Hernández-Afonso; Ricardo Fernández González; Pedro Esparza; María Emma 

Borges; Selene Díaz González; Jesús Canales Vázquez; Juan Carlos Ruiz Morales. 

Journal of Chemistry, 0 – 9, (2017) 

 

 Three dimensional printing of components and functional devices for energy and 

environmental applications 

Juan Carlos Ruiz Morales; Albert Tarancón; Jesús Canales Vázquez; Jorge Méndez Ramos; 

Lorena Hernández-Afonso; Pablo Acosta Mora; Juan Ramón Marín Rueda; Ricardo Fernández 

González. 

Energy & Environmental Science, 10, 846-859, (2017) 

 

 

https://link.springer.com/journal/10098

