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Kurzfassung 

 

Smart Windows bieten mithilfe von elektrochromen Materialien eine einstellbare 

Verdunklung der Fenstergläser an. Dadurch kann der Energieverbrauch, der zum Heizen 

oder Kühlen eines Gebäudes genutzt wird, reduziert werden und zusätzlich der Komfort 

innerhalb des Gebäudes verbessert werden. Die zum jetzigen Zeitpunkt kommerziell 

verfügbaren Smart Windows benötigen bis zu einigen Minuten, um von einem optischen 

Zustand zum anderen zu schalten. Aus diesem Grund soll ein besonderes Augenmerk auf 

die Schaltgeschwindigkeiten von elektrochromen Materialien für den optimalen Einsatz 

in Smart Windows gelegt werden. Die Schaltgeschwindigkeiten hängen stark vom 

Elektronentransfer und der Diffusion der ladungsausgleichenden Ionen im 

elektrochromen Material ab und damit auch von der Anwesenheit von geeigneten 

Transportwegen für die Elektronen und Ionen in elektrochromen Dünnfilmen. Ein Teil 

dieser Arbeit fokussierte sich auf Wolframoxid als wohlbekanntes elektrochromes 

Material. Dünne Wolframoxid-Schichten wurden mittels Spin-Coating hergestellt. 

Optional wurden verschiedene Polymere als strukturdirigierende Agenzien zugegeben, 

um die Porosität und innere Struktur der Schichten zu modifizieren. Wolframoxid-

Dünnfilme, die mit einer optimalen Zugabe von Polymeren präpariert wurden, lieferten 

zugängliche poröse Netzwerke. Diese erleichterten die Diffusion der interkalierten Ionen 

durch den Film, wodurch die Rate und der Hub des Schaltvorgangs zwischen zwei 

Transmissionszuständen der Filme verbessert werden konnten. Ein anderer Teil der 

Arbeit widmete sich neuartig substituierte Phthalocyaninen als alternative elektrochrome 

Materialien. Dünne Schichten bestehend aus verschiedenen fluorierten Phthalocyaninen 

wurden mithilfe physikalischer Gasphasenabscheidung hergestellt. Die intermolekulare 

Kopplung der Moleküle in den Schichten wird durch den Grad der Fluorierung 

beeinflusst. Die gewünschte moderat starke intermolekulare Kopplung, welche zu einem 

gleich schnellen Transport von Elektronen und Ionen führen sollte, konnte sowohl für 

Filme bestehend aus einer gezielt substituierten Phthalocyanin-Molekülart als auch für 

Filme bestehend aus einer geschickten Mischung von zwei etablierten Phthalocyanin-

Molekülen erzielt werden. Die Rate für den Transport von Elektronen und/oder Ionen 

konnte mithilfe von unterschiedlichen Ansätzen durch solche Modifikationen der 
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Filmeigenschaften von Wolframoxid- sowie Phthalocyanin-Dünnfilmen erhöht werden, 

was in schnellen und stabilen elektrochromen Schaltvorgängen resultierte.  
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Abstract 

 

Smart windows based on electrochromic materials offer adjustable shading which can 

reduce the energy consumption required to cool or heat a building and increase the indoor 

occupant comfort. Commercial smart windows currently available on the market, 

however, may require up to several minutes to switch from one optical state to another. 

Therefore, special attention must be given to the enhancement of the switching kinetics 

of the electrochromic materials for the optimal use in smart windows. The switching 

kinetics are strongly dependent on the transfer of electrons and the diffusion of charge-

balancing ions in the electrochromic material and, hence, on the presence of suitable 

pathways for the transport of electrons and ions in the electrochromic thin films. One part 

of this work focused on tungsten oxide as a well-known electrochromic material. Thin 

films of tungsten oxide were prepared by spin-coating with optional addition of different 

polymers as structure-directing agents to allow for fine-tuning of the porosity and the 

internal structure of the films. Tungsten oxide thin films prepared with optimum 

compositions of the polymers provided accessible porous networks which enabled 

facilitated diffusion of the intercalating ions through the film and, thus, improvement in 

the rate and modulation of the switching between two transmittance states of the films. 

Another part of this work dealt with new substituted phthalocyanines as an alternative 

group of electrochromic materials. Thin films composed of different fluorinated 

phthalocyanines were fabricated via physical vapor deposition. The intermolecular 

coupling of the molecules in the solid state is influenced by the degree of fluorination. 

The aimed moderate degree of intermolecular coupling that allowed a well-balanced, 

equally fast transport of electrons and ions could be obtained for films consisting of either 

one type of specifically substituted phthalocyanine molecules or an appropriate mixture 

of two well-established phthalocyanine molecules. The rate of the electron and/or ion 

transport could be enhanced by versatile approaches that allowed proper modifications of 

the film properties of thin films of tungsten oxide as well as of phthalocyanines leading 

to fast and stable electrochromic switching. 
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1 Introduction 

 

Windows are a key element in nearly every building worldwide. To date, buildings 

constructed with traditional windows, however, account for around 40 % of the total 

global energy consumption, e.g. for heating and cooling in buildings [1]. As the building 

sector is continuously growing, promising strategies are urgently needed for achieving 

energy conservation and sustainable energy management in buildings [1,2]. One of these 

strategies may involve the development and application of switchable windows, also 

known as smart windows [2,3]. These windows with tunable shading allow for reduction 

of the energy consumption, especially during summer and winter, by regulation of light 

and heat entering the building [4–7]. As claimed by the commercial provider SageGlass 

up to around 45 % of the energy consumption in buildings could be reduced with the help 

of smart windows compared to single-pane windows [8,9]. An additional benefit of smart 

windows is that disturbing shadows being cast on occupants or objects, as when using 

curtains or blinds, and, presumably, extended use of shading, can be avoided, thus, 

contributing to improvement of the comfort of occupants [3,10]. 

The term ‘smart window’ was introduced in 1984 by Svensson and Granqvist [11,12] to 

describe the usage of electrochromic materials in fenestration of buildings [12,13].  

The optical properties of electrochromic materials can be changed by applying an 

appropriate potential [14,15]. Tungsten oxide (WO3) as a promising electrochromic 

material exhibits the ability to conduct electrons as well as ions and, hence, belongs to 

the group of mixed ionic electronic conductors (MIECs) [16,17]. WO3 offers a high 

transparency and reversible switching between the bleached and blue-colored states under 

an applied potential in the presence of an electrolyte consisting of small charge-balancing 

ions [18,19]. Nowadays, smart windows with thin films of WO3 are already installed in 

public buildings [20,21]. Further commercially available applications of electrochromic 

materials include displays [22], anti-glare rear-view mirrors for vehicles [22–24] and 

aircraft windows [15,24]. All these electrochromic applications can maintain their optical 

state with only a small or even no extra power input [14,17].  

However, commercial smart windows based on WO3 still exhibit rather long response 

times of up to a few minutes to switch from one optical state to another [25]. To allow a 
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fast adjustment of brightness and heat input in the room, short response times are desirable 

[26,27]. For films of WO3, the transport of electrons is fast [28,29] whereas the diffusion 

of ions is typically the rate-limiting step in the electrochromic switching process [30–32]. 

Hence, the electrochromic performance of WO3 including the response time is dictated 

by the transport of ions which in turn is highly influenced by the structure (amorphous or 

crystalline nature) and the porosity of the WO3 thin films [33,34]. Porous and amorphous 

thin films of WO3 can provide improved electrochromic switching characteristics owing 

to the facile transport of ions compared to compact and crystalline WO3 films [33–35]. 

Thus, a facile accessibility of the WO3 thin films with short diffusion pathways is crucial 

for a high diffusion rate of ions through the film network resulting in short response times 

[33,34,36].  

Several different approaches exist towards preparation of WO3 thin films [37].  

In industry, coatings of WO3 are typically prepared by sputter deposition [37–39]. 

However, such deposition is expensive [37], so that alternative fabrication techniques 

providing WO3 thin films with short response times are sought. A simple and low-cost 

method for the fabrication of thin films of WO3 is the solution-based processing [37,40] 

by spin-coating [41], dip-coating [42] or electrodeposition [43]. The addition of numerous 

different structure-directing agents such as polymers or surfactants into the precursor 

solution enables facile preparation of WO3 thin films with modified porosity and internal 

film structure, beneficial for enhancing the electrochromic switching of WO3 [34,44].  

Besides WO3 as well-established inorganic material with electrochromic properties, 

electrochromism can be found in other inorganic materials [18,45] and also in many 

organic materials [14,15,46]. Anti-glare rear-view mirrors produced by Gentex, e.g., are 

based on viologens as organic electrochromic material [22,24]. Compared to inorganic 

electrochromic materials, organic materials show various color changes as well as higher 

molar extinction coefficients so that thinner films can be used in electrochromic devices 

resulting in shorter pathways of ion and electron transport leading to faster electrochromic 

switching [24,46,47]. An attractive alternative group of materials for the use in 

electrochromic devices are phthalocyanines [46,48,49]. Phthalocyanines exhibit more 

narrow absorption bands than WO3 but offer various selection of different colorations 

[50,51], interesting for information displays [51] and aesthetic aspects of smart windows 

for modern buildings. The electrochromic switching characteristics of phthalocyanines as 

MIECs can be tuned by the central metal ion and/or substituents on the aromatic ring 

system which both influence the redox characteristics as well as the intermolecular 

coupling of the molecules in the solid state and, thus, the transfer of electrons and 
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diffusion of ions in the films [51–56]. Thin films consisting of phthalocyanine molecules 

with a strong intermolecular coupling in the solid state allowed a fast transfer of electrons 

[54–56] but hampered ion diffusion [54]. For thin films composed of weakly interacting 

phthalocyanine molecules, the diffusion of ions was faster than the electron transfer [54]. 

To ensure fast electrochromic switching, phthalocyanine thin films have to provide an 

optimized balance of both, electron and ion transport [54]. 

The goal of this work is the optimization of the electrochromic switching kinetics of thin 

films consisting of these two prototypes of electrochromic materials by modification of 

their film properties. On the one hand, WO3 thin films are prepared by spin-coating using 

different structure-directing agents to tune the porosity and internal film structure. On the 

other hand, thin films of phthalocyanines showing a moderate degree of intermolecular 

coupling in the solid state are studied. The common goal of both approaches consists in 

providing electrochromic thin films that exhibit fast electrochromic switching due to fast 

transport of electrons and ions through the film network, desirable for the application in 

electrochromic devices. 
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2 Fundamentals 

 

2.1 Electrochromism  

Electrochromism can be found in different classes of chemical compounds such as 

transition metal oxides or organic molecules [13,46,49]. The optical properties of an 

electrochromic material can be reversibly changed by its electrochemical reduction or 

oxidation induced by an applied electric potential [14,18,48].  

 

2.2 Types of Electrochromic Devices 

Electrochromic devices can be divided into three different types [14,57]. Type I includes 

electrochromic species that are dissolved in solution in the reduced as well as in the 

oxidized state as observed for methyl viologen in aqueous solution [14,57,58].  

The change of color occurs by the transfer of electrons between the species in solution 

and a solid electrode [14,57,58]. If the electrochromic species are soluble in the neutral 

state but create a solid film on the electrode after the electron-transfer process, the 

resulting devices such as those based on heptyl viologen belong to type II [14,57–59]. 

Many electrochromic devices can be classified into type III, e.g. those based on tungsten 

oxide, phthalocyanines or Prussian blue [14,49,57]. Thin solid films of these materials 

deposited on an electrode remain in their solid state upon reduction and oxidation 

[14,49,57]. In contact with an electrolyte consisting of small ions their redox processes 

are accompanied by intercalation and deintercalation of charge-balancing ions into the 

thin films [14,15,57]. 

 

2.3 Construction of an Electrochromic Device 

A typical construction of a type III electrochromic device [14,15,18], is shown in 

Figure 2.1. The outer layers are both composed of transparent substrates such as glass or 

polymer foil on which a transparent conductor (TC) is deposited, acting as an electron 
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conductive layer [15,18]. Indium doped tin oxide (ITO) or fluorine doped tin oxide (FTO) 

are widely used as transparent conductors due to their high electrical conductivity, 

chemical stability and superior optical transparency [13,15,60,61], with FTO often 

preferred over ITO because of its lower cost and higher thermal stability [60,62,63].  

One of the electron conductive layers is covered with an electrochromic layer such as 

WO3 that allows a transport of both electrons and ions along with changing its 

transmittance [15,18]. The electrolyte serves as ionic conductor and separates the 

electrochromic layer from an ionic storage layer which is deposited on the other 

transparent conducting layer [15,18]. The ionic storage layer can be composed of an 

optically passive material [15,18], e.g. cerium oxide (CeO2) [64,65] or of a second 

electrochromic material which changes its optical properties complementary to the first 

electrochromic layer [15,18]. The application of an appropriate potential between the 

transparent conductors leads to a change in optical transmittance of the electrochromic 

films by reduction or oxidation of the material [14,15,18]. A decrease of the transmittance 

during reduction and intercalation of cations can be found for cathodic electrochromic 

materials including WO3 [15,18] while a decrease of the transmittance during oxidation 

and deintercalation of cations is known for anodic electrochromic materials such as nickel 

oxide (NiO) [15,18]. For this reason, NiO often serves as a complementary layer to a WO3 

layer in electrochromic devices [66,67].  

 

 

Figure 2.1: Typical construction of an electrochromic device. Adapted from [18]. 
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In order to transport small ions, e.g. H+ or Li+, different types of electrolytes can be 

utilized [13,15]. Lithium perchlorate (LiClO4) in propylene carbonate (PC) is commonly 

used as transparent liquid electrolyte [15] whereas tantalum pentoxide (Ta2O5) is a well-

known solid electrolyte [68,69]. By gelifying liquid electrolytes with a polymer host such 

as poly(methyl methacrylate) (PMMA), polymer electrolytes can be obtained [70,71].  

The switching characteristics of the electrochromic film between a colored and a bleached 

state, or in general between a reduced and an oxidized state, can be described and 

evaluated by different parameters [14,15]. One of the most important parameters is the 

transmittance modulation ∆T(λ) = |T2 − T1|, hence, the difference of transmittance 

between the reduced T1 and the oxidized state T2 at a given wavelength λ [15].  

A conscientious choice of the materials serving as the two electrochromic layers in smart 

windows enables a high transmittance modulation along with color neutrality in the 

bleached state [15,18]. Another relevant parameter consists in the response or switching 

time, the time required to achieve the optical transmittance of the reduced or oxidized 

state of the electrochromic material after applying a defined potential [14,15].  

By convention, the time needed to obtain 90 % of the maximum transmittance modulation 

is chosen [15,72,73]. Another important parameter is the coloration efficiency CE at a 

given wavelength (Equation 2.1) defined as the logarithm of the ratio of T2 and T1 per 

inserted or extracted charge Q of a film with the active surface area A [15,18]. Thus, if a 

small charge suffices to generate a large change in transmittance, a high coloration 

efficiency can be obtained for the electrochromic film [15,18]. 

 

 CE(λ) = 
log �T2

T1
� ∙A

Q
  (2.1) 

To ensure a high lifetime of electrochromic devices, a high chemical reversibility REC of 

the electrochromic switching processes is needed [14,15]. Therefore, the long-term 

stability of the electrochromic material under operational use should be considered, e.g. 

by switching over multiple cycles between the reduced and oxidized states [14,15]. Many 

reports focused on the electrochemical and spectroelectrochemical analyses of a single 

electrochromic thin film in contact with an electrolyte in order to directly resolve the 

switching characteristics of the electrochromic material of interest [14,15]. 
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2.4 Inorganic and Organic Electrochromic Materials 

2.4.1 Tungsten Oxide 

WO3 belongs to the most commonly investigated cathodic electrochromic materials 

[19,74,75]. Its electrochromic properties were already discussed in the 1960s by Deb 

[19,76]. WO3 is a wide band gap semiconductor with a band gap of around 2.6 eV 

depending on its crystal structure and crystallinity [77–80]. The valence band of WO3 

comprises occupied oxygen 2p states and is separated by the band gap from the 

conduction band which consists of unoccupied tungsten 5d states [17,18,81,82]. Insertion 

of electrons together with charge-balancing ions into WO3 results in a partially filled 

d-band leading to optical absorption, thus, coloration of WO3 [17,18,82]. 

 

Figure 2.2: Crystal structure of MWO3 where M represents an intercalated ion. Adapted 

from [82]. 

WO3 ideally exhibits a defective perovskite structure that can be well derived from the 

perovskite structure as also found for MWO3 with M representing an intercalated ion as 

shown in Figure 2.2 [18,82,83]. In each cubic unit cell, the W6+ ions are located at the 

corners and the oxygen ions (O2-) are placed at the centers of the edges whereas the center 

of the cube remains unoccupied similar to the rhenium oxide (ReO3) structure 

[18,82–87]. Such a structure can be described, in the case of WO3, as a three-dimensional 

network of WO6 octahedra in which each W6+ ion is surrounded by six oxygen ions 

(Figure 2.2) [18,83–86]. 
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In crystalline and stoichiometric WO3, each octahedron shares corners with the adjacent 

octahedra [17,84–86]. The existence of cubic WO3 could be observed in a few studies 

[88–90]. However, WO3 may commonly deviate from the ideal cubic phase due to 

different arrangement of corner-sharing octahedra depending on the temperature which 

leads to different crystal phases [18,83]. At room temperature, WO3 is most stable in the 

monoclinic phase [82,91]. Other stable phases of WO3 which can be observed at room 

temperature are the triclinic and hexagonal structures [80,92–98]. Going to temperatures 

between 330 – 740 °C, the orthorhombic phase is dominating while at temperatures higher 

than 740 °C WO3 appears in the tetragonal phase [94,99,100]. Sub-stoichiometric WO3 

may contain not only corner-sharing but also edge-sharing octahedra due to distortion of 

the octahedra caused by oxygen deficiencies [18,101]. These sub-stoichiometric WO3 

phases are also known as Magnéli phases [18]. For amorphous WO3, a short-range 

ordering of the network consisting of WO6 octahedra is assumed [77]. 

The octahedral coordination plays a crucial role for the electrochromic properties of 

tungsten oxide [17,18]. Adequately large empty spaces between the octahedra allow for 

intercalation of small ions [17,18,84]. Depending on the arrangement of the octahedra, 

the size of these empty spaces can be varied providing pathways for the transport of ions 

through the network [17,18]. When the intercalated ions are placed into the empty spaces, 

the crystal structure of WO3 resembles a perovskite structure (Figure 2.2) in which the 

center of the cubic unit cell is filled with the intercalated ion [18,82].  

The coloration of WO3 can be described by Equation 2.2 leading to the formation of 

colored tungsten bronze (MxWO3) [74,102,103]: 

 

WO3 (transparent) + xM+ + xe– ↔ MxWO3 (colored)  (2.2) 

with M = H+, Li+, Na+, K+ etc. and the number of inserted electrons and ions x 

[74,102,103]. 

The coloration of the reduced WO3 is independent of the nature of the cations inserted 

into the films [14,104,105]. Electrochromic switching with a high REC of WO3 is observed 

for x ≤ 0.7 whereas higher x-values lead to light-brownish thin films showing optical 

irreversibility [106,107]. The detailed mechanism of electrochromism in WO3 still is not 

fully understood. However, several models exist serving as good explanations of the 

possible mechanism of coloration and bleaching of WO3 [18,84]. 
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Among the different models, two of them, namely the small polaron absorption and the 

intervalence charge transfer (IVCT) transition, are widely accepted for the description of 

the electrochromic mechanism in amorphous tungsten oxide [84,102,108]. Based on the 

small polaron absorption, Schirmer et al. proposed that the insertion of electrons leads to 

reduction of W6+ to W5+ states and, hence, the electrons are localized at the W5+ states 

causing polarization of the surrounding lattice which results in the formation of small 

polarons [84,108,109]. The coloration of tungsten oxide occurs due to absorption of a 

photon of the energy hv caused by transitions of small polarons (Equation 2.3), also 

known as polaron hopping, between site A and site B [108,109].  

 

hv + W5+(A) + W6+(B) → W6+(A) + W5+(B)  (2.3) 

The model of IVCT transition suggested by Faughnan et al. shows similarities with the 

model based on small polarons [102,103,108]. The insertion of ions and electrons leads 

to reduction of some W6+ to W5+ states [84,102,103]. The optical absorption is induced 

by the IVCT which is the transfer of electrons between the W5+ states and the neighboring 

W6+ states [84,102,103]. 

However, both models are not suitable for the explanation of transparent as-prepared 

tungsten oxide films with oxygen deficiency [109,110]. A modified model [109,110] 

suggested the presence of mainly W6+ and W4+ states in the as-prepared films. These films 

remain transparent as long as no polarons are present [110]. Small polaron transitions or 

IVCT transitions between the W5+ and W4+ states as well as between the W5+ and W6+ 

states are possible (Equations 2.3 and 2.4) resulting in coloration of tungsten oxide 

[109–111]. 

 

hv + W4+(A) + W5+(B) → W5+(A) + W4+(B) (2.4) 

Berggren et al. found out that for an amount of intercalated ions up to x ≈ 0.5 in LixWO3 

IVCT transitions occur mainly between the W6+ and W5+ states providing a high optical 

absorption [106,107]. For values x > 0.6, the strength of the optical absorption decreases 

due to a decline of transitions between the W6+ and W5+ states and an increase of 

transitions between the W5+ and W4+ states as well as between W6+ and W4+ states leading 

to higher transmittance of the films [106,107].  
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Another model describing the electrochromic mechanism of WO3 was developed by Deb 

in which the coloration of WO3 is attributed to the presence of oxygen vacancies [19]. 

Each neutral oxygen vacancy VO
0 leads to generation of two adjacent W5+ ions [19]. After 

relaxation, the W5+ ions are transformed into one W4+ and one W6+ ion, respectively [19]. 

Defect levels caused by the oxygen vacancies are assumed to be inside or close to the 

valence band with each defect level filled with two electrons [19]. If one electron is 

extracted from the defect level, VO
0 changes into a positively charged oxygen vacancy 

VO
+, and thus, W4+ into W5+ [19]. The positively charged oxygen vacancy provokes a 

coulombic repulsion which leads to displacement of the adjacent W ions and shifting of 

the defect level into the band gap and, hence, formation of a color center [19,77].  

The optical transition from VO
+ to a double positively charged oxygen vacancy VO

2+ or 

from W5+ to W6+ which is a state in the conduction band results in coloration of WO3 

[19]. This model correlates well with the modified model based on small polaron or IVCT 

transitions [19,109,110].  

For crystalline tungsten oxide films, the coloration mechanism can be described with the 

Drude theory [112–114]. The injected electrons are delocalized rather than localized as 

in amorphous WO3 and act as free electrons while the intercalated ions serve as scatterers 

for the electrons resulting in coloration of crystalline WO3 [112–114]. 

 

2.4.2 Phthalocyanines 

Organic materials such as phthalocyanines have gained interest as cost-effective 

alternatives in different fields of application including electrochromic devices 

[46,49,115]. The electrochromism of phthalocyanines has been studied since the 1970s 

[49]. Phthalocyanines are planar macrocyclic compounds and consist of an aromatic 

π-system [50,115] as shown in Figure 2.3. The molecule comprises four isoindole units 

connected by four nitrogen atoms [50,115]. Its systematic name is 

tetrabenzotetraazaporphyrin [115,116]. The center of the phthalocyanine molecule can 

contain either two protons, divalent metal ions or higher valent metal ions with additional 

axial ligands [50,115]. 

The optical properties of the phthalocyanines can be modified by variation of the central 

metal ion and the substituents on the phthalocyanine ring [50,115,116]. For zinc or copper 

phthalocyanines, electronic transitions occurring from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the 
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phthalocyanine ring lead to the characteristic Soret-band below 400 nm and the Q-band 

around 500 – 800 nm in the optical absorption spectra [47,116–118]. For phthalocyanine 

complexes with, e.g. iron or cobalt as central metal ion, the d orbitals of the central metal 

ion may also contribute to the electronic transitions providing an additional band in the 

absorption spectra [47,116–118]. The intensity and position of the Q-band can be 

influenced by the nature of the central metal ion and the substituents [115,116].  

For instance, the presence of electron-donating substituents can lead to enlargement of 

the π-system that causes a shift of the Q-band to longer wavelengths [116,119]. 

Similar to WO3, the electrochromic switching processes of thin films of phthalocyanines 

involve the transport of electrons and ions leading to spectral changes of the films [14,46]. 

The electrochemical reduction or oxidation of the phthalocyanine species can occur on 

the phthalocyanine ring or also include the central metal ion [48,120–122]. Substituting 

the aromatic hydrogen atoms on the phthalocyanine ring by electron-withdrawing 

substituents such as fluorine atoms or perfluoroalkyl groups provides electrochromic 

reduction and re-oxidation with a high REC [53,54,123]. In copper perfluoro 

phthalocyanine, F16PcCu, all aromatic hydrogen atoms of a copper phthalocyanine 

molecule are substituted by fluorine atoms (R1 = R2 = R3 = F as shown in Figure 2.3) 

[54,55]. Substitution of the eight peripheral hydrogen atoms by perfluoroisopropyl groups 

(R2 = R3 = C3F7) and the other eight non-peripheral hydrogen atoms by fluorine atoms 

(R1 = F) results in copper octakis-perfluoroisopropyl-perfluoro phthalocyanine, F64PcCu 

(Figure 2.3) [53,54,56]. In copper tetrakis-perfluoroisopropyl-perfluoro phthalocyanine, 

F40PcCu (Figure 2.3), 12 hydrogen atoms are substituted by fluorine atoms (R1 = R2 = F) 

and only four by perfluorisopropyl groups (R3 = C3F7) [124]. The presence of fluorine 

atoms and/or perfluoroalkyl groups as substituents clearly influences the intermolecular 

interactions of the molecules in the solid state and, hence, the rate of the electron and ion 

transport in thin films [54,124]. 

Thin films of different fluorinated and/or perfluoroalkylated phthalocyanines have been 

investigated in aqueous electrolytes [53,54,123], promising for potential use in 

environmentally friendly devices. Although the solubility of phthalocyanines in organic 

solvents can be enhanced by substitution with perfluoroalkyl groups [125,126], a poor 

solubility is ensured in water due to the hydrophobic character of the perfluoroalkyl 

substituents [127,128]. However, a clear influence of the nature of the intercalating ion 

on the REC of the electrochromic switching has been found [54,123]. The electrochromic 

switching of the thin films of fluorinated phthalocyanines is observed to show a high REC 

when using K+ as charge-balancing ions [54,123] whereas Li+ ions presumably exhibit 
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stronger interactions with the reduced phthalocyanine species and, thus, suppress the re-

oxidation process [123]. 

 

Figure 2.3: Structural formula of a phthalocyanine molecule. M is the central metal ion 

(with M = Cu or Zn in this work), R1 represents the substituents in the non-peripheral 

positions and R2 and R3 stand for the substituents in the peripheral positions of the 

phthalocyanine ring.  
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2.5 Preparation of Thin Films 

Typical thin films of phthalocyanines are prepared by vapor deposition technique 

[48,115]. For WO3, the sol-gel processing is proven to be a versatile method for the 

fabrication of thin films with modified porosity and internal film structure [34,44]. In the 

following, both methods are described in more detail. 

 

2.5.1 Sol-Gel Process 

The sol-gel process is a versatile and low-cost method for the fabrication of various 

materials like oxide materials or hybrid organic-inorganic materials from molecular 

precursors [37,129]. A sol is described as a stable suspension containing nanoparticles or 

molecules which are dispersed in a solvent such as water or alcohol [129].  

The transformation of the sol into a gel, also known as gelation, is triggered by 

interactions between the particles or molecules resulting in a three-dimensional network 

which is surrounded by the solvent [40,129]. By removal of the solvent through 

evaporation, a xerogel is formed [129]. If the solvent is replaced with a gas during the 

drying process then an aerogel is obtained [129]. The sol-gel processing allows for the 

synthesis of powders and the fabrication of thin films [37,129]. Thin films can be 

prepared, e.g. by spin-coating or dip-coating and using the sol as precursor solution 

[37,40,129]. One of the drawbacks of the sol-gel process is the possibility of shrinkage 

and cracking of the thin films during the drying process [37,129]. However, the benefits 

of the sol-gel process include the use of polymers or surfactants as structure-directing 

agents into the precursor solution providing a facile modification of the porosity and 

crystallinity of the obtained material [34,44,129]. Another advantage of the sol-gel 

process is the requirement of relatively low temperatures and low-cost equipment, only 

[37,129].  

Spin-Coating 

Spin-coating is a simple method to prepare homogeneous thin films with a defined 

thickness on flat substrates [130–133]. For this purpose, the substrate is mounted on a 

rotatable holder [130]. A precursor solution containing the material to be deposited is 

applied on the substrate with the help of a syringe or a pipette, either just before or during 

rotation of the substrate [131–133]. This results in an outward radial spread of the solution 

due to the centrifugal force allowing a uniform distribution of the solution on the surface 
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of the substrate and the evaporation of the solvent [130–133]. To ensure a full coverage 

of the surface with the solution, pretreatment of the substrate can be of help [133].  

The modification of the hydrophilic or hydrophobic character of the surface may provide 

an optimal wetting of the surface with the precursor solution [133]. By UV-ozone 

treatment, for example, the surface of the substrate may become more hydrophilic which 

is optimal for water-based precursor solutions [133,134]. During the spinning process the 

solvents are removed by evaporation and a thin gel layer consisting of coating material 

remains on the surface of the substrate [130–133]. The sample may undergo a heat 

treatment to transform the coating material into the desired material [132,133]. The high 

loss of dispensed material during the spinning process and the challenge to deposit thin 

and uniform films on substrates with large areas belong to the disadvantages of the spin-

coating technique [131]. Nevertheless, the advantages of this method are the possibility 

to quickly obtain thin films and the versatile adjustment of the film thickness by many 

factors, e.g. the spin speed, the viscosity of the solution, the evaporation rate and the 

surface tension [131–133]. When using the same precursor solution and substrate, a 

higher spin speed leads to formation of thinner films [130–133]. 

 

2.5.2 Thermal Evaporation 

Thermal evaporation is a widely used method to prepare thin films and belongs to the 

physical vapor deposition (PVD) techniques [135,136]. Ceramic crucibles or metal boats 

containing the material to be deposited on a substrate can be used as evaporation source 

[135]. A current passes through the metal boat or in the case of the ceramic crucible 

through a heating coil in which the crucible is placed to heat up the desired material [135]. 

At a sufficient temperature the material starts to evaporate, moves through the chamber 

and then condenses on the substrate creating a thin film [135,136]. Since the deposition 

process takes place under vacuum condition, collisions of the evaporated particles with 

the gas molecules can be avoided by a long mean free path which allows the evaporated 

particles to straightly reach the substrate [135,136]. Thermal evaporation enables an 

optimal adjustment of the film thickness and the deposition rate which is monitored by a 

quartz crystal microbalance [137,138]. In addition, utilizing more than one evaporation 

source allows for convenient fabrication of mixed films or multilayer samples [139,140]. 
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2.6 Spectroelectrochemistry 

Spectroelectrochemistry is a powerful technique for probing electrochromic materials 

[14,141,142]. It combines electrochemical with optical analyses and allows the 

simultaneous study of the correlation between the redox processes and the changes in 

optical properties of the material of interest [141,142], while avoiding superposition of 

different contributions from other layers such as the ionic storage layer (Figure 2.1).  

A classical three-electrode setup combined with a UV-Vis spectrometer for performing 

spectroelectrochemical measurements is shown in Figure 2.4. The three-electrode setup 

consists of an electrochromic material as the working electrode, a platinum (Pt) electrode 

as the counter electrode and a silver/silver chloride (Ag/AgCl) electrode as the reference 

electrode in contact to an electrolyte while the UV-Vis spectrometer is equipped with a 

light source and a detector [14,141]. Typically, nitrogen (N2) gas is flushed through the 

electrolyte for removing the dissolved oxygen from the solution before the measurement 

and afterwards, the N2 tube is lifted and N2 flows over the solution to keep out air 

[124,143]. 

 

Figure 2.4: Setup for performing spectroelectrochemical measurements. 
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2.6.1 UV-Vis Spectroscopy 

UV-Vis (ultraviolet-visible) spectroscopy is a suitable method to analyze the absorption 

of light at different wavelength by a material of interest due to excitation of an electron 

[144,145] from the valence band into the conduction band or from the HOMO into the 

LUMO, for inorganic or organic materials, respectively [145,146]. The sample is 

irradiated by light sources covering the UV and Vis range [144,145]. For UV radiation a 

deuterium lamp can be used as the light source whereas a halogen lamp can be utilized to 

generate Vis radiation [144,145]. Since the comparison of the transmittance and the 

reflectance of amorphous WO3 thin films in the bleached and colored states revealed 

values of less than around 10 % for the reflectance in the Vis range [147,148] and the 

analysis of the transmittance, absorbance and reflectance of a CuPc thin film showed 

values of reflectance smaller than 0.3 % [149], the contributions of reflection and 

scattering are neglected for the present analysis. Therefore, the light intensity I at each 

wavelength after passing through the sample, which is recorded by, e.g. a diode array 

detector, can be expressed by the Lambert-Beer law (Equation 2.5) with the initial 

intensity of the incident light I0, the wavelength-dependent absorption coefficient α(λ) 

and the thickness of the sample d [144,145,150]. The absorbance Aλ or the logarithm of 

the reciprocal of the transmittance Tλ can be obtained from the logarithm of I0 divided 

by I (Equation 2.6) [144,145]. The values of Aλ or Tλ of the material is depicted in 

dependence of the wavelength in an absorption or transmittance spectrum [144–146]. 

 
I = I0·e�α(λ)d (2.5) 

 
Aλ = log � 1

Tλ
� = log �I0

I
� (2.6) 

UV-Vis spectroscopy can give insights into many aspects such as the coloration of 

materials and their electronic structures [144–146]. 

 

2.6.2 Cyclic Voltammetry 

Cyclic voltammetry (CV) is one of the most widely practiced electrochemical techniques 

to analyze the electrochemical reduction and oxidation processes occurring at an 

electrode, namely the working electrode in contact with an electrolyte [14,141,143].  
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In order to close the electrical circuit a counter electrode is placed into the electrolyte 

[141,143]. Typically, an inert material such as platinum is chosen as the counter electrode 

to transfer charge, while avoiding interference with the electrochemical reaction 

[141,143]. In a three-electrode configuration, a reference electrode with a known 

electrode potential such as the widely used Ag/AgCl electrode serves to measure and 

control the applied potential of the working electrode [141,143]. The current flow should 

occur mainly between the working and the counter electrode and not through the reference 

electrode to ensure an unchanged potential of the reference electrode [14,141,143].  

A potentiostat is used for measuring the current flow between the working and the counter 

electrode and controlling the potential difference between the working and the reference 

electrode [14,141,143]. The potential of the working electrode is swept with a constant 

scan rate v from potential E1 to potential E2 [141,143]. Afterwards, the potential sweep 

occurs in the reverse scan direction [141,143]. During the potential sweep, the cathodic 

and anodic current are measured resulting in a current-voltage curve, the cyclic 

voltammogram (Figure 2.5) [14,141,143]. 

 

Figure 2.5: Cyclic voltammogram of ferrocene in propylene carbonate with the cathodic 

and anodic peak currents, Ip,c and Ip,a, and the corresponding peak potentials Ep,c and Ep,a. 

The mass transport of the electroactive species is controlled by migration, convection 

and/or diffusion [141,143]. Migration describes the movement of the ions in the presence 

of an applied electric field [141,143]. A sufficiently high concentration of electroactive 

species in the electrolyte is needed and an excess of non-electroactive ions may be added 

into the solution to decrease its resistance and to minimize the contribution of migration 
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to the mass transport of the electroactive species [141,143]. Convection can be suppressed 

by avoiding mechanical perturbation of the electrolyte [141,143]. A concentration 

gradient of the electroactive species near the electrode caused by electrochemical 

reactions results in diffusion of the reactants/products to/from the electrode as the 

dominant contribution to mass transport [141,143]. Hence, the shape of the cyclic 

voltammogram is influenced by the diffusion of electroactive species at the electrode 

[141,143]. In the presence of electrochemical processes, characteristic peaks are observed 

in the cyclic voltammogram [141,143]. Scanning the potential from E1 to E2 results in a 

current and, thereby, in depletion of the reactants near the electrode [141,143].  

The continuous expansion of the diffusion layer at the electrode surface containing the 

products slows down the diffusion of reactants from the bulk of the electrolyte to the 

electrode resulting in decrease of the current [141,143]. By scanning the potential from 

E2 to E1, these processes are reversed leading to the respective shape of the reversal 

current [141,143]. As exemplary depicted in Figure 2.5, the cathodic and anodic peak 

currents, Ip,c and Ip,a, and the corresponding peak potentials, Ep,c and Ep,a, are assigned to 

the reduction and oxidation processes, respectively [141,143].  

Different transport processes governing the redox reaction exist that can be resolved by 

the dependence of the peak currents on the scan rate [141,151–153]. For reversible 

electrochemical processes involving fast electron transfer, the peak current under 

diffusion control is proportional to the square root of the scan rate (Ip vs. v1/2), as described 

by the Randles-Ševčík equation with the active surface area A of the electrode, the 

concentration c of the electroactive species in the bulk of the electrolyte, the number of 

electrons n transferred in the electrochemical reaction and the diffusion coefficient D of 

the electroactive species (Equation 2.7) [141,143]. 

 

Ip = 2.69·105·n3/2AD
1/2

cv1/2 (2.7) 

A peak-to-peak separation of ∆Ep = 59/n mV and half of the peak width at half maximum 

of 	Ep − Ep/2	 = 57/n mV at room temperature are expected for diffusion-controlled 

reversible redox reactions with fast electron transfer [141,143]. For reversible redox 

processes without transport limitation, a linear dependence of Ip ~ v is typically observed, 

as in the case of an ideal adsorbed monolayer [141]. A dependency of Ip ~ v0.6 is 

characteristic for redox reactions showing limitation by electron hopping between the 

redox centers [151–153]. 



2  Fundamentals 

 30 

In order to limit the thickness of a diffusion layer in an electrolyte, a rotating disk 

electrode can be used providing a steady-state mass transport and a controlled convection 

[141,154]. The electrode is mounted on a vertical shaft of a motor and the rotation speed 

can be adjusted allowing the electrode to rotate with a constant angular velocity ω 

[141,155]. As a consequence, a continuous flow of electroactive species from the bulk of 

the electrolyte to the electrode is established in case of diffusion-limited currents 

[141,154,155]. The thickness of the diffusion layer decreases with faster angular velocity 

[141,154,155]. The limiting current IL at a given potential in the diffusion-limited regime 

measured at different rotation speeds is proportional to the square root of the angular 

velocity ω1/2 as expressed by the Levich equation where F represents the Faraday 

constant, vk is the kinematic viscosity of the electrolyte and ω is given in rad s−1 

(Equation 2.8) [141,154,155].  

 

IL = 0.62·nFAcD2/3vk
�1/6ω1/2 (2.8) 

Electrochemical reactions which are not only limited by diffusion but also exhibit kinetic 

limitations can be described with the Koutecký-Levich equation (Equation 2.9) with the 

measured current Im, the kinetically-limited current Ik and the diffusion-limited current IL 

[141]. For a thin film deposited on an electrode, IL corresponds to the diffusion of the 

electroactive species in the bulk electrolyte and Ik can refer to the diffusion in the thin 

film [141,156]. 

 
1

Im
 = 

1

Ik
+

1

IL
=

1

Ik
+

1

0.62·nFAcD2/3vk
�1/6ω1/2

 (2.9) 

For electrochromic thin films as working electrodes which are in contact with an 

electrolyte consisting of small ions, cyclic voltammetry combined with UV-Vis 

spectroscopy can be of help to clarify the redox mechanism of the electrochromic films 

and to determine appropriate potentials for electrochromic switching between the reduced 

and oxidized states along with a high REC [14,15].  
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2.6.3 Chronoamperometry 

Chronoamperometry is a powerful technique for investigating the kinetics of 

electrochemical processes [141]. Similarly, as described in chapter 2.6.2, a three-

electrode configuration can be used for the chronoamperometric analysis [141]. A defined 

potential is applied for a given time to the working electrode which is in contact with a 

solution containing electroactive species to enable the reduction or oxidation process of 

these species [141]. Initially, the concentration of the electroactive species is typically set 

for a sufficiently high level, thus, a large current is measured [141]. During the analysis, 

depletion of the electroactive species near the electrode surface leads to a decay of the 

current [141]. Using double potential step chronoamperometry, the reduction as well as 

the oxidation process can be analyzed by applying two different potentials, one 

sufficiently negative and the other one sufficiently positive of the redox potential [141]. 

A dependence of the current Ic on the inverse square root of time t−1/2 is characteristic for 

diffusion-controlled processes and can be described by the Cottrell equation 

(Equation 2.10) [141]. 

 

Ic = nFcAD1/2π�1/2t�1/2 (2.10) 

To investigate the electron and ion transport in an electrochromic thin film as working 

electrode, the application of an appropriate potential allows for reduction or oxidation of 

the electrochromic material along with intercalation or deintercalation of charge-

balancing ions [14,15]. Electrochemical measurements mimic the switching processes of 

the electrochromic films in smart windows which can provide, in combination with 

in situ UV-Vis spectroscopy, insights into the long-term stability and response times of 

the studied thin films [14,15]. For electrochromic materials which conduct both electrons 

and ions, the Randles-Ševčík equation and the Cottrell equation (Equations 2.7 and 2.10), 

allow the determination of an effective diffusion coefficient that corresponds to the 

combined transport of electrons and ions in the films [157–159]. 

 

2.6.4 Electrochemical Impedance Spectroscopy 

A widely used electrochemical technique for investigating different processes in an 

electrochemical system is the electrochemical impedance spectroscopy (EIS) [141]. 

During EIS analysis, an alternating voltage U(ωf) of low magnitude is superimposed to 
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the electrode potential of interest applied to the system while the frequency ωf of the 

alternating voltage is typically varied over a wide range from MHz to mHz [141].  

The alternating current response I(ωf) may be shifted from the signal of U(ωf) by the 

phase angle Φ [141]. The ratio of U(ωf) and I(ωf) is equal to the frequency-dependent 

impedance Z(ωf) as a complex number (Equation 2.11) [141]. Thus, Z(ωf) can be 

described as the sum of a real part Z’ and an imaginary part Z’’ (Equation 2.11) [141].  

 

Z(ωf) = U(ωf)

I(ωf)
 = ǀZǀeiΦ = Z’ + iZ’’ (2.11) 

Often, the measured data are presented in a Nyquist plot in which Z’’ is plotted against 

Z’ for different values of the frequency corresponding to the time scales of the occurring 

processes in the system [141]. By using a suitable equivalent circuit for the description of 

the studied electrochemical system, the measured data points can be fitted to elucidate 

diffusion-controlled processes in the electrodes and the electrolyte as well as charge 

transfer processes at the interface of the electrodes [141].  

A typical Nyquist plot of an electrochromic film, in particular, WO3 deposited on an 

electron conductive layer and in contact with an electrolyte [30,160] is illustrated in 

Figure 2.6 (a). This plot can be fitted with an equivalent circuit (Figure 2.6 (b)) which is 

also called the Randles equivalent circuit [30,160]. 

 

Figure 2.6: (a) Typical Nyquist plot of a thin film of WO3 and (b) the Randles equivalent 

circuit. Adapted from [30,160]. 
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Rs describes the series resistance caused by the electrolyte and the substrate [30,161–164]. 

The charge transfer process through the interface of the electrochromic film and the 

electrolyte can be described with a charge transfer resistance Rct [30,160,162–165].  

The capacitance Cdl is assigned to the electrochemical double layer which consists of ions 

on the electrolyte side and electrons at the electrode surface [30,141,160,162,163].  

The capacitance is replaced by a constant phase element (CPE) [161,164,165] in the case 

of deviations from the ideal capacitor caused by, e.g. electrodes with a rough surface 

[166,167]. The impedance ZCPE of the constant phase element is defined by the 

Equation 2.12 where Q is the CPE parameter and α corresponds to the CPE exponent 

[166,167]. When α = 1, CPE is equivalent to a capacitor [166,167].  

 

ZCPE = 1

Q(iωf)
α (2.12) 

The addition of an element for the diffusion impedance Zw also known as Warburg 

impedance into the equivalent circuit (Figure 2.6 (b)) allows for describing diffusion-

controlled processes in the system [141]. Zw mainly contributes to the measured data at 

low frequencies, hence, a linear behavior of Z’’ and Z’ with a slope of 45° is typically 

observed in this frequency range (Figure 2.6 (a)) indicating the semi-infinite diffusion of 

intercalating ions into the electrochromic film [30,160,162,165]. For even lower 

frequencies, the data can be fitted with a limiting capacitance CL (Figure 2.6 (a)) that 

considers the finite length of the electrochromic film and represents a diffusion that is 

limited by accumulation of charges in the film [30,160,161,168]. At higher frequencies, 

Rct and Cdl become more important [141]. The diameter of the semicircle corresponds to 

Rct and the shift of the semicircle at the Z’ axis is assigned to Rs as shown in Figure 2.6 (a) 

[30,160]. The diffusion coefficient DI of the intercalating ions can be determined from 

the Warburg coefficient Aw following the Equation 2.13 with the molar gas constant Rm 

and the temperature T [141,169]. 

 

DI=
Rm

2 T 2

2A
2
n4F 4c2Aw

2   (2.13) 
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3 Spectroelectrochemical Performance of Different Porous 

WO3 Films (Publication 1) 

 

Background for Publication 1 

Amorphous tungsten oxide films are preferred over crystalline ones as they enable a facile 

transport of ions through the film network leading to improvement of the electrochromic 

properties [41,147,170]. Thin films of amorphous WO3 showing enhanced 

electrochromic properties could be fabricated by Zhao et al. [41] from a precursor solution 

based on peroxotungstic acid via spin-coating followed by heat treatment. Another 

important factor that influences the electrochromic performance is the porosity of the thin 

films [34,44]. Porous WO3 thin films exhibit a high internal surface area that provides an 

increased contact interface with the electrolyte and a high amount of accessible reaction 

sites allowing for a fast diffusion of ions due to short transport distances within the films 

[34,44]. In many different studies [42,171–174], poly(ethylene glycol) (PEG) of different 

molecular weight served as structure-directing agent for the preparation of WO3 thin films 

by solution-based processing. The addition of PEG resulted in higher accessibility leading 

to improved electrochromic performance of the WO3 thin films compared to the films 

prepared without PEG [42,171–174]. Block copolymers such as Pluronic P123 [175] or 

polystyrene-block-poly(ethylene oxide) (PS-b-PEO) [176] creating micelles in the 

precursor solution have been proven to be excellent candidates for the fabrication of 

mesoporous thin films. Nevertheless, in several studies [177,178] regarding films with 

spherical mesopores the presence of widely isolated pores instead of interconnected pores 

led to attenuation of the diffusion of ions through the film. For this reason, the usage of 

block copolymers in combination with long-chained additives offered chances to obtain 

thin films consisting of mesopores which are interconnected by micropores. This 

approach was confirmed to be successful for the fabrication of titanium oxide (TiO2) thin 

films with mesopores connected by worm-like pores by using polyisobutylene-block-

poly(ethylene oxide) (PIB50-b-PEO45) as block copolymer and 1-hexadecyl-3-

methylimidazolium chloride (C16mimCl) as surfactant-like ionic liquid [178]. Using such 

strategy proved very useful also for the preparation of WO3 as shown in Publication 1. 
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Context of Publication 1 

Publication 1 focused on the study of the direct correlation between the internal film 

structure, porosity and electrochromic performance of thin films of WO3.  

Based on previous studies [41,42,174] first experiments to modify the porosity and 

structure of WO3 thin films were performed in cooperation with Sophie Göbel and Lukas 

Gümbel by using PEG 400 and PEG 600 as structure-directing agents in the 

peroxotungstic acid precursor solution in different volume ratios. The addition of PEG in 

a volume ratio of 1.5:10 into the precursor solution led to thin films (WO3ǀµp400 and 

WO3ǀµp600) consisting of interconnected micropores that provided pathways allowing a 

high REC of the electrochromic switching with fast intercalation and deintercalation of the 

ions compared to compact and amorphous WO3 thin films (WO3ǀcomp) obtained without 

additives. In collaboration with Marius Eckert, time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) analysis was performed to provide insight into the distribution 

of the intercalated Li+ ions within the films. While an accumulation of Li+ ions was 

observed at the surface of the WO3ǀcomp thin films, no Li+ accumulation was detected for 

the films of WO3ǀµp400 and WO3ǀµp600 confirming the facile intercalation of ions 

throughout the films containing interconnected micropores. The amorphous nature of the 

WO3 thin films annealed up to 300 °C and the crystallinity of the films after heat treatment 

at temperatures higher than 400 °C were confirmed by grazing incidence X-ray 

diffraction (GIXRD). As expected, the spectroelectrochemical results showed that in any 

case amorphous WO3 thin films led to better electrochromic characteristics than the 

crystalline films [41,147,170]. 

Since the presence of PEG in the peroxotungstic acid precursor solution led to WO3 thin 

films with improved electrochromic performance, the question arose if thin films of WO3 

containing spherical mesopores could also provide enhanced electrochromic properties. 

Therefore, in cooperation with Pascal Cop, the block copolymer PIB50-b-PEO45, which 

had already been used to successfully prepare mesoporous titanium oxide [178,179], was 

added into the precursor solution as structure-directing agent. The amount of polymer 

was adapted from [179] to obtain a homogeneous distribution of mesopores within the 

films after heat treatment at 300 °C for 12 h. The analysis of the films by scanning electron 

microscopy (SEM) revealed the formation of mesoporous WO3 films (WO3ǀmp). 

However, these films showed a slightly brownish color indicative of some polymer still 

remaining within the films. The incomplete decomposition of PIB50-b-PEO45 was 

confirmed by thermogravimetry (TG) analysis of the corresponding precursor.  
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Mainly isolated spherical pores were observed for the films of WO3ǀmp from the SEM 

cross-section analysis. The WO3ǀmp films with isolated spherical mesopores and residual 

polymer fragments resulted in trapping of ions leading to electrochromic properties only 

similar to those obtained for the WO3ǀcomp thin films.  

The presence of interconnected pores is crucial for a high accessibility of the films. 

Therefore, in cooperation with Florian Eberheim and Pascal Cop, PIB50-b-PEO45 and 

PEG 600 were used as additives in different ratios in the peroxotungstic acid precursor 

solution to achieve WO3 thin films (WO3ǀµmp) consisting of both, mesopores and 

interconnected micropores. Optimized electrochromic characteristics could be obtained 

for such thin films. Almost complete decomposition of the polymers was confirmed by 

TG analysis showing a high loss of mass of the precursor. Subsequent experiments 

performed in collaboration with Sophie Göbel showed that the addition of smaller 

amounts of PEG 600 resulted in WO3 thin films which were similar to those prepared 

with a higher amount of PEG 600. SEM analysis of the WO3ǀµmp films revealed the 

presence of interconnected mesopores, as desired. Furthermore, the specific surface area 

obtained from Kr physisorption analysis was found significantly higher for WO3ǀµmp 

than for WO3ǀµp600 or WO3ǀmp. From the density of the films which was obtained via 

microwave plasma atomic emission spectroscopy (MP-AES) of the films dissolved in 

NH3 solution, the porosity could be determined. The highest porosity was found for 

WO3ǀµmp, followed by WO3ǀmp, WO3ǀµp600 and WO3ǀµp400. A similar trend was 

revealed by ellipsometry analysis.  

The high specific surface area and porosity of the WO3ǀµmp films are well in line with 

the optimized electrochromic switching characteristics of these films including large 

transmittance modulations, high coloration efficiencies, and high effective diffusion 

coefficients. For the bleaching and the coloration processes of the WO3ǀµmp thin films 

very short response times of around 2 s were determined. These values are further 

improved against those obtained for the thin films of WO3ǀµp400 and WO3ǀµp600 

confirming the presence of facilitated pathways in the WO3ǀµmp films with 

interconnected mesopores.  

For all films, energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron 

spectroscopy (XPS) showed the successful formation of WO3. XPS carried out on the 

films after intercalation of Li+ ions showed a significant increase in the concentration of 

W5+ assigned to the reduced states of WO3 [180,181]. 
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In cooperation with Florian Eberheim, thicker WO3 films could be obtained that reached 

a nearly as deep blue coloration as a commercial WO3 film (commWO3) of similar 

thickness from EControl-Glas GmbH & Co. KG. The spectroelectrochemical analyses of 

such WO3 films confirmed that the presence of a porous and accessible film structure led 

to improved electrochromic characteristics. 

 

3.1 Publication 1: Enhancing the Spectroelectrochemical Performance 

of WO3 Films by Use of Structure-Directing Agents during Film 

Growth 

The experiments of this paper were mainly planned by me with some suggestions from 

the cooperation partners (Pascal Cop and Bernd M. Smarsly from the Institute of Physical 

Chemistry at the Justus-Liebig-University in Gießen). Florian Eberheim, Sophie Göbel, 

Marius Eckert, Tim P. Schneider and Lukas Gümbel assisted me with the preparation of 

the precursor solutions, the fabrication of the thin films and the spectroelectrochemical 

measurements under my supervision. Furthermore, Florian Eberheim assisted me with 

the Raman spectroscopy measurements and the preparation of the samples for TG and 

ellipsometry analyses. Marius Eckert helped me with the ToF-SIMS analysis. Sophie 

Göbel assisted me with the preparation of samples for Kr physisorption and MP-AES 

measurements. The profilometry measurements were carried out by Florian Eberheim, 

Sophie Göbel, Tim P. Schneider and me. Pascal Cop helped me with the in situ GIXRD 

measurement. Additional GIXRD measurements and all SEM and EDX analyses were 

performed by me at the Institute of Physical Chemistry at the Justus-Liebig-University in 

Gießen. The EIS measurements were carried out by me. Thin films for the XPS analyses 

were prepared by me and the interpretation of the data were carried out by me. Derck 

Schlettwein planned and supervised the project work. The draft of the manuscript was 

written by me, fine-tuned with Derck Schlettwein and discussed with all co-authors. 

Reproduced from T.H.Q. Nguyen, F. Eberheim, S. Göbel, P. Cop, M. Eckert, 

T.P. Schneider, L. Gümbel, B.M. Smarsly, D. Schlettwein, Enhancing the 

Spectroelectrochemical Performance of WO3 Films by Use of Structure-Directing Agents 

during Film Growth. Appl. Sci. 2022, 12 (5), 2327. 

https://doi.org/10.3390/app12052327 
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3.2 Additional Work in the Context of Publication 1 

The findings from Publication 1 show that the addition of structure-directing agents into 

the precursor solution allowed for versatile modification of the porosity and internal film 

structure, crucial for the electrochromic performance of the WO3 thin films. The presence 

of interconnected micropores or interconnected mesopores in the WO3 films allowed 

facile transport of the ions through the film network leading to enhancement of the 

electrochromic properties of the WO3 films. Additional aspects in sample preparation, 

role of pores in ion diffusion and the interplay of different layers in electrochromic 

devices were studied. Their discussion is presented here to serve a conclusive discussion. 

Parallel to these studies and in cooperation with Pascal Cop, precursor solutions based on 

tungsten chloride [177,182] with either PIB50-b-PEO45 or PEG 600 as additives were used 

for the fabrication of WO3 thin films. The spectroelectrochemical results of these films, 

however, revealed electrochromic switching characteristics only as good as the 

WO3ǀcomp films prepared with the peroxotungstic acid precursor solution. To analyze if 

the electrochromic switching of the films obtained from the tungsten chloride precursor 

solutions could be enhanced, a thin layer of gold was used as an alternative electron 

conductor. The gold layer was supposed to allow a fast electron injection into WO3 and, 

thus, enhance the electrochromic switching properties as observed in [182]. For this 

purpose, a thin layer of gold was deposited on glass or on FTO-coated glass. In the case 

of the pure glass, a thin film of chromium was deposited in between serving as adhesive 

material for the gold layer on glass similar as reported in [182].  

The spectroelectrochemical analyses of the WO3 thin films deposited on the gold layer 

led to no improved switching characteristics confirming that the injection of the electrons 

from FTO or gold to WO3 was similarly fast. The main drawback was the slightly bluish 

tint of the thin gold layers leading to an overall decrease in transparency of the samples 

in the bleached state. Therefore, detailed investigations, which were discussed in 

Publication 1, were restricted to the WO3 thin films obtained from the peroxotungstic acid 

precursor solutions and deposited on FTO as electron conductive layer. 

The fabrication of mesoporous WO3 thin films from the peroxotungstic acid precursor 

solution in the presence of PIB50-b-PEO45 (WO3ǀmp) could be improved in recent 

cooperation with Sophie Göbel leading to thin films of WO3ǀmp* with enhanced 

electrochromic characteristics which are similar to those obtained with just PEG as 

additive [183]. Annealing the films at slightly higher temperatures than 300 °C but still 

lower than 350 °C allows for preparing mesoporous and widely amorphous films with 
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presumably proper decomposition and removal of polymers from the WO3 thin films 

[183]. After the heat treatment these films were more transparent than those annealed at 

just 300 °C clearly indicating a more complete decomposition of residual polymer 

fragments present within the films and, thus, providing a higher accessibility of the films 

for Li+ ions [183]. 

During the study of the WO3 films in a three-electrode configuration by EIS it was found 

that the impedance of the reference electrode itself had a strong influence on the 

impedance measurements of the samples, particularly in the range of intermediate to high 

frequencies. It has been reported that the use of a reference electrode with high impedance 

might perturb the impedance measurement leading to artefacts rather than meaningful 

data points in the high frequency range [184–186]. In order to avoid distortions of the 

impedance measurement, the impedance of the reference electrode had to be quite small 

[185,186]. For this reason, the impedance measurements of the WO3 films shown in 

Publication 1 were performed using a low-leak reference electrode with an impedance of 

~1 kΩ instead of ~10 kΩ for the leak-free reference electrode which was used for the 

spectroelectrochemical analyses of the WO3 thin films. The impedance of the reference 

electrodes were estimated from independent EIS measurements using an aqueous solution 

of KCl as electrolyte. The use of the low-leak reference electrode allowed for reliable 

data acquisition in the range of low frequencies as well as in the intermediate frequency 

range. Nevertheless, still no meaningful data points were obtained for the highest 

frequencies so that only data points from the intermediate to the low frequency range 

could be used for fitting the spectra. Therefore, further investigations on the choice of 

alternative reference electrodes would be interesting to be able to also gain reliable data 

points at the highest frequencies which might provide additional insight into, e.g. the 

contact resistance between the substrate and the WO3 thin film [187].  

Besides polymers, numerous different surfactants had been used as structure-directing 

agents for the preparation of WO3 thin films [188–190]. Among them, Triton was utilized 

in a few studies [191–193]. However, the studies in which the films were prepared by 

spin-coating with Triton as an additive [192,193] did not focus on the electrochromic 

properties of WO3. Therefore, in collaboration with Matthias Reichhardt and Leonardo 

Basso, the influence of Triton on the electrochromic properties of WO3 was investigated. 

The amount of Triton added into the peroxotungstic acid precursor solution as well as the 

temperature and duration of the heat treatment of the as-deposited samples were varied 

to obtain WO3 thin films with improved electrochromic properties [194,195].  
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The addition of Triton in a volume ratio of 2:10 into the precursor solution followed by 

annealing the films at 350 °C for 4 h resulted in homogeneous thin films of WO3 with 

electrochromic switching characteristics [195] similar to those obtained for the 

WO3ǀµp600 and WO3ǀµmp films (Publication 1). Hence, quite different approaches using 

different structure-directing agents for the fabrication of WO3 thin films with good 

electrochromic performance could be established in this work. 

 

3.2.1 Role of Pores for Diffusion and Charge Transport in WO3 Thin Films 

Further studies related to Publication 1 were carried out to distinguish between the 

diffusion rate of the ions within solid WO3 and within pores of the film. Hence, large ions 

needed to be chosen that were able to diffuse into the pores but not into the solid WO3. 

For this purpose, the reversible ferrocenium/ferrocene (Fc+/Fc) redox couple was chosen 

since it is significantly larger than the typical intercalating ions such as Li+ [196–199]. 

Cyclic voltammetry was performed at various scan rates on different WO3 thin films as 

working electrode and using 5 mM ferrocene and 0.1 M tetrabutylammonium perchlorate 

(TBAP) in propylene carbonate (PC) as electrolyte solution. In addition, a plain FTO-

coated glass substrate was analyzed serving as a reference sample.  

In Figure 3.1, the CV curves measured at a scan rate of 10 mV s−1 are shown for the 

different samples with the current densities normalized to the geometric surface area of 

the samples. Pronounced cathodic as well as anodic peaks (Figure 3.1 (a)) can be observed 

especially for FTO, the WO3ǀµmp film and the WO3ǀmp* film (which was prepared by 

Sophie Göbel after adjustment of the annealing temperature for preparing films with 

accessible mesopores) that allow for an estimation of the redox potential of the Fc+/Fc 

redox couple as an average value of the cathodic and the anodic peak potential [141].  

In the case of FTO as electrode material, the redox potential of the Fc+/Fc redox couple 

is found at around 0.32 V comparable to the value reported in the literature [200–202]. 

The values of the redox potential obtained with the WO3ǀµmp film and the WO3ǀmp* film 

as electrodes are quite similar (0.23 V and 0.21 V, respectively). The ratio of the cathodic 

and anodic peak current densities jp,c/jp,a is close to 1 for all the electrodes shown in 

Figure 3.1 (a) speaking in favor of a reversibility of the redox reactions [141].  

The WO3ǀµmp or WO3ǀmp* films showed the highest reversibility indicated by peak-to-

peak separations ∆Ep of around 0.36 V and 0.26 V, respectively, smaller than 

∆Ep = 0.65 V determined for FTO, indicating smaller overvoltage for well accessible 

WO3.  



3  Spectroelectrochemical Performance of Different Porous WO3 Films 

 82    

While 	Ep,c − Ep/2	 is around 0.11 V for WO3ǀµmp, WO3ǀmp* and FTO, 

	Ep,a − Ep/2	 = 0.17 V is found for the WO3ǀµmp film close to the value of 0.11 V obtained 

for the WO3ǀmp* film whereas 	Ep,a − Ep/2	 = 0.24 V is found for FTO pointing at an 

overvoltage in the oxidation of Fc at FTO as the main difference.  

The smaller overpotentials needed for the WO3ǀµmp and the WO3ǀmp* films speak in 

favor of more active sites due to a larger accessible internal film surface compared to 

plain FTO, despite the fact that the values of ∆Ep and 	Ep − Ep/2	 differ from the values 

of around 60/n mV characteristic for diffusion-controlled reversible redox reactions with 

fast electron transfer [141]. For the films of WO3ǀcomp, WO3ǀµp600 and WO3ǀmp 

(Figure 3.1 (b)), no clear cathodic and anodic peaks can be distinguished in the CV 

curves, typical for irreversible redox reactions [141]. However, as expected, the open 

circuit potentials and the potential range in which oxidation of Fc and reduction of Fc+ 

occur roughly lie in the same range as for WO3ǀµmp, WO3ǀmp* and FTO. 

 

Figure 3.1: Cyclic voltammograms of ferrocene in PC measured at 10 mV s−1 using 

(a) FTO, WO3ǀµmp and WO3ǀmp* and (b) WO3ǀcomp, WO3ǀµp600 and WO3ǀmp as 

electrodes.  

The current densities at the WO3ǀµmp and WO3ǀmp* films are found in a similar range as 

for the plain FTO (Figure 3.1 (a)), speaking for a limitation of the current by diffusion in 

the electrolyte. However, for the WO3ǀcomp film as well as the films of WO3ǀµp600 and 

WO3ǀmp (Figure 3.1 (b)), the current densities are found two orders of magnitude smaller 

indicating a hindrance by a process slower than the diffusion of Fc in the electrolyte. 

These observations correlate well with those reported for TiO2 films which were prepared 

using a different combination of PIB50-b-PEO45 and C16mimCl as structure-directing 

agents and analyzed in an aqueous electrolyte solution containing Fe(CN)6
3− ions [178]. 
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The TiO2 mesoporous films showed only low peak currents and a larger peak potential 

separation indicating a poor interconnection of the mesopores and a hindrance of the 

reaction at the FTO surface [178]. For the TiO2 films consisting of worm-like pores and 

interconnected mesopores the peak currents were in the same range as those for the plain 

FTO substrate because of well-accessible FTO [178]. 

Plotting jp,c and jp,a (Figure 3.1) in dependence of the square root of the scan rate v1/2 

according to the Randles-Ševčík equation (Equation 2.7, Figure 3.2) can be useful to 

determine the effective diffusion coefficients, Dc and Da, of the reduction and oxidation 

process of the Fc+/Fc redox couple where c is the concentration of ferrocene in the bulk 

of the electrolyte and n is the number of electrons transferred in the reaction (n = 1 in this 

case) [141], which may, however, contain some contribution of electron transport in WO3. 

For at least three CV curves measured at different scan rates, values of jp,c and jp,a could 

be determined for each of the samples and yielded linear plots speaking in favor of 

diffusion-limitation in all cases. The values of Da are found smaller than those of Dc, in 

particular, when using films of WO3ǀcomp and WO3ǀmp as electrodes, possibly caused by 

a larger solvation shell of Fc compared to Fc+ [203]. Reference values for Da of Fc in PC 

in the range of (2.8 – 6.5) · 10−6 cm2 s−1 were reported [202–205]. Comparable values of 

Da are expected for FTO. Due to the irreversible curve shape, however, these values are 

not reached. Consistent with a more ideal shape in the cathodic branch, nevertheless, the 

value of Dc = 8.0 ∙ 10−7 cm2 s−1 almost reaches the literature range as opposed to 

Da = 2.0 ∙ 10−7 cm2 s−1 found for the strongly irreversible anodic branch.  

 

Figure 3.2: Current densities (a) jp,c and (b) jp,a in dependence of the square root of the 

scan rate v1/2 for different WO3 thin films as electrodes and FTO as reference. 
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With the WO3ǀµmp and WO3ǀmp* films, despite almost ideal shape of the CV, effective 

diffusion coefficients for the Fc+/Fc redox couple of still (1.4 – 3.5) ∙ 10−7 cm2 s−1 are 

found. These lower values of D may well reflect a somewhat slower diffusion in pores as 

opposed to the bulk electrolyte. With WO3ǀcomp, WO3ǀµp600 and WO3ǀmp as electrode 

materials, however, the effective diffusion coefficients are much smaller and comparable 

to each other, in the range of 10−13 – 10−11 cm2 s−1 (Table 3.1), indicating significant 

contributions of slow electron transport, reasonable if one assumes that micropores and 

the mesopores partially filled with remaining polymer are not accessible to Fc+/Fc and 

require significantly longer electron pathways. These results show that the presence of 

interconnected mesopores in the WO3ǀµmp film as well as accessible mesopores in the 

WO3ǀmp* film provide a reaction limited by diffusion of Fc and/or Fc+ in the electrolyte 

similar to the characteristics at plain FTO.  

Table 3.1: Effective diffusion coefficients Dc and Da of the Fc+/Fc redox couple obtained 

by CV with different samples as electrodes. 

Sample Dc / cm2 s−1 Da / cm2 s−1 

FTO 8.0 ∙ 10−7 2.0 ∙ 10−7 

WO3ǀcomp 2.7 ∙ 10−11 2.2 ∙ 10−12 

WO3ǀµp600 3.5 ∙ 10−11 2.0 ∙ 10−11 

WO3ǀmp 3.5 ∙ 10−11 3.5 ∙ 10−13 

WO3ǀmp* 3.5 ∙ 10−7 2.0 ∙ 10−7 

WO3ǀµmp 2.0 ∙ 10−7 1.4 ∙ 10−7 

 

Rotating disk electrode experiments were additionally performed at different angular 

velocities using FTO, the WO3ǀcomp film and the WO3ǀµmp film as electrodes to analyze 

the influence of the diffusion layer thickness in the bulk electrolyte on the kinetics of the 

redox reaction of the Fc+/Fc redox couple. The WO3ǀcomp film showed no diffusion-

limited current in agreement with a limitation of the reaction by charge transport in or 

charge transfer from WO3 due to smaller accessibility of the films. For FTO and the 

WO3ǀµmp film, reciprocal values of the measured current densities 1/jm for a given 

potential in the diffusion-limited regime were observed that are linearly dependent on the 

reciprocal square root of the angular velocity ω−1/2, as predicted by the Koutecký-Levich 

equation (Equation 2.9) [141] and diffusion coefficients DRDE of Fc were determined from 

the slope (Figure 3.3), assuming a kinematic viscosity of around 0.023 cm2 s−1 as reported 

for a 0.1 M LiClO4 in PC electrolyte solution [206].  
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DRDE(FTO) = 1.9 · 10−6 cm2 s−1 and DRDE(WO3ǀµmp) = 2.1 · 10−6 cm2 s−1 are found close 

to the expected literature values [202–205], well confirming the validity of a dominant 

limitation by diffusion of Fc in the bulk electrolyte. For the WO3ǀµmp film, however, 

additional kinetic limitations were present as indicated by an intercept significantly 

different from zero and well in line with the smaller Da (Table 3.1). Such an intercept is 

characteristic for a superimposed kinetic limitation [141], presumably caused by 

subsequent diffusion through the pore system, consistent with the morphology of this 

electrode. Similar characteristics have been observed for the diffusion of benzoquinone 

through poly(vinyl ferrocene) [156]. 

 

Figure 3.3: Reciprocal measured current densities 1/jm in dependence of the reciprocal 

square root of the angular velocity ω−1/2 for WO3ǀµmp or FTO as well as linear fits 

according to the Koutecký-Levich equation. 

The values of the diffusion coefficients Dc, Da and DRDE of the Fc+/Fc redox couple are 

around two orders of magnitude higher than the effective diffusion coefficients 

determined for the mixed transport of Li+ ions and electrons in the WO3ǀµmp films in 

contact with LiClO4 in PC which are shown in Publication 1. This can be explained by 

the fact that the effective diffusion coefficient from Publication 1 is dictated by the 

diffusion of ions through the pores and also in the film volume of WO3 whereas in the 

case of the Fc+/Fc redox couple only the faster diffusion of the Fc+/Fc redox couple 

through the pore network contributes to the diffusion coefficient. 
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The highly contrasting characteristics of WO3ǀµp600 and WO3ǀµmp in these reactions 

with Fc+/Fc at first sight appear surprising in view of the high similarity of such samples 

in the electrochromic reaction with Li+ (Publication 1). Such difference can be explained, 

however, by a poor accessibility of the narrow pore system of WO3ǀµp600 for the large 

Fc as opposed to a good accessibility for the smaller Li+ in contrast to a good accessibility 

of the considerably wider pores of WO3ǀµmp for both species. 

These results show that the improved effective diffusion coefficient obtained in 

Publication 1 is based on the facilitated diffusion of Li+ through the accessible internal 

porous network leading to enhanced electrochromic performance of the films.  

 

3.2.2 Charge Transport in Electrochromic Devices 

To complement the impedance analyses shown in Publication 1 and in order to resolve 

the interplay of different charge transport processes, the impedance of complete 

electrochromic cells was investigated in cooperation with Leonardo Basso. These cells 

were constructed to resemble the architecture of established electrochromic devices 

(Figure 2.1). 

 

Figure 3.4: Sketch of an electrochromic device: Top view (left) and cross-section (right). 

The electrochromic devices ECDǀcomp and ECDǀµp600 consisted of either a WO3ǀcomp 

or WO3ǀµp600 thin film as the working electrode and a thin film of NiO as the counter 

electrode which was prepared as described in [207]. Both films were deposited on FTO-

coated glass. The thin films were combined using Parafilm M as a spacer and sealed 

together with UV-glue which is shown in Figure 3.4. LiClO4 in PC as electrolyte was 
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filled into the cell through the holes in the glass which were drilled prior to deposition of 

WO3. Afterwards, the holes were sealed by a cover glass and UV-glue. A piece of silver 

tape was attached on each FTO-coated glass for electric contact. Impedance 

measurements were performed with an AC amplitude of 10 mV at −2.5 V, a potential at 

which WO3 is in its colored state. In a separate experiment performed by Leonardo Basso 

using a traditional electrochemical cell and a reference electrode (RE), this was confirmed 

by a voltage between WO3 and the RE around −1.04 V and between the RE and NiO 

around 1.37 V at −2.5 V between WO3 and NiO [208]. 

An equivalent circuit shown in Figure A.1 (a) was presented and used in [209] for fitting 

impedance spectra of a complete electrochromic device consisting of a sputtered WO3 

film, a sputtered NiO film and LiClO4 in PC as electrolyte. In particular, R0 was assigned 

to the series resistance caused by the substrate and the wires [209]. The interfaces between 

the electron conductive layer and the electrochromic film or the ionic storage layer could 

be described by the contact resistances R1 and R5 along with the capacitances C1 and C5 

[209]. Similarly, the charge transfer resistances R2 and R4 accompanied by the 

capacitances C2 and C4 represented the interfaces between the electrochromic film or the 

ionic storage layer with the electrolyte [209]. Insights into the charge transport within the 

electrochromic film or the ionic storage layer might be gained from the contribution of 

the sum of R1 and R2 or R4 and R5, respectively. The electrolyte was described with the 

diffusion resistance R3 and the semi-infinite type Warburg impedance element Zw 

representing the diffusion of the intercalating ions [209]. The capacitance C3 stood for the 

capacitance effect of the electrolyte [209]. 

The obtained Nyquist plots (Figures A.1 (b) and (c)) could be fitted with the equivalent 

circuit shown in Figure A.1 (a). Since the experimental impedance data could also be 

represented by significantly simplified models (Figures A.2 and 3.5), the relevance of 

each physical quantity assigned by the complex model (Figure A.1 (a)) is limited. 

Nevertheless, the obtained parameters are discussed since they provide a direct 

comparison to independent experimental results and since their meaning is preserved in 

the simpler models. For both electrochromic devices (Table A.1), the diffusion resistance 

R3 of the electrolyte is much smaller than the values reported in [209] indicating that the 

contributions of some other components in the impedance spectra were not clearly 

separated from each other but tend to overlap [141]. Nevertheless, the series resistances 

R0 are found in a similar range as the values obtained from the analysis of the WO3 thin 

films in the half-cell configuration reported in Publication 1. This is expected since the 

identical equipment and wires were used in both cases. The capacitances C1 to C5 also 
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exhibit no relevant differences among the cells suggesting a constant contribution of 

electrons and ions in the devices. The contact resistances to FTO, however, are for both 

devices significantly smaller at one electrode (R1) than at the other electrode (R5). Since 

the NiO thin films were prepared under similar conditions for both devices and the values 

of R5 are comparable to each other, it can be assumed that R5 can be assigned to the contact 

resistance between FTO and NiO while R1 represents the contact resistance between FTO 

and WO3 speaking in favor of a better contact of the WO3 films on FTO. R1 of ECDǀµp600 

is about a factor of 6 smaller than of ECDǀcomp indicating an improved contact of 

WO3ǀµp600 on FTO compared to WO3ǀcomp. For each device, the charge transfer 

resistances at the film/electrolyte interfaces, R2 and R4, are comparable speaking in favor 

of a constant charge transfer at WO3 and NiO. Nevertheless, the value of R2 of ECDǀcomp 

is about 8 times higher than that of ECDǀµp600. This corresponds well with the 

accumulation of Li+ ions at the surface of the WO3ǀcomp films as revealed by ToF-SIMS 

analysis of the thin films after intercalation of Li+ shown in Publication 1.  

The accumulation of Li+ possibly acted as a barrier between the WO3 thin film and the 

electrolyte that impeded the charge transfer. The WO3ǀµp600 films consisting of 

interconnected micropores, however, provided a homogeneous distribution of Li+ within 

the films. The absence of an accumulation of Li+ ions at the film surface of WO3ǀµp600 

enabled a facile charge transfer between WO3ǀµp600 and the electrolyte. The sum of R1 

and R2 or R4 and R5 might serve as a valuable estimation for the overall resistance of the 

WO3 or NiO films towards charge transport. For both devices, the sum of R1 and R2 is 

significantly smaller than that of R4 and R5 indicating more facile charge transport through 

WO3 compared to NiO. The sum of R1 and R2 of ECDǀµp600 is smaller compared to 

ECDǀcomp at almost constant sum of R4 and R5, speaking in favor of a facile charge 

transport through the microporous WO3ǀµp600 film. From the Warburg coefficient Aw 

(Table A.1) the diffusion coefficient DI of the Li+ ions could be determined using 

Equation 2.13. DI obtained from the complete electrochromic devices are found in the 

lower range of DI determined at different applied potentials in Publication 1 

(DI(WO3ǀcomp) = (0.2 – 20) ∙ 10−13 cm2 s−1; DI(WO3ǀµp600) = (4.9 – 211) ∙ 10−13 cm2 s−1) 

using the half-cell configuration, possibly caused by the different type of cell 

configurations leading to different cell components contributing to the Warburg 

impedance Zw. For the complete devices, in particular, the ionic transport in WO3 as well 

as in NiO is represented by Zw whereas the diffusion of ions in the electrolyte can be 

regarded as significantly faster [206] than in the films and is, thus, not relevant for Zw. 

ECDǀcomp exhibits a smaller DI compared to ECDǀµp600 which is in good agreement 

with the tendency of DI obtained from the half-cell configurations.  
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Hence, a clear difference is still preserved for DI determined for the complete devices 

speaking in favor that the diffusion of ions in NiO did not relevantly limit the overall 

ionic transport compared to WO3ǀcomp. Faster transport of ions in ECDǀµp600 provided 

by the microporous WO3ǀµp600 film is, thereby, confirmed.  

In view of the small number of characteristic features in the experimental impedance 

spectra of the devices, the equivalent circuit presented in Figure A.1 (a) seems to be 

overparameterized for the impedance spectra of this work. If the equivalent circuit is 

simplified to the one shown in Figure A.2 (a), fits are obtained that provide an equally 

good match of the data. This equivalent circuit unites R1, R2, C1 and C2 into R1+2 and C1+2 

and R4, R5, C4 and C5 into R4+5 and C4+5, respectively. The capacitance C3 was replaced 

with a constant phase element CPE3 to allow a more accurate fit of the data.  

The resistances, R1+2 and R4+5, assigned to the charge transport into and through each of 

the electrochromic films (Table A.2) are significantly smaller for one of the films 

(R1+2, presumably WO3) than for the other (R4+5, presumably NiO) for both devices. Such 

assignment is derived from the fact that R4+5 is found in the same order of magnitude 

(same kind of NiO) whereas R1+2 shows a factor of 10 (different WO3) indicating a 

facilitated charge transport to and through the WO3 films. ECDǀµp600 shows a smaller 

R1+2 and a higher diffusion coefficient DI obtained from the Warburg coefficient Aw than 

ECDǀcomp. The diffusion resistances R3 of the electrolyte was still smaller than reported 

in [209] and the values C1+2, C4+5 and QCPE3 also show no significant trends among the 

cells. These results along with the series resistances R0 are well in line with those obtained 

from fitting the data with the equivalent circuit shown in Figure A.1 confirming that a 

simple equivalent circuit might be sufficient to clarify these simple Nyquist plots of 

ECDǀcomp and ECDǀµp600 with one dominating semicircle as, by the way, also reported 

in [209].  

However, the equivalent circuit presented in Figure A.2 still exhibits many parameters. 

Further simplification of the equivalent circuit leads to that shown in Figure 3.5 (a), 

typically used for fitting impedance spectra of electrochromic thin films studied in a half-

cell configuration [30,160,161,168], still provided meaningful fit results for all 

parameters (Figure 3.5 and Table 3.2). As expected, the series resistance R0 caused by the 

substrate and the electrolyte and the limiting capacitance CL assigned to the charge 

accumulation in the film at low frequencies are similar to the values shown in Tables A.1, 

A.2 and in Publication 1. The resistance Rct summarizes the charge transport within the 

WO3 and NiO thin films as well as the respective charge transfer to/from the electrolyte.  
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A constant phase element CPE describing all the interfaces in the devices was used 

instead of a capacitance to allow for more precise fits of the data. The Warburg impedance 

Zw represents the ion diffusion in the thin films of WO3 and NiO. 

 

Figure 3.5: Nyquist plots of (a) ECD|comp and (b) ECD|µp600. The inset (a) show the 

equivalent circuit used for fitting (solid lines) the experimental data (points). 

If NiO would strongly influence the overall transport, no clear differences would be 

expected in the fitting results of the devices using different WO3 thin films. However, the 

data obtained from the fits (Table 3.2) show a clear difference for ECDǀµp600 with a 

higher DI and a smaller Rct than for ECDǀcomp indicating a facilitated transport of ions 

and electrons in ECDǀµp600. The finding for the whole cells shows that the difference 

between the thin films of WO3ǀcomp and WO3ǀµp600 translates into significantly different 

device properties. These properties can be resolved by such a very simple equivalent 

circuit presented in Figure 3.5 that had already been used in Publication 1 for the analyses 

of individual WO3 thin films in the half-cell configuration. The values of Rct are in good 

agreement with the results obtained from the ToF-SIMS analysis of the WO3 thin films 

after intercalation of Li+ (Publication 1). Li+ ions were homogeneously distributed in the 

WO3ǀµp600 films. As opposed to WO3ǀcomp, no accumulation of Li+ ions at the film 

surface was present. A facile charge transfer between WO3ǀµp600 and the electrolyte, 

well in line with the smaller Rct obtained for ECDǀµp600, was, therefore, observed. Such 

correlation between two independent analyses clearly confirm that the very simple 

equivalent circuit (Figure 3.5) allowed for a good description of the impedance data and 

led to meaningful fit results.  
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Table 3.2: Values of the resistances R0 and Rct, the parameters QCPE and α representing 

the CPE element, the limiting capacitance CL, the Warburg coefficient Aw and the 

diffusion coefficient DI obtained from Aw of ECDǀcomp and ECDǀµp600. 

 ECDǀcomp ECDǀµp600 

R0 / Ω 27.66 40.39 

Rct / Ω 201.18 53.42 

QCPE / F s(α−1) 0.000088 0.000412 

α 0.7 0.7 

CL / µF 32295 12723 

Aw / Ω s−1/2 205.93 146.98 

DI / cm2 s−1 1.80 ∙ 10−13 3.54 ∙ 10−13 

 

In summary, a very simple equivalent circuit (Figure 3.5) is sufficient to describe the 

overall transport processes within the devices. The facilitated charge transport processes 

for WO3ǀµp600 could still be preserved in a full electrochromic device configuration and 

led to overall enhanced transport properties in ECDǀµp600 as revealed by the higher DI 

and significantly lower Rct compared to ECDǀcomp. Separate impedance analysis of the 

NiO thin films in a half-cell configuration would be of interest to confirm the transport 

processes occurring for these films in contact with the electrolyte providing more precise 

insight into the contribution of NiO to the impedance spectra of the complete 

electrochromic devices. 
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4 Thin Films of F40PcCu as a New Electrochromic Material  

(Publication 2)

 

Background for Publication 2 

A second series of experiments in the course of this Ph.D. thesis was devoted to the 

investigation of mixed ionic and electronic transport and the corresponding switching 

characteristics of different substituted phthalocyanine thin films as an alternative group 

of electrochromic materials. This part followed up on earlier studies on the 

electrochromic properties of vapor-deposited thin films of copper perfluoro 

phthalocyanine F16PcCu and copper octakis-perfluoroisopropyl-perfluoro phthalocyanine 

F64PcCu, published by Juliane Weissbecker [54] and Stefanie Nagel [53] from the same 

group. The degree of fluorination in copper phthalocyanines clearly influences the 

intermolecular coupling induced by van der Waals interactions and, thus, the rate of 

diffusion of ions and transfer of electrons in the films [54]. Films of F16PcCu showed 

strong intermolecular coupling, well in line with their crystallinity, leading to a facile 

electron transfer [54–56] whereas the diffusion of ions was attenuated and limited the rate 

of the electrochromic switching process [54]. Sterically hindered F64PcCu with eight 

bulky perfluoroisopropyl groups exhibited a weak interaction between the molecules 

which led to amorphous thin films providing a facile ion diffusion while the rate of the 

electrochromic reaction was limited by the transfer of electrons [53,54].  

The results from the earlier studies [53,54] triggered attempts to tune the substitution 

pattern to provide a molecule with an intermediate strength of intermolecular interaction 

in the solid state. A moderate degree of intermolecular interactions offers the chance of a 

simultaneous fast transport of both ions and electrons in such films (“goldilocks 

principle” of an optimum at an intermediate coupling strength). 
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Context of Publication 2 

Based on this approach, a golden mean of F16PcCu and F64PcCu was sought and 

established in Publication 2. In cooperation with Marius Pelmuş, Christopher Colomier 

and Sergiu M. Gorun, a new type of phthalocyanine, copper tetrakis-perfluoroisopropyl-

perfluoro phthalocyanine F40PcCu, was designed and studied. In F40PcCu, two of the four 

isoindole units have been substituted as in F16PcCu and the other two have been modified 

as in F64PcCu. Homogeneous F40PcCu thin films of different thickness could be prepared 

by vapor deposition as revealed by SEM and atomic force microscopy (AFM). The 

influence of the film thickness on the intermolecular coupling was monitored by in situ 

UV-Vis spectroscopy during film growth. The measured absorption spectra of F40PcCu 

exhibited a Soret- and Q-band typical for phthalocyanines [47,116]. The absorption 

spectra of F64PcCu in the solid state were reported to be quite similar to the solution 

spectrum, in good agreement with the presence of a very weak intermolecular coupling 

of the molecules in the films [56]. For F40PcCu, a clear broadening and splitting of the 

Q-band were found for the films in comparison to the solution spectra, indicating a higher 

interaction of the molecules in the solid state than in solution [50,210]. However, the 

Q-band of the F40PcCu thin films were still not as broad as in F16PcCu [54]. A moderate 

degree of intermolecular interaction of the F40PcCu molecules in the films is thereby 

confirmed which is stronger than that of F64PcCu but still weaker than that of F16PcCu. 

Electrochemical and spectroelectrochemical measurements of the F40PcCu films were 

performed in aqueous KCl electrolyte solution to analyze the rate of the transport of 

electrons and ions in the films and the changes in the optical absorption spectra.  

Reproducible CV curves could be achieved after conditioning, representing high REC of 

the redox reaction of the F40PcCu films along with intercalation and extraction of the 

charge-balancing K+ ions as already observed for other fluorinated phthalocyanine films 

[53,54]. Compared to thin films of F16PcCu or F64PcCu [54], the redox reactions of the 

F40PcCu films showed no transport limitation up to a significant larger scan rate and also 

higher effective diffusion coefficients obtained via chronoamperometry. This speaks in 

favor of moderate interactions of the F40PcCu molecules in the solid state which led to 

facilitated transport of electrons and ions through the films.  

The optical absorption spectra revealed reversible changes of the F40PcCu films during 

the redox reaction including the appearance of a new absorption band of around 540 nm 

upon reduction typical for phthalocyanine rings in their reduced state as found for 

F16PcCu [54] and F64PcCu [53,54].  
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Chronoamperometry and in situ UV-Vis spectroscopy was performed over multiple 

cycles to study the electrochromic switching and the stability of the material upon 

reduction and re-oxidation. Fast electrochromic switching along with high REC of the 

F40PcCu films was provided over at least 200 cycles with short response times of about 

0.3 s. 

 

4.1 Publication 2: The influence of intermolecular coupling on electron 

and ion transport in differently substituted phthalocyanine thin 

films as electrochromic materials: a chemistry application of the 

Goldilocks principle 

Derck Schlettwein and Sergiu M. Gorun planned and supervised the project. The F40PcCu 

molecule was synthesized by cooperation partners from the Seton Hall University 

(Marius Pelmuş, Christopher Colomier and Sergiu M. Gorun). The characterization of the 

molecules in solution were carried out by the cooperation partners from Seton Hall 

University as well as by me. All thin films of F40PcCu were prepared and characterized 

by me. I planned, performed and evaluated all electrochemical measurements on these 

thin films, drafted the manuscript, fine-tuned it with Derck Schlettwein and we discussed 

it with all co-authors. 

Reproduced from T.H.Q. Nguyen, M. Pelmuş, C. Colomier, S.M. Gorun, D. Schlettwein, 

The influence of intermolecular coupling on electron and ion transport in differently 

substituted phthalocyanine thin films as electrochromic materials: a chemistry application 

of the Goldilocks principle. Phys. Chem. Chem. Phys. 2020, 22 (15), 7699-7709 with 

permission from the PCCP Owner Societies. 

https://doi.org/10.1039/c9cp06709d 
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4.2 Additional Work in the Context of Publication 2 

The replacement of copper in the molecule by an equivalent transition metal ion still 

allowing the occurrence of charge transfer transitions at the phthalocyanine ring rather 

than at the central metal ion, e.g. Zn2+ [120–122] should result in thin films providing 

similar electrochromic switching properties as observed for F16PcZn [123] in comparison 

with F16PcCu [54]. Recently, in collaboration with Marius Pelmuş and Sergiu M. Gorun, 

copper has, therefore, been replaced by zinc as central metal ion resulting in the new 

material F40PcZn. Thin films of F40PcZn could be successfully prepared by vapor 

deposition. The optical absorption spectra of the F40PcZn films measured during cyclic 

voltammetry of the films in contact with aqueous KCl electrolyte solution (Figure 4.1) 

showed close similarity to the F40PcCu films. The spectra revealed comparable changes 

in absorbance upon reduction and re-oxidation. Upon reduction, a new absorption band 

around 540 nm arose, characteristic for reduced phthalocyanine rings [53,54] and 

identical to F40PcCu. As a difference to F40PcCu, a small shoulder around 580 nm 

remained during re-oxidation, presumably caused by a stable partially reduced 

intermediate or by neutral F40PcZn in a different intermolecular arrangement [211]. 

 

Figure 4.1: Optical absorption spectra of a 50 nm thin film of F40PcZn in contact with 

aqueous KCl measured in the neutral state before (Initial State) and during cyclic 

voltammetry at 0.05 V s−1 upon reduction (−1.1 V) and re-oxidation (0.6 V).  

As for other substituted phthalocyanines, the present experiments proved versatile use of 

different central metals. 
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5 Mixed Electrochromic Thin Films of F16PcCu and F64PcCu 

(Publication 3)

 

Background for Publication 3 

The results of Publication 2 and the additional experiments show that the modification of 

the substitution pattern of the phthalocyanine ligand represents a valuable approach to 

optimize the intermolecular coupling of the molecules in the solid state and, thus, the 

transport of electrons and ions in the films, directly connected to reaching very attractive 

electrochromic switching characteristics. The synthesis of new molecules, however, often 

requires multiple complex steps and additional workload. Without the need of alteration 

on the intramolecular level, a simple and more convenient method to combine the 

properties of different materials would be the preparation of thin films using a mixture of 

already available molecules. 

Mixed films consisting of different copper phthalocyanine molecules were already 

successfully prepared with F16PcCu and H16PcCu, even if not in the context of 

electrochromism, as reported in two independent studies [139,140]. A clear influence of 

the mixing ratios on the crystallinity and, hence, on the conductivity of the films was 

found [139,140]. 

A similar strategy was followed in Publication 3 utilizing a mixture of F16PcCu and 

F64PcCu as well-established molecules to possibly achieve the golden mean of the 

properties of both materials in one film, similar as obtained for F40PcCu thin films in 

Publication 2. In this approach, the mixture of differently fluorinated ligands will not be 

sought on an intramolecular, but on an intermolecular level. 

 

Context of Publication 3 

Thin films containing F16PcCu and F64PcCu of different thicknesses and mixing ratios 

were fabricated and characterized in cooperation with Michael Schäfer. SEM analysis of 

the films revealed the successful preparation of homogeneous thin films by simultaneous 

vapor deposition of F16PcCu and F64PcCu. 
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The strength of the intermolecular coupling in the films was studied using UV-Vis 

spectroscopy. Similar to F40PcCu thin films, all the films exhibited the characteristic 

Soret- and Q-band [47,116] in the optical absorption spectra. In collaboration with Marius 

Pelmuş, a broadening of the Q-band was found for all the films in comparison to the 

solution spectra, except for F64PcCu. The absorption spectrum of pure F64PcCu in the 

solid state was quite similar to that in solution as already observed in [56], well in line 

with weak intermolecular coupling in the film. Mixed films of F16PcCu and F64PcCu in a 

ratio of 1:1 exhibited a broadened and split Q-band confirming an intermediate strength 

of intermolecular coupling comparable to F40PcCu caused by rather strongly interacting 

F16PcCu and weakly interacting F64PcCu. The comparison of the spectra of the 1:1 

F16PcCu:F64PcCu mixed films with that of an F16PcCu:F64PcCu bilayer obtained by 

sequential deposition revealed a desired mixture of both molecules on the molecular level 

as opposed to a formation of separate phases of F16PcCu and F64PcCu.  

Similar to the study of the films of F40PcCu shown in Publication 2, electrochemical and 

spectroelectrochemical measurements of the 1:1 F16PcCu:F64PcCu mixed films were 

carried out in aqueous KCl electrolyte solution and directly compared with the films of 

F16PcCu [54], F40PcCu (Publication 2) and F64PcCu [53,54].  

Significant changes during the conditioning process were not only found in the CV curves 

but also in the simultaneously measured absorption spectra. Such changes in the 

absorbance indicated a loss of the β-structure of F16PcCu portions [212] in the mixed 

films upon the initial cycle as similarly seen for the pure F16PcCu films [54]. After the 

conditioning process, reproducible CV curves and reversible changes in the absorption 

spectra were obtained for the mixed films. This is comparable to the films of F16PcCu 

[54], F40PcCu (Publication 2) and F64PcCu [53,54] and points out the high REC of the 

redox reaction of the films. The CV measurements revealed that the scan rate, up to which 

the redox reactions proceeded without transport limitation, was significantly larger for 

the F40PcCu films (Publication 2). However, for an 85 nm thin mixed film the redox 

reactions still proceeded without considerable transport limitation at scan rates for which 

the reactions of F16PcCu and F64PcCu films with even smaller thickness already became 

transport-limited by either ions or electrons, respectively [54].  

The effective diffusion coefficient determined from the chronoamperometric analysis 

upon re-oxidation for the mixed films was found lower than for the F40PcCu films 

(Publication 2) but equal or higher than the values reported for F16PcCu or F64PcCu films 

of similar thickness [54]. Electrochromic switching of the mixed films could still be 
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established with response times of about 1 s. The difference of the absorbance between 

the reduced and the re-oxidized states of the mixed films became smaller after subsequent 

cycles as revealed by chronoamperometry and in situ UV-Vis spectroscopy, unlike the 

case of the F40PcCu films (Publication 2). These changes might presumably be caused by 

partial ablation of the mixed films, in particular of F64PcCu portions.  

 

5.1 Publication 3: Electron and Ion Transport in Mixed 

Electrochromic Thin Films of Perfluorinated Phthalocyanines 

Derck Schlettwein planned and supervised the project. Chemical synthesis and parts of 

the UV-Vis spectroscopy measurements of the molecules in solution were carried out by 

the cooperation partners from the Seton Hall University (Marius Pelmuş and Sergiu M. 

Gorun). The preparation of thin films of different mixing ratios of F16PcCu and F64PcCu, 

the fabrication of the bilayer structure and the analysis of these films by UV-Vis 

spectroscopy were carried out by Michael Schäfer. I planned, performed and interpreted 

the electrochemical and spectroelectrochemical measurements of the 1:1 mixed 

F16PcCu:F64PcCu films and took care of the preparation and characterization of such 

films, including the GIXRD and SEM measurements at the Institute of Physical 

Chemistry. I drafted the manuscript, fine-tuned it with Derck Schlettwein and we 

discussed it with all co-authors. 

This article was published in Electrochim. Acta, 377, T.H.Q. Nguyen, M. Schäfer, 

M. Pelmuş, S.M. Gorun, D. Schlettwein, Electron and Ion Transport in Mixed 

Electrochromic Thin Films of Perfluorinated Phthalocyanines, 138065, Copyright 

Elsevier (2021).  

https://doi.org/10.1016/j.electacta.2021.138065 
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Outlook from Publication 3 

The results of Publication 3 show that the modification of the film composition on the 

material level rather than on the intramolecular level by mixing two molecules that 

represent well-established materials allows for simple fabrication of mixed thin films with 

combined optimized properties. Films of a mixture of F16PcCu and F64PcCu in a ratio of 

1:1 and even with a higher film thickness than for films of F64PcCu or F16PcCu [54] 

provided an enhanced transport of electrons and facilitated diffusion of ions leading to 

improved electrochromic characteristics almost comparable to the films of F40PcCu 

[124], the specifically designed molecular optimum. Thus, if small compromises are 

accepted the variation of the substitution pattern of the molecules via synthesis routes can 

be circumvented to still obtain thin films with optimized properties of two different 

molecules.  
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6 Conclusions

 

Different strategies were pursued in the course of this Ph.D. project to enhance the mixed 

transport of electrons and ions and, thus, the electrochromic switching characteristics of 

thin films consisting of either tungsten oxide as the classic electrochromic material or 

fluorinated copper phthalocyanines as alternative counterparts by modification of their 

respective characteristics as thin films in electrochromic cells. 

Thin films of WO3 were fabricated via spin-coating from a precursor solution consisting 

of peroxotungstic acid and different structure-directing agents to tune the porosity and the 

internal film structure and, thus, to enable a facilitated diffusion of charge-balancing Li+ 

ions through the film network resulting in improved electrochromic performance.  

The addition of the polymers PEG 400 or PEG 600 into the precursor solution led to 

WO3|µp400 or WO3|µp600 films, respectively, consisting of interconnected micropores 

which provided fast electrochromic switching with large transmittance modulation and 

high coloration efficiencies. Fast diffusion of Li+ ions could be also established in a 

complete electrochromic device with NiO as counter electrode and WO3|µp600 as 

working electrode, promising for the application of microporous WO3 films in smart 

windows. The use of the block copolymer PIB50-b-PEO45 as structure-directing agent 

provided WO3|mp films with isolated spherical mesopores and residual polymer 

fragments leading to trapping of ions and, thus, electrochromic properties comparable to 

compact WO3|comp films, only. Annealing the as-deposited WO3|mp films at slightly 

higher temperatures, however, provided mesoporous and widely amorphous WO3|mp* 

films with similar improved electrochromic characteristics as WO3|µp400 or WO3|µp600 

films. Significantly optimized electrochromic characteristics could be obtained for WO3 

films which were fabricated in the presence of PIB50-b-PEO45 combined with PEG 600. 

These WO3|µmp films containing mesopores connected by micropores needed only 

around 2 s to switch from the bleached to the colored state and vice versa providing an 

even more facilitated diffusion of ions and higher transmittance modulations and 

coloration efficiencies than for WO3 films modified by just PEG as additive. The analysis 

of the WO3|µmp films with ferrocene as electroactive species revealed the high 

accessibility of the inner film surface even by these large ions in the films containing 



6  Conclusions 

 136    

accessible mesopores. Use of a rotating disk electrode allows for distinguishing between 

the diffusion in these pores and in the electrolyte. Fast diffusion in these pores explains 

the higher effective diffusion coefficients for Li+ ions in these films compared to other 

WO3 films. High chemical reversibility REC of the electrochromic switching processes 

could also be established for the microporous WO3 films even at quite high film thickness. 

The surfactant Triton as an alternative structure-directing agent led to WO3 thin films 

showing electrochromic switching characteristics similar to the films prepared with PEG 

or the combination of PIB50-b-PEO45 and PEG 600. Among these, the use of PEG might 

be the one of choice since a significantly shorter heat treatment at lower temperature was 

required for the fabrication of these films leading to a preparation of WO3 films at 

possibly lower cost and in an environmentally friendly manner.  

Vapor-deposited thin films of the new F40PcCu or of a mixture of two already established 

Pc molecules, F16PcCu and F64PcCu, were prepared to reach a moderate degree of 

intermolecular coupling in the solid state, and, hence, fast transport of electrons and K+ 

charge-balancing ions leading to fast electrochromic switching. The presence of four 

perfluoroisopropyl groups in F40PcCu rather than eight as in F64PcCu or none as in 

F16PcCu provided a film structure with optimized properties beyond those of F64PcCu or 

F16PcCu. Electrochromic switching with high REC and extremely fast response times of 

only ~ 0.3 s were obtained for these F40PcCu films confirming the presence of moderate 

intermolecular interactions of the molecules that enabled a well-balanced, equally fast 

transport of ions and electrons in the films. The redox reactions of the films of F40PcCu 

occurred, as expected, on the phthalocyanine ring which was also observed for films of 

F40PcZn. The simultaneous vapor deposition of F16PcCu and F64PcCu in a ratio of 1:1 

resulted in mixed films that also showed fast response times of about 1 s. Hence, 

compared to pure films of F16PcCu or F64PcCu, these films exhibited enhanced 

electrochromic switching properties that were nearly as good as those of the films of 

F40PcCu. Thus, the mixture of F16PcCu and F64PcCu on the molecular level established 

an overall intermediate strength of coupling between the molecules in the film leading to 

fast transport of both electrons and ions in the mixed films similar as for the films of 

F40PcCu consisting of the same content of F4-benzo and F2(C3F7)2-benzo groups in the 

ligand, but realized directly on an intramolecular level.  

The different approaches for modification of the film properties allowed to obtain WO3 

thin films with accessible pathways for facile transport of ions and thin films of 

phthalocyanines with a moderate degree of intermolecular coupling of the molecules in 

the solid state that enabled a fast transport of electrons and ions. In both cases, the 
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enhanced transport of electrons and/or ions led to fast and stable electrochromic switching 

characteristics with short response times, significantly beyond those reached earlier.
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A. Appendix

 

Figure A.1: (a) Equivalent circuit describing a complete electrochromic device as 

reported in [209] and Nyquist plots of (b) ECD|comp and (c) ECD|µp600 with the 

experimental data (points) and fitted data (solid lines) obtained from the fits using the 

equivalent circuit shown in (a). 

 

Table A.1: Values of the resistances R and capacitances C, the Warburg coefficient Aw 

and the diffusion coefficient DI obtained from Aw of ECDǀcomp and ECDǀµp600. 

 ECDǀcomp ECDǀµp600  ECDǀcomp ECDǀµp600 

R0 / Ω 30.26 40.70    

R1 / Ω 20.04 3.12 C1 / µF 20 25 

R2 / Ω 86.98 10.54 C2 / µF 25 68 

R3 / Ω 88.73 35.18 C3 / µF 569 431 

Aw / Ω s−1/2 142.26 103.71    

R4 / Ω 70.09 18.02 C4 / µF 151 179 

R5 / Ω 589.79 794.30 C5 / µF 12067 8616 

DI / cm2 s−1 3.78 ∙ 10−13 7.12 ∙ 10−13    
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Figure A.2: (a) Simplified equivalent circuit for description of a complete electrochromic 

device and Nyquist plots of (b) ECD|comp and (c) ECD|µp600 with the experimental data 

(points) and fitted data (solid lines) obtained from the fits using the equivalent circuit 

shown in (a). 

 

Table A.2: Values of the resistances R, the capacitances C, the parameters QCPE3 and α 

representing the CPE element, the Warburg coefficient Aw and the diffusion coefficient 

DI obtained from Aw of ECDǀcomp and ECDǀµp600. 

 ECDǀcomp ECDǀµp600 

R0 / Ω 28.42 40.07 

R1+2 / Ω 56.24 5.91 

R3 / Ω 195.55 91.92 

R4+5 / Ω 583.04 805.21 

Aw / Ω s−1/2 175.86 111.67 

DI / cm2 s−1 2.47 ∙ 10−13 6.14 ∙ 10−13 

C1+2 / µF 34 208 

QCPE3 / F s(α−1) 0.000313 0.001244 

α 0.6 0.6 

C4+5 / µF 16602 8248 
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