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3D-Printing of Fluorinated Polymer-based Materials for Plasmonic Sensing 
 

IDA ÖSTERGREN 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 

 

ABSTRACT 

Hydrogen attracts growing interest as a versatile energy carrier, serving as a fuel for cars, a heat 

source, or a reagent for chemical synthesis. At the same time, the demand for accurate and 

selective hydrogen sensors is increasing, because of both safety concerns and the need for 

process monitoring. This thesis discusses plasmonic sensors as a viable option for hydrogen 

sensing and in particular the transition from 2D thin films to bulk production of plasmonic 

plastic nanocomposites via melt processing and 3D-printing. This thesis explores a processing 

methodology that has the potential to produce a broad range of plasmonic plastic 

nanocomposites, by allowing for variation in both the type of nanoparticles and the polymer 

matrix. 

First, different Au nanoparticles were compounded together with poly(lactic acid) (PLA) and 

poly(methyl methacrylate) (PMMA) and 3D-printed to demonstrate the versatility and 

processability of  plasmonic plastic nanocomposites. Secondly, Pd- and PdAu based composites 

with PMMA and Teflon AF as the polymer matrix were produced to create 3D-printed 

plasmonic hydrogen sensors. Furthermore, the hydrogen sensing kinetics and protective 

properties of the polymer matrix surrounding the Pd nanoparticles were evaluated. The use of 

PMMA:Pd nanocomposites resulted in a robust sensor, that offers good protection against 

carbon monoxide poisoning. Whilst, Teflon AF:Pd nanocomposites facilitate fast sensing due 

to a high hydrogen diffusivity. To combine the advantages of both matrix polymers, a core:shell 

approach with a Teflon AF:Pd nanocomposite as the bulk material and PMMA as a surface 

coating is explored. This approach yields a sensor with a promising degree of carbon monoxide 

protection, without affecting the fast sensor response of the Teflon AF:Pd nanocomposite. 

Evidently, the use of polymer nanocomposites is a promising avenue for the realization of fast 

and selective hydrogen sensors.  

Keywords: hydrogen sensing, plasmonic nanoparticles, polymer nanocomposite, 3D-printing, 

fused deposition modeling, Teflon AF 
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Nomenclature 

A   Membrane area 

ABS  Acrylonitrile butadiene styrene 

CAD  Computer aided design 

CH4  Methane 

CO  Carbon monoxide 

CTAB  Hexadecyltrimethylammonium bromide 

De  The Deborah number 

D  Diffusivity 

E  Elastic modulus 

𝜀  Optical extinction  

∆𝜀௠̅௔௫  Maximum sensor response 

FDM  Fused deposition modeling 

FFV  Fractional free volume 

g-code  Geometric code 

H2  Hydrogen 

HDT  Heat deflection temperature 

HIPS  High impact polystyrene 

IEA  International Energy Agency 

Jss  Penetrant molar flux per unit area at steady state 

𝜂  Melt viscosity 

NOx  Nitrogen oxide 

NP  Nanoparticle 

P  Permeability 

𝛥𝑝  Pressure difference 

pd   Downstream pressure 

PA6  Polyamide 6 
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PBF  Powder bed fusion 

PdH  Palladium hydride 

PE  Polyethylene 

PLA  Poly(lactic acid) 

PMMA  Poly(methyl methacrylate) 

PTFE  Poly(tetrafluoroethylene) 

PVDF  Poly(vinylidene fluoride) 

PVP   Polyvinylpyrrolidone 

𝑄  Quality factor 

S  Solubility 

SLA  Stereolithography 

SLS  Selective laser sintering 

SOx  Sulphur oxide 

SSF  Swedish Foundation of Strategic research  

TEM  Transmission electron microscopy 

ϴL  Time-lag value 

Tm  Melt temperature  

Tg  Glass transition temperature 

t50,resp  Response time 

t50,rec  Recovery time 

UVVis  Ultraviolet visible 

Vd   Calibrated volume of the downstream chamber 
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1. Introduction 

“Now is the time to scale up technologies and bring down costs to allow hydrogen to become 

widely used.” Those are the words used by the International Energy Agency (IEA) in 2019 to 

describe the momentum of the hydrogen economy. The IEA states that it is time to take 

advantage of the full potential of hydrogen as a clean, secure, and cost-effective energy source.1  

Hydrogen generates electricity or heat through a reaction with oxygen, which produces water 

as the only byproduct, which is preferable to fossil fuels with extensive emission of carbon 

monoxide and other air pollutants.2, 3 This has led to increased attention to hydrogen as a 

potential clean, low emission, carbon-free energy source.4 However, for the hydrogen economy 

to meet these expectations, the primary source of hydrogen must transition from coal and 

natural gas to renewable energy sources such as wind and solar power or biomass.1, 5-10 One 

major benefit with hydrogen is that it can be used for storage of excess energy generated from 

solar cells or wind turbines on days when production is higher than the demand. Unused 

electricity can be utilized to split water into hydrogen that can be stored until the need for 

energy emerges (Figure 1.1).2, 6, 9, 11 

Figure 1.1. Illustration of the envisaged hydrogen economy. 
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There is significant potential versatility in hydrogen as a fuel, as it can be applied in a wide 

range of applications, from powering vehicles to heating or electricity generation. It has the 

potential to accelerate the reduction of carbon emissions in several sectors, including long-

distance transportation, chemical synthesis and steel production.1, 3, 12 However, it is crucial to 

handle hydrogen with caution since it has a low ignition energy and a high flammability in air, 

making it highly explosive. Additionally, it is prone to leaks because it is the smallest and 

lightest of all elements and is thus associated with a high diffusion rate.13, 14 This makes it 

essential to have efficient, robust, and easy to use hydrogen sensors, to ensure safety throughout 

the entire life cycle from production to storage and end use.12  

1.1 Hydrogen sensors 

Hydrogen sensors are not only necessary to monitor the safety of hydrogen storage and 

production, but are also important for industrial process monitoring, e.g. during the synthesis 

of ammonia or the production of rocket fuels. Depending on the sensor application certain 

performance targets have been set by various industries and national governments (Figure 1.2). 
13, 15-17 

  

 

Figure 1.2. Performance targets and requirements for hydrogen safety sensors for stationary 

and automotive applications.  Adapted from Ref.17 Copyright American Chemical Society. 

2020. 



3 
 

Currently, there are no hydrogen sensing technologies capable of reaching all these criteria. 

Achieving a rapid response time of 30 seconds for stationary applications and as low as 1 

second for automotive applications, remains one of the most challenging requirements 

particularly when combined with a low detection limit. Another important requirement is the 

minimum lifetime of 5 years of the sensor, which is affected by temperature and the 

surrounding atmosphere including humidity and air pollutants. Air pollutants existing in urban 

air such as CO, SOx and NOx can poison the active sensor materials leading to deactivation of 

the sensor.15, 17-19  

Hydrogen sensors work on the basis of interactions between H2 and the sensing element, 

causing a change in temperature,20 electrical21-23- or optical properties.24-26 To avoid cross-

sensitivity with other gases, palladium (Pd) or platinum (Pt) are the most common sensing 

elements due to their high selectivity for hydrogen in both catalytic reactions and absorption 

into the bulk, forming metal hydrides.14, 27 Pd-based optical plasmonic sensors are promising 

due to their high selectivity towards hydrogen and because they facilitate ultrafast sensing at 

low hydrogen pressures.28, 29 The optical signal enables a remote and spark-free readout due to 

its compatibility with optical fibres. Nonetheless, Pd-based plasmonic sensors comes with 

several challenges, including inherent hysteresis30, 31 and susceptibility to poisoning from the 

CO found in urban air.14, 15, 32  

1.2 Plasmonic hydrogen sensing 

Localized surface plasmon resonance is a phenomenon occurring in noble metal nanoparticles 

where the free electron starts to oscillate when irradiated with incoming light (Figure 1.3a). At 

the resonance frequency of the oscillation the nanoparticles strongly absorbs and scatters light 

(Figure 1.3b).33 Of the more readily available, single element nanoparticles, gold (Au) and 

silver (Ag) are the most widely investigated plasmonic materials due to their sharp plasmon 

resonances, whereas for palladium (Pd) and platinum (Pt), the resonance is dampened resulting 

in a broader extinction peak, with a lower total intensity.34, 35 The wavelength and magnitude 

of the extinction depends on the shape, size, and composition of the metal nanoparticle as well 

as the surrounding local environment.33, 36-39 This creates a possibility for a large diversity in 

the wavelengths of the scattered light, seen in the variety of colours present in plastic plasmonic 

materials containing Au spheres and rods, as well as Pd cubes (presented in Chapter 3 and 5). 
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The influence of the surrounding medium on the plasmon resonance is the basis for plasmonic 

sensors.  Absorbed molecules on the surface of the plasmonic nanoparticles create a shift in the 

extinction peak, which is used as the sensor descriptor (Figure 1.4). Plasmonic sensors are 

utilized within a wide range of applications, with particular interest placed on biosensors40, 41 

for disease diagnosis,39, 42, 43 biomolecule detection in wastewater44-46, and gas sensors47, 48 for 

monitoring air quality49-51 or hydrogen detection.17, 52, 53  

 

Figure 1.3. a) Schematic illustration of a) localized surface plasmon resonance of a metal 

nanoparticle. b) Optical extinction spectrum of a plasmonic nanoparticle. 

Figure 1.4. The concept of plasmonic hydrogen sensing a) The formation of PdH from Pd. 

b) The shift in the optical extinction upon PdH formation. Adapted in part from Ref.63

Copyright American Chemical Society 2023. 
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Plasmonic hydrogen sensing is based on the ability of Pd crystals to adsorb hydrogen into the 

Pd lattice, resulting in the formation of PdH, which has a different plasmon resonance than 

pure Pd (Figure 1.4a).54-56 This process is reversible and influenced by the ambient hydrogen 

pressure. The shift of the plasmon resonance extinction peak can be monitored in two ways: 

(1) by tracking the shift in the wavelength of the peak maximum, and (2) by observing the 

intensity change at a certain wavelength (Figure 1.4b). The magnitude of the shift in optical 

extinction is governed by the hydrogen pressure, making it a valuable tool for qualitatively 

analysing the hydrogen pressure.52, 54, 57, 58 

Currently, state-of-the-art plasmonic sensors are Pd- or Pd-alloy based sensors fabricated with 

nanolithography and vacuum-based thin film material deposition.17, 28, 32, 59, 60 These methods 

are time-consuming and limit the sensor design to flat 2D structures.61, 62 To address these 

challenges we are in this work introducing the concept of plasmonic plastics consisting of 

plasmonic nanoparticles embedded in a polymer matrix. A paradigm shift towards polymer 

nanocomposites, includes large volumes of size and shape controlled colloidally synthesised 

nanoparticles together with common polymer processing techniques such as compounding, 

extrusion and 3D-printing.63-65 This shift not only facilitates large-scale production, but also 

unlocks the potential to generate an infinite range of sensors shapes and designs. Incorporating 

Pd nanoparticles within a polymer matrix offers the dual advantage of enabling the formation 

of bulk structures and harnessing the polymer's potential to act as a molecular sieve and 

enhance the selectivity of the sensor.66 In addition, the polymer matrix can protect Pd 

nanoparticles from deactivation,28, 66  thus prolong the lifetime of the sensor.67, 68 
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2. Aim of this thesis 

This thesis is focusing on answering the following research question: 

Is it possible to produce 3D-printable plasmonic polymer nanocomposites for hydrogen 

sensing? This research question has been divided into three separate aims: 

1. Identification of polymers that would be suitable as a matrix material for a plasmonic 

hydrogen sensor while also exhibiting mechanical- and melt properties compatible for 

3D-printing.  

2. Development of a scalable processing route for plasmonic polymer nanocomposites 

that is compatible with a wide range of polymers and nanoparticles, to have the 

possibility of tailoring the material for specific applications. 

3. Design of a plasmonic polymer nanocomposite, and a corresponding Pd based 

hydrogen sensor with a fast sensing response and a high selectivity towards hydrogen. 
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3. Material selection  

The transition from 2D dimensional nanofabricated plasmonic sensors to sensor in 3D 

structures, produced with well-established processing techniques, could help facilitate facile 

production of plasmonic hydrogen sensors. I set out to investigate different polymers as matrix 

materials for 3D printable polymer nanoparticle composites to enable the production of 

plasmonic plastics. The goal was to establish how the selection of the polymer matrix affects 

the hydrogen sensing properties as well as the processability.  In this chapter the first selection 

of various polymers is discussed together with an evaluation of the processability, optical 

properties, and gas diffusivity within the polymer.   

3.1 Polymer Selection 

In order to evaluate polymers that are suitable as the matrix material for 3D printable plasmonic 

polymer nanocomposites, in line with the first aim of this thesis, I started looking at the 

materials requirements from three different aspects: (1) Sensor requirements, (2) 

nanocomposite compatibility and processability, and (3) 3D printability.  

For a polymer to be a good candidate from a sensing perspective it is of importance that it has 

a high H2 permeability to generate a fast sensing response. At the same time the polymer must 

have a low permeability towards poisonous species such as carbon monoxide, CO. CO is 

present in low amounts in urban air and deactivates a Pd based sensor by inhibiting the 

dissociation of H2. It is therefore crucial to have a barrier material that blocks out CO. The 

readout signal in a plasmonic hydrogen sensor is optical so the polymer needs to have a high 

light transparency. Depending on which application the sensor will be used for, e.g in fuel cells, 

properties such as heat deflection temperature (HDT), temperature resistance and chemical 

resistance need to be taken into consideration.  

To be able to make a polymer nanocomposite through compounding and extrusion the polymer 

needs to be melt processable, meaning that it needs to have a suitable melt viscosity at 

temperatures lower than the onset of thermal degradation. The polymer must be compatible 

with the surfactants/stabilizer of the nanoparticles and the solvent used for the nanoparticle 

dispersion, in order to ensure a good distribution of the nanoparticles in the matrix.  
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To evaluate if a polymer is suitable for fused deposition modelling (FDM) 3D printing I 

examined: (1) the filament stiffness to ensure that the polymer can withstand the pressure put 

on the filament during feeding, (2) the melt viscosity, which must be sufficiently low so that 

the polymer melt easily can be extruded out of the nozzle but also high enough that the extruded 

strains maintain their shape and (3) the adhesion properties of the printed part to the build plate 

and  between the printed layers.  

I created a selection matrix (Table 3.1) to get an overview of possible polymers and their 

materials properties. The selection matrix was used as the basis for selecting polymers suitable 

for the fabrication of plasmonic plastics and their use as H2 sensors. Polyethylene (PE) was 

added to the matrix for comparison since it is the most widely used commodity polymer.   

Poly(methyl methacrylate) (PMMA), polyamide 6 (PA6), and poly(lactic acid) (PLA) were 

chosen for a proof-of-concept study with Au nanoparticles to show that plastic plasmonic 

materials can be produced. As seen in the selection matrix they are commonly used for melt 

processing and are likely to offer good compatibility with the nanoparticles due to the presence 

of polar groups (Figure 3.1). All three polymers are used for the preparation of filament for 

FDM printing,69, 70 where PLA is the most widely used 3D printing material.71 PMMA was 

also selected as a matrix for Pd nanoparticles because of its ability to function as a protective 

barrier towards CO in Pd based hydrogen sensors.28, 66 

Figure 3.1. Polymer structures. 
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Fluoropolymers in general have good temperature stability and chemical resistance (see 

selection matrix Table 3.1). They are therefore attractive as a matrix material for hydrogen 

sensors. The most common fluoropolymer poly(tetrafluoroethylene) (PTFE) is unfortunately 

not a suitable choice because it cannot be melt processed due to its high melting temperature 

and high melt viscosity, which leads to thermal degradation before achieving proper melt 

flow.72, 73 However there are a range of melt processable fluoropolymers such as semi-

crystalline poly(vinylidene fluoride) (PVDF), Dyneon THV and a melt processable Nafion 

precursor (see Figure 3.1 for chemical structure). Nafion is of special interest since it is 

normally used as an ion exchange membrane in fuel cells and it is therefore already known to 

withstand these harsh conditions.74, 75 Teflon AF and Hyflon AD are amorphous random 

copolymers with a high co-monomer content (see Figure 3.1 for chemical structure). The 

amorphous nature of these fluoropolymers give rise to optical clarity and a large fractional free 

volume that enables a high gas permeability,76-78 making them an attractive alternative as the 

matrix material. Drawbacks with fluoropolymers are their poor adhesion properties and the risk 

of low compatibility with the nanoparticle dispersion.   
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Table 3.1. Selection matrix. 
 

PE79, 

80 
PMMA79, 

80 
PA679, 

81, 82 
PLA79, 

83, 84 
PVDF85 PTFE79, 

86 
Teflon 
AF86, 87 

Dyneon 
THV86, 88 

Hyflon 
AF86, 89 

Nafion90 

Melt processable ✔ ✔ ✔ ✔ ✔ X ✔ ✔ ✔ ✔ 

Temp. resistance (✔) (✔) (✔) X ✔ ✔ ✔ ✔ (✔) ✔ 

HDT > 100 °C X (✔) ✔ X ✔ (✔) ✔ X ? ? 

Fast H2 diffusion (✔) (✔) X (✔) X X ✔ ? ✔ ? 

Slow CO diffusion ✔ ✔ ? ? ✔ ✔ X ? X ? 

Transparency (✔) ✔ (✔) ✔ (✔) (✔) ✔ ✔ ✔ ✔ 

Compatibility 
with NPs 

(✔) ✔ ✔ ✔ (✔) X ? ? ? ? 

Chemical 
resistance 

(✔) (✔) X X ✔ ✔ ✔ ✔ ✔ ✔ 

FDM printability: 
Suitable viscosity 
Filament stiffness 
Adhesion 

 

✔ 
✔ 
✔ 

 

✔ 
(✔) 
✔ 

 

(✔) 
✔ 
✔ 

 

✔ 
✔ 
✔ 

 

✔ 
✔ 

(✔) 

 

X 
? 
X 

 

✔ 
✔ 
X 

 

✔ 
✔ 
X 

 

✔ 
✔ 
X 

 

✔ 
(✔) 
X 
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3.2 Preparation of plasmonic polymer nanocomposites 

There are two main approaches for preparing polymer nanocomposites from pre-polymerized 

polymer and pre-synthesized nanoparticles; solution mixing91, 92 or melt compounding.93, 94 

Solution mixing entails dissolution of the polymer in a solvent to which a nanoparticle 

dispersion is added. The polymer:nanoparticle solution is mixed and later cast into a film. The 

main advantages are that homogenous distribution of nanoparticles can be achieved. In 

addition, several ink-printing methods can be used. The drawback is that a large amount of 

solvent is needed and that the structures are limited to thin films.95 In the case of melt 

compounding the polymer and nanoparticles are mixed in a twin-screw extruder. This method 

is suitable for production at larger scale and for bulk structures. It is environmentally friendly 

due to the absence of solvent. The disadvantages are that the nanoparticles have a higher 

tendency to agglomerate and there is a risk for thermal degradation during processing 

depending on the polymer of choice.95 I chose to work with melt compounding to have the 

advantage of being able to create a variety of shapes and sizes. With melt compounding I could 

also show that our material is suitable for the large-scale production needed for upscaling of 

plasmonic plastic hydrogen sensors.  

3.2.1 Synthesis of nanoparticles 

The nanoparticles used in the polymer nanocomposite need to be prepared before the 

compounding step. This allows for the possibility to syntheses a variety of compositions, shapes 

and sizes of the nanoparticle in order to tailor the properties of the polymer nanocomposite.96, 

97 In order to show the versatility of the plasmonic plastics concept, Au spheres of two different 

sizes and Au rods were synthesized by Alicja Stolas and Sarah Lerch for a proof-of-concept 

study. To apply the concept as a hydrogen sensor, Pd nanocubes were synthesized by two 

different routes. First, Alicja Stolas used colloidal batch synthesis to syntheses 23 nm large Pd 

cubes stabilized with hexadecyltrimethylammonium bromide (CTAB) (Figure 3.2).98 At a later 

stage Robson Rosa da Silva produced Pd cubes with scalable continuous flow synthesis using 

poly(vinylpyrrolidone) (PVP) (Figure 3.2) as stabilizing agent.99 This highlighted the 

possibility to continuously syntheses a large amount of Pd nanoparticles needed for upscaling 

of plasmonic plastics. To emphases the possibility of nanoparticle design with regards to 

composition Sarah Lerch also synthesised PdAu spheres stabilized with PVP. 
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The change from CTAB to PVP as a stabilizing agent was made because it has been reported 

that cationic surfactants such as CTAB decelerate the hydrogen adsorption onto Pd because of 

the strength of the halide-ion interaction with Pd.100 PVP on the other hand experiences weaker 

interactions with the Pd surface and has an accelerating effect on the hydrogen absorption100. 

Nanoparticles stabilized with CTAB normally require water as dispersion medium, due to the 

ionic force between head group and dispersion medium. Water as the dispersion medium 

worked well together with polar polymers such as PMMA, PLA and PA6. In the case of 

fluoropolymers, Pd nanoparticles in a water dispersion did not mix well with the polymer 

powder because of poor wetting of the polymer (Figure 3.3a). This led to low incorporation of 

the Pd particles in the polymer matrix during compounding, as evidenced by the light color of 

the extruded filament (Figure 3.3c). Changing to PVP as the stabilizing agent, allow us to do a 

solvent exchange to the less polar solvent iso-propanol, which led to increased compatibility 

and sufficient mixing (Figure 3.3b) resulting in a composite with good incorporation of the 

nanoparticles, indicated by the dark brown color of the extruded filament (Figure 3.3c).  

  

Figure 3.2. Chemical structures of the stabilizing agents. 
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Figure 3.3. Dyneon THV nanocomposite a) Adding Pd nanocubes in water to Dyneon THV 

powder. b) Adding Pd nanocubes in iso-propanol to Dyneon THV powder. c) Extruded 

filaments of Dyneon THV:Pd from water dispersion and iso-propanol dispersion. 
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3.2.2 Compounding and extrusion of polymer nanocomposites 

To address the second aim of this thesis, the development of a processing route for plasmonic 

polymer nanocomposites, I constructed a scheme containing four steps (Figure 3.4).  First, the 

nanoparticle dispersion and polymer powder were mixed together, the mixture was then dried 

overnight, followed by melt compounding and extrusion into filaments suitable for 3D printing.  

As mentioned earlier PLA, PA6 and PMMA together with a variety of Au nanoparticles were 

selected for a proof-of-concept study. Table 3.2 shows the material combinations and 

processing settings for the study. The polymer:Au composites were compounded at different 

temperatures depending on their glass transition temperature (Tg) or where applicable melt 

temperature (Tm).  

Table 3.2. Proof-of-concept study. 

Polymer PLA PA PMMA 

Au NP shape 10 nm spheres 100 nm spheres 25x53 nm rods 

NP content [wt. %] 0.0007-0.0256 0.0016-0.0083 0.0141-0.0491 

Tprossesing [°C] 200 220 200 

Die size [mm] 1.75 1.75 1.0 

Figure 3.4. Processing scheme of plasmonic polymer nanocomposites i) mixing of nanoparticle 

dispersion with polymer powder. ii) Drying of polymer nanoparticle mixture. iii) compounding 

and extrusion of filament. iv) 3D-printing. Adapted from Ref. 63 Copyright American Chemical 

Society 2023. 
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The compounded polymer nanoparticle mixtures were extruded into filaments with a diameter 

of approximately 1.75 mm, the diameter size needed for feeding of the filament to a Massportal 

Pharaoh XD 3D printer. To obtain the right filament diameter it is necessary to choose the right 

die size (Table 3.2). The main factor affecting the choice of the die is the degree of die swelling 

by the polymer melt as it exits the die. Extrudate swelling is an elastic stress relaxation 

phenomenon, that occurs when a polymer melt is stretched while entering a small capillary and 

then relaxes when exiting the capillary.101 Chain relaxation gives rise to a cross section larger 

than the cross section of the capillary exit. The Deborah number (De) describes the ratio 

between the time it takes for a material to adjust to the applied stress and the characteristic time 

scale of the process where the relaxation time is defined as the ratio between melt viscosity, 𝜂,  

and the elastic modulus, 𝐸. 

𝐷𝑒 =
ோ௘௟௔௫௔௧௜௢௡ ௧௜௠௘ ௢௙ ௧௛௘ ௠௔௧௘௥௜௔௟

௧௜௠௘௦௖௔௟௘ ௢௙ ௧௛௘ ௣௥௢௖௘௦௦
  (eq. 3.1) 

𝑅𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 =
ఎ

ா
  (eq. 3.2) 

If the relaxation time of the material is longer than the timescale of the process, the material 

will still be experiencing stress at the exit, stress relaxation and therefore die swelling will 

occur. At a fixed shear rate, the die swell can be minimized by decreasing the viscosity of the 

polymer melt, this can be done by increasing the temperature or by choosing a polymer grade 

with a lower molecular weight. 

I compensated the die swell by choosing a die with a smaller diameter so that the right filament 

size was obtained taking die swelling into account. For example, PMMA exhibits a high degree 

of die swell and needs a small die with a diameter of 1 mm to obtain a filament with a diameter 

of 1.75 mm. The degree of die swell in PMMA is reduced by the addition of nanoparticles 

because the movement of the molecular chains are blocked by the solid nanoparticles and the 

elastic recovery is hindered.102 The addition of nanoparticles also improves the printability of 

PMMA composites, by blocking the chain relaxation, thereby decreasing the relaxation time. 

The shrinkage upon solidification is reduced, hence less warping occurs (see Chapter 5).103 

The extruded filaments were then either melt pressed with a hot press into 500 μm thick plates 

(Figure 3.5a-c) or 3D-printed into a variety of shapes (see Chapter 4). The PA6:Au composites 

had to low melt viscosity and melt strength during compounding to be able to form a filament 

upon extrusion (Figure 3.6) and could therefore not be used for 3D printing. They also suffered 
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from slight thermal degradation in each processing step, seen by the appearance of a slightly 

yellow color (Figure 3.5b). Hence PA6 was not a suitable choice for 3D-printable plasmonic 

plastics. 

 

Figure 3.5. Photos of 500 μm melt pressed plates of a) Neat PLA and PLA:Au composites 

containing 0.0007-0.0256 wt. % of 10 nm Au spheres. b) Neat PA6 andPA6:Au composites 

containing 0.0016-0.0083 wt. % of 100 nm Au spheres c) neat PMMA and PMMA:Au composite 

containing 0.0141-0.0491 wt. % of 25x52 nm Au rods. Adapted in part from Ref.63 Copyright 

American Chemical Society 2023. 

Figure 3.6. Photo of extruded PA6:Au composite. 

1 cm 
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Transmission electron microscopy (TEM) images of PLA:Au and PMMA:Au, obtained by 

Alicja Stolas, reveal that the incorporated Au nanoparticles have preserved their shape and size 

through the compounding and extrusion steps (Figure 3.7). Elemental analysis of the PLA:Au, 

PA6:Au and PMMA:Au revealed that the Au concentration in the composites scales linearly 

with the Au nanoparticle concentration in the added dispersion (Figure 3.8). This indicates a 

robust processing route that allows to tailor the selection of polymer and nanoparticles as well 

as the particle content in the composite.  

  

Figure 3.7. TEM images of a) Au sphere incorporated in PLA and b) Au rod incorporated in 

PMMA, Images obtained by Alicja Stolas. Adapted from Ref.63 Copyright American Chemical 

Society 2023. 

Figure 3.8. Au concentration in the final composite against Au concentration in the added 

dispersion. 
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To address the third aim of this thesis, the development of a plasmonic polymer nanocomposite 

for hydrogen sensing, I also prepared a series of nanocomposites containing Pd cubes. As 

mentioned earlier in this chapter, PMMA was selected as a matrix polymer because of its ability 

to protect Pd against CO poisoning, together with a range of fluoropolymers including PVDF, 

Dyneon THV, Teflon AF and Hyflon AD. Nafion, which was an interesting candidate, could 

not be grind into a powder. Hence, no mixing with the Pd dispersion was possible and no 

composite could be produced.The selected polymers and Pd cubes were mixed, compounded, 

and extruded using the same scheme described for Au composites (Figure 3.4). One composite 

with a set Pd content was made with PVDF, Dyneon THV and Hyflon AD, whilst for PMMA 

and Teflon AF a series of composites with a range of Pd contents were made (Table 3.3 and 

Figure 3. 9).  

Table 3.3. Processing of Pd nanocomposites. 

 

 

  

Polymer PMMA PVDF Dyneon THV Teflon AF Hyflon AF 

Pd NP shape 10 nm 
 cubes 

10 nm  
cubes 

10 nm 
 cubes 

10 nm 
cubes 

10 nm  
cubes 

NP content [wt. %] 0.01-0.16 0.015 0.011 0.011-0.08 0.012 

Tprossesing [°C] 200 200 240 250 220 

Die size [mm] 1.0 1.75 1.5 1.5 1.5 

Figure 3.9. Photos of 500 μm melt pressed plates a) Neat PMMA and PMMA:Pd composites 

containing 0.01-0.16 wt. % of 10 nm Pd cubes and b) Neat Teflon AF and Teflon AF:Pd 

composites containing 0.011-0.08 wt. % of 10 nm Pd cubes. Adapted from Ref.64 Copyright 

American Chemical Society 2021 and from Ref.65 Copyright American Chemical Society 2020
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The processing temperature needed for compounding of the different polymer:Pd composites 

(Table 3.3) affected the shape of the Pd nanocubes due to the reconstruction of the Pd 

nanoparticles at high temperatures.99 TEM images, obtained by Alicja Stolas, reveal that for 

PMMA:Pd processed in the lower temperature range, the Pd nanocubes retains their cubic shape 

but with slightly rounded edges (Figure 3.10b). For Teflon AF:Pd the higher processing 

temperature of  250 °C had a stronger influence on the Pd nanocubes, as evidenced by TEM 

imaged obtained by Sarah Lerch and Robson da Silva, which reveal that the particles have lost 

their initial cubic shape in favor of the more entropically stable spherical shape (Figure 3.10d).  

  

Figure 3.10. TEM images of a) as synthesized Pd cubes before incorporation in PMMA b) Pd 

cubes after incorporation in PMMA c) as synthesized Pd cubes before incorporation in Teflon 

AF. d) Pd cubes after incorporation in Teflon AF. TEM Images obtained by Alicja Stolas, 

Robson Rosa da Silva and Sarah Lerch. Adapted in part from Ref.65 Copyright American 

Chemical Society 2021.  
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Elemental analysis of the PMMA:Pd and Teflon AF:Pd composite series of (Paper I and II) also 

revealed a linear trend between the added amount of Pd particles and the Pd concentration in 

the final composite. These results indicate that the processing route developed for Au 

composites could be transferred to Pd composites, whose use as hydrogen sensors will be 

discussed in Chapter 5.  

3.3 Transmittance of visible light  

The plasmonic peak for most nanoparticles and especially nanoparticles relevant for plasmonic 

plastics is situated in the visible region of the Ultraviolet-Visible (UVVis) absorption spectra 

(Paper IV, Figure S4).104 The read out from a plasmonic hydrogen sensor consists of a shift in 

wavelength for the position of the plasmonic peak. It is of high importance that the polymer 

matrix does not absorb or strongly scatter light in the same region as the plasmonic peak. To 

evaluate the transparency, UVVis absorbance spectra were recorded for 100 μm thick films of 

the selected neat polymers and the corresponding nanocomposites.  

All neat polymers exhibit a low absorbance in the visible region (Figure 3.11). The lowest 

absorbance is observed for the two amorphous fluoropolymers, Teflon AF and Hyflon AD, but 

also PMMA and PLA exhibits low absorbance in the visible region. The overall extinction in 

the UVVis spectra increase for the semi-crystalline polymers, Dyneon THV and PVDF, 

indicating a lower transparency. This is due to an increase in scattering at the boundary between 

the amorphous and crystalline regions and by large spherulites.105 PVDF, which has the highest 

degree of crystallinity,85 therefore has the highest overall value of absorbance and scattering in 

the UVVis spectra. With regards to the optical properties, Teflon AF and Hyflon AD are the 

best choice for a plasmonic plastics matrix material.  
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To ensure that the plasmonic resonance of the embedded nanoparticles is unaffected by 

compounding and extrusion of the nanocomposite, UVVis spectra were recorded for the 

PLA:Au nanospheres, PMMA:Au nanorods, and PMMA:Pd nanocubes composites (Figure 

3.12). For PLA:Au nanosphere composites one distinct peak is found around 570 nm, which 

corresponds to the plasmonic peak of Au spheres.106 Two peaks are visible around 550 nm and 

650 nm for PMMA:Au nanorods, corresponding to the short and long rod axis respectively.107, 

108 For PMMA:Pd nanocubes there is a broad peak ranging from 400-700nm, which matches 

the peak expected for Pd nanocubes.36, 64 All nanocomposites exhibit a plasmonic resonance 

that matches the peak position of the respective type of nanoparticle in colloidal dispersion, 

indicating that the plasmonic resonance of the particles is preserved in the polymer matrix. Each 

nanoparticle contributes to the total light absorption, as evidenced by the increase in the total 

absorbance with high Pd content (Figure 3.12), in agreement with Beer−Lambert law.109, 110 

This shows that plasmonic polymer nanocomposites can be produced through melt processing 

and that the intensity and position of the plasmonic peak can be altered with nanoparticle shape 

and concentration.  

  

Figure 3.11. UVVis spectra of 100 μm thick films of the neat polymers. 
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3.4 Hydrogen diffusion 

Fast diffusion of hydrogen through the polymer matrix enables the gas to quickly reach the Pd 

nanoparticles, which will ultimately result in a sensor with a rapid response.  

The transport of a gas through a polymer film consists of five steps (Figure 3.13):111 

1) Diffusion of the gas to the surface of the polymer film, 2) Adsorption of the gas by the 

polymer film at the interface, 3) Diffusion through the bulk of the film, which is the most time-

consuming step and therefore becomes rate limiting, 4) Desorption of the gas from the polymer 

film and 5) Diffusion of the gas away from the polymer film.  

Figure 3.13. Schematic of the steps for gas transport through a polymer film. 

Figure 3.12. UV/VIs spectra 500 μm thick films of a) PLA:Au nanospheres composites, b) 

PMMA:Au nanorods composites, 2023and c) PMMA:Pd nanocubes composites. Adapted from 

Ref.64 Copyright American Chemical Society 2020 and Ref.63 Copyright American Chemical 

Society 2023. 

a) b) c) 
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Gas transport through the bulk of a polymer film is usually described with a solution-diffusion 

model, where there are two separate contributions to the permeability, P, 

𝑃 = 𝐷 ∗ 𝑆   eq. 3.3 

where the solubility, S, is the thermodynamic contribution defined as the amount of gas 

molecules dissolved in the polymer film and the diffusivity, D, is the kinetic contribution 

defined as the mobility rate of the gas molecules inside the polymer film. To evaluate these 

three parameters, time- lag experiments112 were conducted in collaboration with Matteo Minelli 

and Giacomo Foli at University of Bologna. 

Time-lag experiments were conducted according to ASTM D1434-82, the standard test method 

for determining the gas permeability characteristics of plastic films and sheetings113. The 

hydrogen gas was allowed to diffuse from an upstream chamber that had a constant pressure of 

approximately 1.2-1.5 bar, though a polymer film with a 2.2 cm2 area to a downstream chamber, 

which at the beginning of the experiment was made vacuum. The penetrant flux was obtained 

from the increased pressure in the downstream chamber76, 112.  

By plotting the amount of gas that has passed though the polymer film against time, the gas 

permeability, P, can be derived from the slope at steady state (Figure 3.14). The permeability 

is calculated according to: 

𝑃 = 𝐽௦௦
௟

௱௣
= ቀ

ௗ௣೏

௧
ቁ

௧→ାஶ

௏೏

ோ T

௟

஺ ௱௣
  eq. 3.4 

where Jss is the penetrant molar flux per unit area at steady state, 𝛥𝑝, the pressure difference, 

pd the downstream pressure, Vd the calibrated volume of the downstream chamber and A the 

membrane area. Diffusion kinetics are evaluated from the time-lag at the beginning of the 

measurement, the diffusivity D, can thus be calculated according to:114  

𝐷 =
௟మ

଺ ௾ಽ
    eq. 3.5  

where ϴL (time-lag value), is determined as the intercept on the time axis (x-axis) of tangent 

from the slope steady state (Figure 3.14).76, 115 
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First, we investigated the gas transport properties of neat polymers films. Since the rate-limiting 

step for the gas transport through a polymer film is diffusion through the bulk of the film (Figure 

3.12, step 3), hence the parameter that has the main influence of the hydrogen transport to the 

Pd nanoparticles is the diffusivity. There is a wide spread in diffusivity values ranging from 

low values of 5.9∙10-8 cm2 s-1 for PVDF to high values of 2.3∙10-5 cm2 s-1 for Teflon AF (Table 

3.4). The low diffusivity for PVDF originates from the high degree of crystallinity, where the 

presence of crystals results in a more tortuous path of diffusion. The diffusivity is lower for 

semi-crystalline compared to amorphous polymers since the absence of crystals enables 

hydrogen to move more direct. Comparing the amorphous polymers with each other, the main 

influence on diffusivity comes from the fractional free volume (FFV) i.e. the amount of free 

space where the hydrogen molecules can move.76 The FFV is affected by the size of the side 

groups, Teflon AF and Hyflon AD have large bulky side groups (Figure 3.1) compared with 

PMMA, which gives rise to a larger FFV and hence diffusivity.116  From a hydrogen diffusion 

perspective, Teflon AF and Hyflon AD are the two most promising candidates for a plasmonic 

hydrogen sensor.  

  

Figure 3.14. Time-lag measurement of neat PMMA and PMMA:Pd with 0.15 wt. % of Pd.

Data obtained by Giacomo Foli. Adapted from Ref.64 Copyright American Chemical Society 

2020. 
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Table 3.4. H2 permeability, solubility, and diffusivity. 

 
Permeability 

[barrer] 
Solubility 

[cm
3
∙(cm

2
)
 -1

] 
Diffusivity 

[cm
2
∙s

-1
] 

Teflon AF 745 
0.24 2.32∙10

-5 
Hyflon AD 160 0.19 6.32∙10

-6 
Dyneon THV 6.49 0.04 1.38∙10

-6 
PMMA 4.18 0.05 6.58∙10

-7 
PVDF 0.45 0.058 5.87∙10

-8 
 

Secondly, we examined the effects of adding Pd nanoparticles to the polymer matrix. The 

addition of Pd nanoparticles to PMMA drastically increases the time-lag (Figure 3.14). This 

change is due to the reaction of hydrogen with Pd resulting in the formation of PdH. Initially, 

all the adsorbed hydrogen in the PMMA film is consumed by Pd nanoparticles. Once all the Pd 

nanoparticles are saturated with hydrogen, the excess hydrogen diffuses through the PMMA 

film and desorbs into the downstream chamber. The permeability of PMMA:Pd compared to 

PMMA is unaffected by the addition of Pd nanoparticles, as evidenced by a comparable slope 

in the steady state region. Once all the Pd nanoparticles are saturated with hydrogen, the 

hydrogen diffusion is no longer hindered by the Pd nanoparticles, and the permeability is 

therefore constant.  

For Teflon AF and Teflon AF:Pd composite the effect on the time-lag by adding Pd 

nanoparticles is not as pronounced as for PMMA:Pd (Paper II, Figure 3a). The increase in time 

lag is noticeable but small and the permeability is unaffected. The lesser effect on Teflon AF:Pd 

composites can be explained by the higher permeability of hydrogen. The overall amount of 

hydrogen present in the Teflon AF film is higher and therefore the Pd nanoparticles saturate 

quickly. The small effect on the diffusivity by adding Pd nanoparticle to Teflon AF highlights 

the suitability of Teflon AF as the matrix material.   
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4. Up-scaling of PMMA:Au composite 

For new polymeric materials, the transition from lab-scale, typically a few grams, to industrial 

scale, sometimes on the order of hundreds of kilograms, can be challenging. Therefore, the 

second aim of this thesis is to develop a scalable processing route for plasmonic polymer 

composites. To demonstrate the potential scalability for plastic plasmonic composites and 

highlight the possibility of large scale production, Robson Rosa da Silva, Amir Masoud 

Pourrahimi, Anja Lund and I produced 2 kg of PMMA:Au nanospheres composite. While this 

production level is still far away from an industrial scale (approximately 1 million tons of 

polymer nanocomposites are manufactured each year117), it highlights the potential for 

plasmonic plastics to transition from the lab scale to the kilogram scale and, hopefully, beyond. 

Many polymer processing techniques are readily compatible with large scale production. Melt 

processing techniques such as extrusion and injection molding, developed during the 19th 

century, were applied to synthetic polymers such as polyethylene during the 1940s.101 The 

compounding process where additives such as pigments, reinforcement agents or nanoparticles 

are added to a neat polymer, utilizes a co- or counter rotating twin screw extruder that blends 

polymer and the various additives to achieve an adequate dispersion.101  

The main challenge for up-scaling of plasmonic plastics lies with the nanoparticle synthesis. 

The majority of size- or shape-specific nanoparticles are still produced through batch synthesis, 

allowing for close control of the parameters that influence the size, shape and crystal 

structure.118 Issues with poor heat- and mass transfer limits batch synthesis to small scale, 

generally less than 1 L of solution per synthesis. To upscale nanoparticle synthesis, Robson da 

Silva developed a flow synthesis method that produces shape- and size-controlled citrate 

capped Au nanospheres in water.63 This method enables a fast and continuous production of the 

large amounts of Au nanospheres needed for upscaling (Figure 4.1b).  
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A nanocomposite production methodology was developed by Anja Lund, Amir Masoud 

Pourrahimi and myself, to facilitate the production of plasmonic plastics on the kilogram-scale 

(Figure 4.1a). The Au nanosphere dispersion (Figure 4.1b) was mixed with 2 kg of PMMA 

powder, forming a slurry that was stirred while heating to remove a large amount of the water 

and then further dried under vacuum. The obtained polymer:Au nanosphere mixture (Figure 

4.1c) was compounded, extruded and cut into granulates at RISE in Mölndal and then further 

extruded into a 400 m long filament (Figure 4.1d), at the production facility of Add:North, to 

 

Figure 4.1 Upscaling of plasmonic plastics. a) Processing scheme b) Large scale flow 

synthesized Au nanospheres in water dispersion. c) PMMA and Au nanosphere powder mixture. 

d) Three rolls of PMMA:Au nanospheres 3D-printing filament. Adapted from Ref.63 Copyright

American Chemical Society 2023. 
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be used as the feedstock for 3D-printing (Chapter 5). The produced filament has an Au content 

of 0.01 wt. %. 

The produced granulates and filament, together with the 3D-printed structures (Chapter 5,  

Figure 5.2), demonstrate the scalability, versatility, and processability of plasmonic plastics.      

This indicates that this class of material is suitable for further upscaling.  

To be able to enable further up-scaling of plastic plasmonic materials additional 

enhancements are required, since the leap to industrial levels are still prominent: 

(1) The development of a continuous flow synthesis methodology of nanoparticles 

where the nanoparticle concentration is increased to reduce the amount of water 

that needs to be evaporated during drying. Or the addition of a concentration 

step. 

(2) The use of large-scale industrial mixers for homogenous and efficient mixing. 

(3) The use of a continuous conveyor oven for efficient drying. 

With regard to compounding and extrusion, both the compounding step (granulates) and the 3D 

printing filament production step, the type of infrastructure that was used at RISE and 

Add:North is sufficient for handling larger quantities.  
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5.  3D printing of plasmonic plastics 

3D-printing, which can also be called additive manufacturing, is a bottom-up manufacturing 

technique where thin layers of material are placed on top of each other to build up a structure119. 

The first 3D-printer for polymers, introduced in the 1980s, was a stereolithography (SLA) 

machine, which uses UV or visible light to cure photopolymers within a resin120. Since then, 

several different methods have been developed including selective laser sintering (SLS) and 

powder bed fusion (PBF), which uses a laser or electron beam to melt a polymer powder and 

fuse the powder particles together. 

Today, fused deposition modeling (FDM) is the most widely used 3D-printing technique for 

polymers. FDM uses a solid polymer filament as the feedstock, which is melted            

immediately prior to the print nozzle and a motor pushes the remaining solid filament so that it 

acts as a piston that pushes the melted polymer out. During this process, the printer head moves 

over the build plate and deposits the molten polymer. After deposition, the polymer cools down 

and solidifies. A new layer is then printed on top of the previous layer, until the structure is 

complete.121 

The general scheme to produce a part through 3D-printing starts with a computer aided design 

(CAD) model of the part, that depicts the external 3D-geometry of the part.119 A 3D-printing 

slicing software transforms the CAD model by slicing it into thin cross-sectional layers. The 

slicing software also provides the printer settings, such as temperature, printing speed, layer 

height, extrusion multiplier etc. There is also the possibility to add additional structures that 

will help facilitate the printing such as brim, raft, or support structures. The slicing software 

creates a geometric code (.g-code file) that is transferred to the 3D-printer. The 3D-printer reads 

the defined settings from the slicing software and proceeds to deposit the molten material onto 

a printing surface. The printer builds up the part, layer by layer according to the slicing of the 

CAD model. 

At first 3D-printing was mainly used for 3D visualization models and prototypes but as the 

methods and material options developed, a wide range of fields have identified additional 

use.119, 122 3D-printing is more time consuming compared to conventional manufacturing 

techniques, but it offers the possibility to produce materials in a large variety of shapes and 

designs. For example, 3D-printing gives access to complex designs that are difficult to achieve 

with conventional manufacturing, like parts with high porosity or an all-in-one-build of parts 
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that otherwise would need to be assembled.123 The final product can also be custom-made for 

a specific purpose such as prosthetics and high-end sports equipment. Another possibility is on-

site production to minimize lead time and to reduce the quantity of manufactured parts to 

precisely match the required amount. Small quantities of an item can be produced compared to 

injection moulding where large scales are needed for it to be worth the time and cost to produce 

the moulds. The produced waste is significantly reduced with 3D-printing compared to milling 

or carving where a lot of material is cut away to produce the item. 

One of the challenges for FDM printing is the limited diversity of commercially available 

material.120 To expand the scope of the FDM technology the available materials need to go 

beyond neat polymers such as PLA, acrylonitrile butadiene styrene (ABS) based compounds 

and high impact polystyrene (HIPS) and transition to functional materials to make use of FDM 

for more complex applications. One way of adding functionality to the 3D-printable filament is 

to make polymer nanocomposites, where the properties of the material can be modified at the 

nanoscale124. Among available options one can find filament that has incorporate either carbon 

black or graphene for electrical conductivity,125, 126 or copper oxide nanoparticles for 

antimicrobial properties.127  

To go beyond the state of the art and utilize plasmonic plastics for FDM printing is not only 

intriguing for aesthetic reasons,128 but it also holds significant potential for introducing sensing 

functionality.129 This new approach can broaden the range of materials available for FDM 

printing and contribute to the field of sensing, where 3D printing has emerged as a promising 

concept.130 

5.1 3D printing of PLA- and PMMA Au composites  

PLA is one of the most widely used polymers in FDM printing because it is easy to print, has a 

low cost and is environmentally friendly.71 Therefore, PLA:Au composites were chosen as a 

proof-of-concept material, to demonstrate that plastic plasmonic nanocomposites can be 3D-

printed. Neat PLA and PLA:Au composites with 0.0015 and 0.0256 wt. % of Au nanospheres 

were used to 3D-print the Swedish Foundation of Strategic Research (SSF) Logo (Figure 5.1). 

The 3D-printing of PLA was straightforward and uncomplicated, and standard 

recommendations for printing settings could be used (Table 5.1).71 Incorporating Au 

nanospheres into PLA did not influence its printability and the same processing parameters used 

for pure PLA could be applied without any adjustments. 
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Table 5.1. 3D-printing settings for PLA:Au nanospheres and PMMA:Au nanorods. Tprinting is 

the temperature of the polymer melt during printing and Tbuild plate is the temperature of the 3D 

printers heated build plate. 

 PLA:Au nanospheres PMMA:Au nanorods 

Tprinting [°C] 210 210 
Tbuild plate [°C] 60 60 
Nozzle size [mm] 0.4 0.4 
Layer thickness [mm] 0.2 0.2 
Printing speed [mm/min] 2000 1000 
Other - Brim with 8 outlines of PLA 

 

To continue the assessment of the printability of plastic plasmonic nanocomposites, neat 

PMMA and PMMA:Au with 0.02 wt. % of Au nanorods were used to 3D-print the Chalmers 

logo  (Figure 5.1) using the printing settings specified in Table 5.1. To achieve a good 

printability of PMMA, some additional aspects were taken under consideration: (1) PMMA 

shrinks upon cooling which can cause warping, a phenomenon where, at first, the print adheres 

well to the build plate but later during the printing process, the bottom layers start to curl at the 

Figure 5.1. Photo of 3D-printed structures a) SSF logo 3D-printed with neat PLA and PLA:Au 

composites with 0.0015 and 0.0256 wt. % of Au nanospheres and b) Chalmers logo 3D-printed 

with neat PMMA and PMMA:Au composite with 0.02 wt. % of Au nanorods. Photos by Petri 

Murto. Adapted from Ref.63 Copyright American Chemical Society 2023. 
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edges until the warping is so severe that the part detaches from the build plate,131 (2) die swell 

at the nozzle exit similar to die swell during filament extrusion (see Chapter 3).  

To reduce the warping, a brim with eight outlines in PLA was printed to increase the bed 

adhesion and to hold down the edges of the PMMA print. The die swell of PMMA during 

printing was reduced by selecting a lower printing speed, which increased the time scale of the 

process (see Deborah number, Chapter 3). The addition of Au nanorods to PMMA increased 

the printability by reducing the orientation of polymer chains, which led to a lower degree of 

shrinkage of the polymer.103      
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5.1.1 3D-printing with upscaled PMMA:Au filament 

To demonstrate that plasmonic plastics could be used to 3D-print larger and more complex 

structures, I 3D-printed miniature versions of the Vinga lighthouse and beacon (Figure 5.2) 

with the PMMA:Au nanosphere filament, from the plasmonic plastic  upscaling (see Chapter 

4). The PMMA:Au nanosphere filament was of high quality with excellent printability, which 

enabled stable printing over a long period of time without the risk of overheating. The printed 

lighthouse and beacon were designed with 1 mm small features, which were printed with high 

accuracy showing the great quality and printability of the PMMA:Au filament.     

In order to address the printing challenges associated with PMMA, a slightly different approach 

was used compared to PMMA loaded with Au nanorods. To eliminate the need of using PLA 

for the brim but still preserve sufficient adhesion to the build plate, the build plate temperature 

was set to 110 °C for the first printed layer (see Table 5.2). The build plate temperature was 

Figure 5.2. Photo of 16 and 20 cm tall miniature versions of the Vinga beacon and lighthouse 

3D-printed with PMMA:Au nanosphere filament. Photography by Malin Arnesson/Chalmers. 
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then decreased to 60 °C for the rest of the print to allow for solidification of PMMA. Printing 

these larger parts also require a higher printing speed in order to maintain a reasonable time 

frame. To increase the printing speed while avoiding die swell, the printing temperature was 

increased to 260 °C (See Table 5.2). The increased printing temperature lowered the melt 

viscosity of PMMA:Au nanosphere composite and thereby the relaxation time of the melt, 

which compensated for the shortened time scale of the process (See Deborah number, Chapter 

3). For the top scepter of the lighthouse and beacon, the printing speed was reduced to 500 

mm/min to allow the previous layer to solidify before the next layer was placed on top.  

Table 5.2. Printing settings for PMMA:Au nanospheres. 

Polymer PMMA:Au nanospheres 
Tprinting [°C] 260 

Tbuild plate [°C] 60 (110 for first layer) 
Nozzle size [mm] 0.4 

Layer thickness [mm] 0.2 
Printing speed [mm/min] 3600 (500 for top scepter) 

Other Brim with 10 outlines of PMMA 

 

The various structures printed using PLA:Au and PMMA:Au filaments confirm the creation of 

a 3D-printable polymer nanocomposite containing plasmonic nanoparticles. Thanks to 

versatility of FDM 3D-printing, it is possible to generate a wide variety of shapes and sizes of 

the plasmonic plastics.  
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5.2 3D printing of PMMA- and Teflon AF Pd composites 

To address the third aim of this thesis, the design of plasmonic polymer nanocomposites for Pd 

based hydrogen sensing, I 3D-printed sensor caps that fit on an SMA 905 fiber optic connector 

for a “plug and play” style sensor (Figure 5.3c,d). For PMMA:Pd with 0.02 wt. % of Pd, the 

print settings for PMMA:Au nanospheres were used (Table 5.3) and a sensor cap consisting 

solely of PMMA:Pd was printed (Figure 5.3a,c). 

Due to the perfluorinated structure of Teflon AF, the Teflon AF:Pd composite suffered from 

poor layer-to-layer adhesion as well as insufficient adhesion to the build plate. To address this 

issue and optimize the use of Teflon AF:Pd composite, the cap design was altered so that only 

the bottom of the sensor cap, is made of Teflon AF:Pd (Figure 5.3b). The side wall of the cap 

and the brim consist of PLA. For Teflon AF:Pd composite with 0.023 wt. % of Pd, the cap was 

printed with similar settings as for PMMA:Pd but with an increased printing temperature due 

to the higher Tg of Teflon AF compared to PMMA (Table 5.3). 

Figure 5.3. Illustration of sensor cap a) PMMA:Pd and b) Teflon AF:Pd (grey highlights the 

parts consisting of composite material containing Pd; white part consists of PLA), c) Photo of 

3D-printed sensor cap made with PMMA:Pd. d) Photo of 3D-printed sensor cap made with 

Teflon AF:Pd and PLA. Adapted from Ref.64 Copyright American Chemical Society 2020 and 

from Ref.65 Copyright American Chemical Society 2021. 
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Table 5.3. 3D-printing settings for PMMA:Pd and Teflon AF:Pd. 

 PMMA:Pd nanocubes Teflon AF:Pd nanocubes 
Tprinting [°C] 210 260 

Tbuild plate [°C] 60 60 
Nozzle size [mm] 0.4 0.4 

Layer thickness [mm] 0.2 0.2 
Printing speed [mm/min] 1000 1000 

Other Brim with 8 outlines  
of PLA 

Brim with 8 outlines  
of PLA 

 

The 3D-printed sensor caps containing PMMA:Pd and Teflon AF:Pd could be used as prototype 

sensors for the detection of hydrogen (see Chapter 6). Evidently, 3D printing of plasmonic 

plastics for hydrogen sensing is feasible provided that the matrix polymer is carefully selected.  
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6. Sensing properties of polymer:Pd composites 

To evaluate how the design of the plasmonic nanocomposite sensor influences the sensing 

performance in accordance with the third aim of this thesis, I prepared samples of the different 

polymer:Pd nanocomposites for which Iwan Darmadi performed sensing experiments. The 

investigated design parameters were (1) the polymer matrix, (2) the Pd content in the composite 

and (3) the sensor thickness. Two different experimental set ups were used for H2 sensing 

experiments, as described in Paper I. During H2 sensing the polymer:Pd sensors are exposed to 

H2 under vacuum or in a controlled atmosphere (Figure 6.1a). The formation of PdHx from Pd 

causes a shift in the plasmonic resonance of the nanoparticles.31, 52, 132 The sensor response was 

recorded as self-referenced optical extinction spectra, 𝜀,̅ defined as the difference in optical 

extinction prior to H2 exposure, 𝜀௉ௗ(𝜆, 𝑡), (Figure 6.1b grey line) and after optical extinction 

upon H2 exposure, 𝜀௉ௗுೣ
(𝜆, 𝑡), (Figure 6.1b green line) normalized by 𝜀௉ௗ(𝜆, 𝑡). 

εത(λ) = 1 −
ఌು೏ಹೣ(ఒ,௧)

ఌು೏(ఒ,௧)
   (6.1) 

Self-referenced optical extinction spectra of the hydrogenated composite feature a maximum 

and minimum 𝜀(̅𝜆௠௔௫ , 𝑡) and 𝜀(̅𝜆௠௜௡, 𝑡) (Figure 6.1b). The difference in extinction, at λmax and 

λmin in the optical extinction spectra is used as the readout parameter, according to eq. 6.2. 

∆𝜀(̅𝑡) =  𝜀(̅𝜆௠௔௫ , 𝑡) − 𝜀(̅𝜆௠௜௡, 𝑡)  (6.2) 

The change in ∆𝜀 ̅over time during a stepwise increase in H2 pressure, followed by a stepwise 

decrease, is recorded to determine the response and recovery time of the hydrogen sensor. The 

response time, t50,resp, is defined as the time it takes to reach 50 % of the total sensor response, 

for a stepwise increase of the H2 pressure. This is highlighted in Figure 6.1c, where a stepwise 

increase (green) and decrease (orange) of H2 is shown, the dashed line indicates 50 % of the 

signal. The recovery time, t50,rec, is defined in the same way i.e., the time it takes to reach 50 % 

of the total sensor response for a stepwise decrease in H2 pressure.  

The maximum response of the hydrogen sensor, ∆𝜀௠̅௔௫, is an indicator of the sensitivity of the 

sensor. A large sensor response allows to distinguish small changes in the H2 concentration. The 

maximum sensor response is defined as the difference between ∆𝜀 ̅of fully hydrogenated Pd 

and non-hydrogenated Pd (eq. 6.3 and Figure 6.1c). 

∆𝜀௠̅௔௫ =  ∆𝜀௉̅ௗு௫ − ∆𝜀௉̅ௗ    (6.3) 
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 6.1 PMMA:Pd nanocomposites  

Hydrogen sensors used in urban air are exposed to air pollutants such as CO, NOx, and SOx. If 

these poisonous species reach the Pd nanoparticle they will block the ability for H2 to dissociate 

on Pd and therefore deactivate the sensor. It has previously been shown that PMMA can act as 

a molecular sieve and therefore prevent the diffusion of poisonous species though the sensor.28, 

66 Hence, we evaluated the ability of PMMA to act as a protective barrier by studying the 

sensing kinetics of the PMMA:Pd composites, to understand how the selection of PMMA as a 

matrix material influences the sensing performance.  

Figure 6.1. Plasmonic hydrogen sensing. a) Schematic of optical H2 detection via optical 

extinction measurements through a melt pressed nanocomposite plate. b) Self-referenced 

extinction spectra of Teflon AF:Pd coated with 250 nm of PMMA exposed to 0 mbar H2 

(grey) and 100 mbar H2 (green). c) Normalized ∆𝜀 ̅of Teflon AF:Pd coated with 250 nm of 

PMMA, upon a stepwise increase (green) and decrease (orange) in H2 pressure from 0 to 100 

mbar, blue region marks the presence of 100 H2 mbar.  
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To investigate the possibility to influence the response time of the sensor via the PMMA:Pd 

composition, I prepared a series of samples comprising different amounts of Pd, ranging from 

0.02 to 0.16 wt. %. The PMMA:Pd composites were melt pressed into 250 μm thick plates. The 

PMMA:Pd plates were exposed to a stepwise increase from 0 to 750 mbar of H2, and ∆𝜀 ̅was 

monitored (Figure 6.2a). The response time, t50,resp, increases linearly with Pd content of the 

composite (Figure 6.2b). With more Pd particles present, the time it takes for all Pd particles to 

be saturated with H2 increases, hence the response time increases. This is in line with the 

increase in time lag during permeability measurements for PMMA:Pd compared to neat PMMA 

(Chapter 3, Figure 3.14). A similar trend is seen for ∆𝜀௠̅௔௫ (Figure 6.2c) which increases with 

a higher particle content. Every single Pd particle contributes to the sensor response, therefore 

with more particles present the overall signal increases. This is also seen in the UVVis spectra 

(Chapter 3, Figure 3.12c), where a higher Pd content in the composite results in a higher light 

absorbance. Both, a short response time and a large ∆𝜀௠̅௔௫ are desirable sensor properties, 

which requires a compromise of the chosen Pd content in the sensor so that a “good-enough” 

level of both properties is obtained.  

Figure 6.2. Hydrogen sensing of 250 μm thick PMMA:Pd plates with increasing Pd content. a)

∆𝜀 ̅of PMMA:Pd composite upon a stepwise increase of H2 pressure from 0 to 750 mbar. b) 

Response time, t50,resp, vs. Pd content in the composites (error bars denote the standard deviation 

of three measurements. c) ∆𝜀௠̅௔௫ vs. Pd content in the composites. Data recorded by Iwan 

Darmadi. Adapted from Ref.64 Copyright American Chemical Society 2020. 
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I prepared a series of PMMA:Pd composites with 0.02 wt. % of Pd melt pressed into plates with 

a range of thicknesses varying from 100 to 800 μm in order to study the impact of the geometry 

of the sensor. The impact of the thickness of the sensor on the sensing kinetics was evaluated 

thorugh a serie of expermients that involved a stepwise increase of the H2 pressure from 0 to 

750 mbar (Paper I, Figure 4c).  The response time, t50,resp, of the sensor increases quadratically 

with the sensor thickness (Figure 6.3a) due to two different effects. First, the diffusion time of 

H2 through the sensor plate increases with inceased plate thickness, which has previously been 

reported59. Secondly, an increased sensor thickness leads to an incresed volume of the sensor 

hence a higher total amount of Pd particles is present in the sensor. The higher amount of 

particles increases the time it takes for all Pd particles to be saturated as seen in the Pd 

concentration study (Figure 6.2). The ∆𝜀௠̅௔௫ increases linearly with the sensor thickness (Figure 

6.3b), due to the increase of the amount of Pd particles in the sensor, where each particle 

contributes to the ∆𝜀௠̅௔௫. The results show the necessity to consider the shape and size of the 

produced sensor, where a thinner sensor design provides a fast sensor reponse while a thicker 

sensor design enables a sensor with higher sensitivity.  

To evaluate the protective properties of PMMA against CO, I prepared a sample of the 

PMMA:Pd composite with 0.03 wt. % Pd that was melt pressed into a 100 μm thick plate. The 

sensor was exposed to five cycles of synthetic air containing 10 % H2, secondly five cycles of 

synthetic air containing 0.5 % CO and finally five cycles of synthetic air containing 10 % H2 

Figure 6.3. Hydrogen sensing of PMMA:Pd plates with different thicknesses. a) Response 

time, t50, vs plate thickness. b) ∆𝜀௠̅௔௫ vs plate thickness. Data recorded by Iwan Darmadi. 

Adapted from Ref.64 Copyright American Chemical Society 2020.  
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and 0.5 % CO (Figure 6.4a). Bare Pd nanoparticles on a silica substrate and neat PMMA were 

used as a reference. When only H2 is present both PMMA:Pd and bare Pd particles have a clear 

sensing response. With the addition of CO to the synthetic air the bare Pd particles deactivated 

quickly resulting in the loss of most of the sensing signal. PMMA:Pd, on the other hand, 

retained its sensitivity in the presence of CO. This confirms the selective molecular sieving 

function of PMMA, where H2 diffuses through the PMMA plate but CO is blocked. PMMA is 

therefore a good choice of matrix material for the purpose of creating a protective barrier around 

the Pd particles.  

A sensor cap of PMMA:Pd with 0.2 wt. % Pd content with a 200 μm layer thickness was 3D-

printed (see Chapter 5, Figure 5.3) to demonstrate the processability and ability to produce a 

variety of shapes of PMMA:Pd as well as the sensor compatibility with commercial optical 

fibers. The sensor cap was exposed to three cycles of synthetic air containing 10 % H2, secondly 

three cycles of synthetic air containing 0.5 % CO and finally four cycles of synthetic air 

containing 10 % H2 and 0.5 % CO (Figure 6.4b). The 3D-printed sensor cap exhibits a stable 

H2 sensing response with and without the presence of CO, highlighting the flexibility of the 

sensor geometry that can be achieved with plasmonic polymer nanocomposites. The experiment 

was repeated after 50 weeks to evaluate the long-term stability of the sensor. The sensor 

response of the 3D-printed cap is unaffected after 50 weeks of aging in air, showing that PMMA 

Figure 6.4. Hydrogen sensing in synthetic air with and without CO present. for a) melt pressed 

PMMA:Pd plate, with bare Pd particles and a neat PMMA plate as reference. b) 3D-printed 

PMMA:Pd sensor cap, 1 week after printing and 50 weeks after printing, with a 3D-printed 

sensor cap of neat PMMA as a reference. Data recorded by Iwan Darmadi. Adapted from Ref.
64 Copyright American Chemical Society 2020. 
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protects the Pd particles both from ambient air and CO poisoning, resulting in a sensor with a 

long shelf life.  

6.2 Assessment of the choice of polymer matrix 

To investigate the possibility to influence the response time of the sensor via the selection of 

the matrix polymer, I prepared composites with different polymers: PMMA, PVDF, Dyneon 

THV, Hyflon AD, Teflon AF. Composites containing around 0.01 wt. % of Pd were melt 

pressed into 100 μm thick plates. Sensing kinetics evaluation was performed through both a 

stepwise increase and decrease of the H2 pressure between 0 to 100 mbar (Figure 6.5a). Teflon 

AF:Pd and Hyflon AD:Pd have an immediate response to the presence of H2 with a response 

time, t50,resp, of 3 s (Table 6.1). PMMA:Pd and Dyneon THV:Pd are slower with t50,resp = 51 s 

and 82 s, respectively. The trend is the same but is notably more pronounced when it comes to 

the recovery time, t50,rec, (Figure 6.5b and Table 6.1). The sensing response for PVDF:Pd was 

too slow to achieve a saturated signal within 2 hours, so the experiment was terminated. 

The response times, t50,resp, of the sensors correlate with the diffusivity coefficient of the 

polymer (Table 3.4, Chapter 3), where Teflon AF had the highest diffusivity followed by 

Hyflon AD. PMMA and Dyneon THV have a one order of magnitude lower diffusivity 

compared to Teflon AF and Hyflon AD, which correlates with the slower response and recovery 

Figure 6.5. Hydrogen sensing of 100 μm thick polymer:Pd plates. a) ∆𝜀 ̅ upon a stepwise 

increase of H2 pressure from 0 to 100 mbar. b) ∆𝜀 ̅upon a stepwise decrease of H2 pressure from 

100 to 0 mbar. Dash grey line denotes 50% of the total signal. Data recorded by Iwan Darmadi. 
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for Dyneon THV:Pd  and PMMA:Pd. The slow diffusion of H2 through the PMMA:Pd and 

Dyneon THV:Pd composites means that it takes longer time for H2 reaches the Pd particles, 

resulting in a slow sensing response. This is particularly evident in the case of PVDF, which 

exhibits the lowest diffusivity, resulting in the inability of PVDF:Pd to display a saturated 

signal. This clearly highlights the importance of selecting a matrix polymer with high hydrogen 

diffusivity to facilitate a hydrogen sensor with fast response time. 

Table 6.1. Response and recovery time for a stepwise increase, 0 to 100 mbar, and decrease, 

100 to = mbar, of hydrogen pressure. 

 
Response time, 

t50,resp [s] 
Recovery time,  

t50,rec [s] 
Teflon AF:Pd 3 7 
Hyflon AD:Pd 3 10 
Dyneon THV:Pd 51 247 
PMMA:Pd 82 400 
PVDF:Pd Not saturated Not saturated 

 

6.3. Teflon AF:Pd composites  

Teflon AF has a remarkably high gas diffusivity compared to other polymers due to its large 

FFV. This generated a fast H2 sensing response, within seconds, for the Teflon AF:Pd 

composites. To assess how the high hydrogen diffusivity of Teflon AF impacts sensor design, 

I created a set of samples that consist of Teflon AF:Pd composites with 0.02 wt. % of Pd. The 

composites were melt pressed into plates with various thicknesses ranging from 50 to 650 μm. 

Sensing kinetics evaluation during a stepwise increase from 0 to 100 mbar (Paper II, Figure 4c 

and S7,) shows that all the thicknesses for Teflon:Pd composites have a considerably shorter 

response time compared to PMMA:Pd, thanks to the high H2 diffusion rate. A response time of 

2-3 s is reached for the thinner sensors with a thickness of 50-250 μm. A thicker plats results in 

a longer response time, that scales quadratically with the sensor thickness (Paper II, Figure 4d) 

in the same way as for PMMA:Pd. The ∆𝜀௠̅௔௫  scales linearly with the sensor thickness (Paper 

II, Figure 4e), also seen in PMMA:Pd. The choice of Teflon AF as the matrix polymer has 

enabled a fast sensor, where the response time and optical contrast can be tuned by altering the 

sensor thickness.  
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To investigate how the high gas diffusivity of Teflon AF influences the sensor design with 

regards to Pd content, I prepared a series of 100 μm thick Teflon AF:Pd composites with a Pd 

content ranging from 0.01 to 0.08 wt. %. These samples were evaluated through measurements 

of the hydrogen sensing kinetics (Figure 6.6a-b). Remarkably, the Teflon:Pd composites exhibit 

a fast response, around 2-3 s, independent of the Pd content. The high FFV of Teflon AF enables 

fast diffusion of H2, which generates a high concentration of H2 in the bulk of the sensor and 

allows all the Pd particles to be saturated simultaneously. This is consistent with time lag 

measurements, which showed that the introduction of Pd to Teflon AF had only a minor impact 

on the time-lag. (Paper II, Figure 3a). The characteristic diffusion time of hydrogen through a 

100 μm thick Teflon AF plate is 0.8s, which is less than the hydrogen absorption time reported 

for bare Pd nanoparticles (Paper I, Figure S3c). The sensor response time is no longer limited 

by hydrogen diffusion though the bulk of the polymer. The ∆𝜀௠̅௔௫ of Teflon AF:Pd composites 

increases linearly with higher content of Pd in the composite (Figure 6.6c), similar to PMMA:Pd 

(Figure 6.2c). 

This indicates that by carefully designing the hydrogen sensor, considering factors such as the 

matrix material, Pd content and shape and size of the sensors, it is possible to tailor the response 

time and sensitivity of the sensor. By the selection of the polymer with a high H2 diffusion and 

limiting the sensor thickness to 100 μm the response time of the sensor is no longer affected by 

Figure 6.6. Hydrogen sensing of 100 μm thick Teflon AF:Pd  plates with different Pd loading 

a) ∆𝜀 ̅upon a stepwise increase of H2 from 0 mbar to 100 mbar. b) Response time, t50,resp vs Pd 

content in the composites (error bars denoted the standard deviation of five measurements.) c) 

∆𝜀௠̅௔௫ vs Pd content in the composites.  Data recorded by Iwan Darmadi. Adapted from Ref.65

Copyright American Chemical Society 2021.  
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the concentration of Pd particles. This enables the possibility to increase the sensitivity of the 

sensor by choosing a higher Pd content in the composite, without compromising the response 

time. This will be of relevance for operating at elevated temperatures where sensitivity of Pd-

hydride based sensors tends to decrease.133 

I 3D-printed a sensor cap with a bottom layer consisting of Teflon AF:Pd  (see Chapter 5, Figure 

5.3) with a Pd content of 0.023 wt. %. This sensor prototype could be combined with an optical 

fiber to evaluate the sensing stability. The sensor cap was exposed to 100 cycles of 4 % H2 in 

synthetic air (Figure 6.7a). The 3D-printed sensor cap shows good stability and robustness 

during the stability test demonstrating that our sensor material could be integrated into real 

devices. 

I prepared a 100 μm thick Teflon AF:Pd plate containing 0.037 wt. % of Pd in order evaluate 

the protective properties of the composite. The sensor was exposed to 77 cycles of 5 % H2 in 

synthetic air, with 55 of these cycles containing 500 ppm of CO (Figure 6.7b). The test showed 

that Teflon AF does not exhibit the same protective properties as PMMA. This is due to the 

Figure 6.7. Sensor response, ∆𝜀 ̅, during long term stability test of a) Teflon AF:Pd 3D-printed 

sensor cap exposed to 4 % of H2. b) 100 μm thick Teflon AF:Pd plate with 0.037 wt. % of Pd 

exposed to 5 % of H2 and 500 ppm of CO. The orange area marks cycles containing CO. Data 

recorded by Iwan Darmadi. Adapted from Ref.65 Copyright American Chemical Society 2021.
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large FFV of Teflon, which not only allows rapid diffusion of H2 but also of larger molecules, 

including CO. The choice of a matrix polymer with a high gas diffusivity coefficient results in 

a sensor with a fast sensing response that however exhibits limited molecular sieving 

functionality. 

6.4 Teflon AF:Pd coated with PMMA 

The PMMA:Pd composites feature excellent stability and protective properties but have clear 

limitations when it comes to the H2 sensing kinetics. Teflon AF:Pd, on the contrary, facilitates 

fast H2 sensing kinetics, with a response time of a few seconds that however lacks the protective 

properties, which PMMA:Pd exhibits. In order to investigate if it is possible to combine both 

these properties in the same sensor, I prepared a series of core:shell samples comprising Teflon 

AF:Pd plates coated with PMMA. Based on previous results a sensor thickness of 100 μm and 

a Pd content of 0.037 wt. % was selected for the Teflon AF:Pd composite. The Teflon AF:Pd 

plates were dip coated in PMMA dissolved in anisole at different withdrawal speeds to achieve 

a PMMA coating thickness range from 100 to 700 nm (Complete method in Paper III).  

Evaluation of the impact of the PMMA coating on the H2 sensing kinetics was performed by 

exposing the sensors to a stepwise increase and decrease in H2 ranging between 0 and 100 mbar 

(Figure 6.8a). Both, neat Teflon AF:Pd and PMMA coated Teflon AF:Pd had a response time 

𝑡ହ଴,௥௘௦௣ ≈ 2-3 s and a slightly longer recovery time 𝑡ହ଴,௥௘௖ ≈ 6-8 s, demonstrating that the 

addition of a thin PMMA coating does not affect the sensing kinetics.   
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In a second step the ability of the PMMA coating to protect the sensor against CO poisoning 

was evaluated. Teflon AF:Pd plates with and without a PMMA coating were first exposed to 

five cycles of H2 in synthetic air and then exposed to five cycles of H2 and CO in synthetic air.  

Teflon AF:Pd without PMMA coating slowly deactivates in the presents of CO, seen in the 

decay of the signal (Figure 6.8b). To evaluate the influence of CO on the sensor response, we 

calculated the ratio of the maximum sensor response ∆𝜀௠̅௔௫ during H2 exposure before and after 

the introduction of CO (Figure 6.8c), here referred to as the quality factor, 𝑄, of the sensor:  

𝑄 =
∆𝜀௠̅௔௫,ுమା஼ை 

∆𝜀௠̅௔௫,ுమ

 
(eq. 6.3) 

Neat Teflon AF:Pd experiences deactivation due to CO poisoning and has a 𝑄 = 0.77 after five 

cycles containing CO, which is below the deactivation limit of  ±20 % of the sensor response 

set by an existing performance standard for stationary H2 sensors.16 All coated composites show 

good protective properties and thus maintain a high quality of the sensor, where a coating as 

thin as 100 nm has a 𝑄 = 0.94. Increasing the coating thickness up to 600 and 700 nm resulted 

in the sensor achieving a 𝑄 ≈ 1. By creating a core:shell structure composed of Teflon AF:Pd 

plates with a thin sub-micrometer PMMA coating, I was able to design a sensor with a fast 

sensor response time as well as a high degree of poisoning resistance.  

Figure 6.8. Hydrogen sensing of 100 μm thick Teflon AF:Pd plates coated with PMMA. a) 

Response time, t50,resp, and recovery time, t50,rec. b) ∆𝜀 ̅ upon cycling of 5 % of H2 in synthetic 

air with and without the presence of 500 ppm CO. c) Quality of sensors based on Teflon AF:Pd 

coated with PMMA as a function of öayer thickness from sensor tests shown in (b). Error bars 

denote min-max values of five measurements. Data recorded by Iwan Darmadi.  
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6.5 Teflon AF:PdAu Composite 

One challenge with Pd as the active component for hydrogen sensing is the inherent hysteresis 

between Pd-hydride formation and decomposition (Figure 6.9).31, 54, 134 This reduces the 

accuracy of the sensor in the H2 pressure range where the hysteresis occurs. Ideally, the sensor 

response should scale linearly with the H2 pressure both during adsorption and desorption, so 

that a specific sensor response could directly correspond to the surrounding H2 pressure. There 

are a few strategies reported on how to amend this issue such as reducing the nanoparticle size 

below 2.5 nm134 or alloying of the Pd nanoparticle.52, 135, 136 

I prepared a sample comprising Teflon AF and PdAu nanoparticles, synthesized by Sarah 

Lerch,136 in order to demonstrate that the plasmonic polymer nanocomposite was compatible 

with Pd-alloying and that hysteresis free sensing can be achieved. The prepared Teflon 

AF:PdAu composite with 0.3 wt. % of PdAu nanoparticles was melt pressed into a 500 μm 

thick plate and evaluated by exposing it to H2 pressure, which was slowly and stepwise 

increased from 0 to 300 mbar (Figure 6.9). Teflon AF:PdAu has a hysteresis free response, 

while Teflon AF:Pd shows clear hysteresis. This illustrates that bulk processed plasmonic 

polymer nanocomposites based on PdAu are suitable for the realization of accurate H2 sensors, 

in line with hydrogen sensor requirements (See Chapter 1, Figure 1.2).  

  

Figure 6.9. Optical pressure-composition isotherms of Teflon AF:Pd and Teflon AF:PdAu. 

Data recorded by Iwan Darmadi. Adapted from Ref.63 Copyright American Chemical Society 

2023. 



53 
 

7. Conclusions  

This thesis has explored the selection of polymers and their impact on the processability, 3D 

printability, and sensing properties of the corresponding plasmonic polymer nanocomposites. 

The optical transmittance, gas permeability and nanoparticle compatibility of the polymers as 

well as the polymers’ ability to be melt processed were considered. A variety of plamonic 

plastics were produced, consisting of Au, Pd and PdAu alloy nanoparticles in combination with 

a wide range of polymers such as PLA, PMMA, PVDF, Dyneon THV, Hyflon AF and Teflon 

AF highlighting the versatility of plasmonic plastics.   

Amorphous polymers showed a large potential for plasmonic polymer nanocomposites for 

hydrogen sensing. Thanks to their amorphous nature they exhibit a high fraction free volume, 

which results in a fast diffusion of hydrogen through the bulk compared to semicrystalline 

polymers, where the crystalline regions create a more tortuous diffusion path. In addition, 

amorphous polymers including PMMA, Hyflon AD and Teflon AF are a preferable choice of 

polymer matrix for plasmonic plastics thanks to their large optical transmittance, which does 

not interfere with the readout of the plasmonic peak of the nanoparticles.  

To demonstrate that plasmonic plastics can be fused deposition modeling 3D-printed, replicas 

of the SSF- and Chalmers logo were 3D-printed with filaments of PLA:Au nanospheres and 

PMMA:Au nanorods as well as sensors caps of PMMA:Pd and Teflon AF:Pd. Sensor 

prototypes were fabricated that could be placed on an optical fiber. The possibility of transition 

from lab-scale to kilogram scale was assessed through the production of 2 kg of PMMA:Au 

nanosphere composite, that was extruded into feedstock filaments for fused deposition 

modeling 3D-printing. Miniature versions of the Vinga lighthouse and beacon were 3D-printed, 

and thus it can be concluded that a scalable processing route for 3D-printable plasmonic plastics 

has been developed.    

In a final step, the sensing properties of the plastic plasmonic nanocomposites were evaluated. 

A sensor design based on PMMA:Pd resulted in a robust sensor with protective properties 

against poisonous gases, such as CO, and a shelf life of at least 50 weeks. The sensing kinetics 

were hindered by slow diffusion of hydrogen through PMMA, resulting in a long response and 

recovery time, which increases with sensor thickness and Pd content. Switching to the highly 

permeable Teflon AF as the polymer matrix and using a 100 μm thick sensor plate resulted in 

a short response time of 2-3 seconds. Hence, the sensors response time is no longer slowed 

down by the hydrogen diffusion through the polymer matrix. The selection of Teflon AF as the 
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polymer matrix allows to enhance the sensitivity of the sensor, by increasing the Pd content, 

without impacting the response time. However, the large fraction free volume of Teflon AF 

does not only aid hydrogen diffusion but also larger molecules such as CO, resulting in 

deactivation of the sensor in a CO rich environment. A core:shell structure, where Teflon AF:Pd 

plates are coated with a thin layer of PMMA, is found to yield a fast response time of 2-3 

seconds, as well as protective properties against CO.  

In summary, this thesis demonstrates the feasibility of producing plasmonic plastics that are 

compatible with 3D-printing. The composition and dimensions can be fined-tuned to meet 

specific application requirements. The primary application in this thesis was hydrogen sensing, 

where the polymer selection, nanoparticle composition and concentration as well as the sensor 

geometry could be modified to realize fast and selective optical hydrogen sensors.  
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8. Outlook 

In my thesis I have established a robust processing route for plastic plasmonic nanocomposites, 

where both nanoparticles, and polymers can be altered to tailor the composites properties at the 

nano- and microscale.  

To further improve plastic plasmonic nanocomposites used for hydrogen sensing it would be 

interesting to study the effect of the size of the nanoparticles. It is known that the hydrogenation 

kinetics are faster for smaller nanoparticles since the surface to volume ratio is larger137, hence 

a decrease in nanoparticle size could further reduce the sensors response time. A nanoparticle 

size below 5 nm may also result in a hysteresis free sensor.138 On the other hand, a larger 

nanoparticle radius increases ∆𝜀௠̅௔௫ of the sensor thus generating a sensor with higher 

sensitivity.58, 139 

It would also be interesting to evaluate the protective properties of PMMA against other 

poisonous species, such as NOx, SOx and H2O. Nugroho et. al. have previously shown that a 

PMMA layer of 35 nm creates a sufficient barrier against NOx, CO2, CH4 and CO28. It would 

also be desirable to have the capability to study the effect of SOx poisoning. To achieve this, it 

is necessary to construct a dedicated sensing system designed exclusively for detecting H2 in 

the presence of SOx, since S has the tendency to contaminate metals. Currently, there are no 

plasmonic hydrogen sensors that can withstand high levels of humidity. Therefore, it would be 

of high interest to investigate polymers with a low water permeability, such as HDPE or semi-

crystalline fluoropolymers, as an additional protective coating.  

To further improve the fabrication of plasmonic plastic for hydrogen sensing, it would be highly 

intriguing to explore co-extrusion, to generate a filament comprising a Teflon AF:Pd core and 

a PMMA shell. The filament could then be used directly in a 3D-printer to create various gas 

sensor structures with a Teflon AF:Pd bulk and a protective PMMA surface layer, making the 

dip coating procedure redundant.  

Another intriguing approach for realisation of plasmonic plastics is to work with masterbatches 

that can be diluted in a subsequent processing step to tailor the concentration of the 

nanocomposite to the desired application. There is also the possibility to work with a 

multicomponent system with nanoparticles of different size, shape, or composition, resulting in 

different recovery times. This approach has the potential to establish a memory effect in which 
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the sensors not only monitor the current H2 pressure but also retain information about past 

exposures.  

The use of plastic plasmonic nanocomposites could be expanded to other types of sensors, by 

altering the nanoparticles and polymer. It could be used as an air quality sensor for NOx by 

incorporating Au nanoparticles with a thin WO3 layer50 or CuO coated Au nanoparticles for CO 

sensing.48 3D-printing of multilayered structures, may facilitate the fabrication of an air quality 

sensor with the capability to detect and sense various gases simultaneously.  

Nanocomposites where the plasmonic nanoparticles are accurately placed on the surface could 

be an interesting choice for biosensors and antimicrobial applications. This approach could also 

be extended to 3D-printing of highly porous scaffolds for catalysis, with the catalytic particles 

being located at the surface of the scaffold.  

In summary, there are a lot of different opportunities to further improve plastic plasmonic 

nanocomposites for hydrogen sensing and to extend the concept to other applications.   
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