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1.1 Electrocatalyst development strategies 

The growth of the field of electrocatalysis started in the earliest 1960s, when the 

word ‘electrocatalysis’ was used for the first time in order to describe the catalytic 

activity observed in a fuel cell.1 Since then the field has been developing and 

electrocatalysis has found application in several branches such as in the design 

of sensors, the application of protective coatings but also in the industrial 

production of chemicals and in the energy conversion. 

Especially nowadays, in the current transition towards the implementation of 

eco-friendly technologies, the use of electrocatalysis has a pivotal role in the 

conversion and storage of energy from renewable sources via for example 

electrolyzers and fuel cells. Therefore there is a vast amount of research on the 

development of new approaches or new materials for the reactions of interest. 

The research on electrocatalysts aims at the implementation of electrocatalytic 

materials which are able to assist the selected reaction in the most efficient way 

by increasing its reaction rate. However other aspects such as long term stability 

and economic viability of the electrocatalyst need to be considered as well. When 

looking at the activity of an electrocatalyst, it should be also realized that, if other 

side-reactions occur, the selectivity for the reaction product of interest becomes 

also relevant. 

When investigating the intrinsic properties of an electrocatalyst it is possible to 

correlate its activity to the energy involved in the formation of the bond between 

the electrocatalytic surface and the intermediate species involved in the rate 

determining step of the reaction. The Gibbs free energy for the formation of the 

intermediate is the thermodynamic parameter that better represents the energy 

exchanged in the formation of the bond electrocatalyst-intermediate. If the bond 

is too weak then the electrocatalyst does not stabilize the intermediate, while if 



3                               Introduction                                                                 

the bond is too strong the active sites will be less accessible, and both cases will 

not lead to an increase of the reaction rate. The concept, known as Sabatier 

principle, is reflected in the typical shape of the volcano plot (Figure 1.1) showing 

an optimum for the activity of the electrocatalyst at specific values of the Gibbs 

free energy (∆G) for the rate determining step. 

 

Figure 1.1: A volcano plot for the hydrogen evolution reaction reporting the current 
density experimentally measured as a function of the Gibbs free energy for the adsorption 
of atomic hydrogen on several electrocatalysts. The black circles indicate single metallic 
elements, while the blue diamonds indicate other classes of electrocatalyst such as metal 
sulfides or phosphides. Adapted from Ref.2 

 

The stability of the electrocatalyst also needs to be taken into account, 

considering the specific operational conditions required by the application. 

Whether the electrocatalyst is exposed to high temperatures or to an 

alkaline/acidic environment and an oxidizing/reducing potential is applied to it, 

the electrocatalyst should be able to retain most of its activity. The stability of the 

electrocatalyst is usually evaluated by decrease of the activity over the number 
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of hours (from few hundred to several thousands) required by the specific 

application.3 

Most certainly, an electrocatalyst which exhibits high activity towards the 

desired reaction, but which is not able to “survive” after a few hours under 

operational conditions, is not going to be suited for upscaling in an industrial 

process. Yet, it can be still useful to study its degradation mechanism. The 

degradation can proceed according to different routes, such as the detachment of 

the electrocatalyst from the support, its poisoning by adsorption of other species, 

leaching or conversion into other chemical or crystalline phases. Mitigation of 

each degradation route would require a specific material design strategy in order 

to improve the stability. 

 

Figure 1.2: Schematic representation of the characteristic properties defining an ideal 
electrocatalyst. Often a real electrocatalyst is defined by the superposition of only two of 
these properties. 
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The study of electrocatalysts addressing fundamental aspects such as the relation 

between activity and chemical composition is essential, for instance, when 

looking for alternatives to costly noble-metal based electrocatalysts, which are 

equally electrocatalytically active.4–6 The stability of the electrocatalyst has also 

an effect on the cost over time. Figure 1.3 shows an example of the cost associated 

with the use of electrocatalysts ranging from Pt-free to high loading of Pt. The 

reduction of Pt loading is indeed something desirable in order to keep the cost 

low, but at the same time the shift to a completely Pt-free electrocatalyst can 

eventually lead to an overall increase in the cost of the material due to the lower 

stability of the electrocatalyst.7 

 

Figure 1.3: Techno-economic comparison of earth-abundant cobalt phosphide (CoP) and 
Pt-containing titanium-tungsten carbide (TiWC) catalyst for the hydrogen evolution 
reaction. The graph shows the cost, considering the lifetime of the electrocatalyst, as 
function of the Pt loading. Although high loading of Pt is not desirable, when moving 
towards Pt-free solutions the cost can increase again because of the lower stability on long 
term. Adapted from Ref.7 
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Further consideration should be done also on the overall production cost which, 

besides the cost of the precursors and the cost associated with the stability of the 

electrocatalyst over time, is dependent on the synthesis method and on the 

volume of production. 

 

1.2 Contribution of nanotechnology to electrocatalysis 

In the constant research and development of electrocatalysts, nanotechnology 

plays a major role, with research primarily directed towards the synthesis of 

highly efficient and cost-effective electrocatalysts. These research directions 

translate into efforts towards the increase of the number of active sites and the 

improvement of the intrinsic activity of an electrocatalyst (see Figure 1.4).8 These 

two approaches, which can also cross each other’s paths, are investigated in this 

dissertation. Specifically, this dissertation covers the application of noble-metal 

nanoparticles on high surface area supports, in order to enhance the overall 

reaction rate of the catalytic process while keeping the loading of the noble metal 

at acceptable levels. The dissertation also investigates the synthesis of a cost-

effective electrocatalyst, with focus on the role of its chemical composition on the 

electrocatalytic activity. 

Several methods have been developed in the literature to produce nanomaterials 

characterized by different shapes and sizes (1 – 100 nm). Those include for 

instance methods such as sputter deposition, chemical vapor deposition, electric 

arc deposition and molecular beam epitaxy.9 There are also methods based on a 

chemical solution such as sol-gel processing, hydrothermal synthesis, 

sonochemical synthesis and electrodeposition.9 Often the wet chemistry 

fabrication methods can be economically more viable at smaller scale since they 

generally do not need particularly complex tools. On the other hand it is often 
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more challenging to achieve a precise control on the chemical composition of the 

electrocatalyst and a uniform coverage of 3D supports via wet chemistry. 

 

Figure 1.4: Examples of the two main development strategies of electrocatalysts using 
nanotechnologies. The increase of the number of active sites can be achieved for instance 
by producing 3D structures or using supports characterized by a high surface area, while 
the intrinsic activity can be improved for example by confinement of the reactants, 
alloying the electrocatalyst with other elements or through a core-shell structure. It should 
be considered that the increase in activity due to the density of active sites can be 
counterbalanced by issues such as  species transport and diffusion processes (see the inset 
in the figure), especially in liquid phase. Adapted from Ref.8 

 

Among the nanofabrication methods, atomic layer deposition (ALD) has been 

selected as tool for the synthesis of the electrocatalysts in this work because it 

allows for a good control at atomic scale and good-to-excellent coverage on 3D 

structures. Due to the self-limiting behavior of the involved reactions, ALD 

allows for digital control over the amount of deposited material, enables the 

uniform deposition into complex porous structures, gives the possibility of 

controlling the chemical composition of the material and exhibits good process 
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reproducibility.10 Furthermore the control over the material’s loading and the 

good reproducibility are characteristics that potentially enable the use of ALD to 

benchmark the electrocatalysts. Therefore ALD can be a key nanofabrication 

method in the implementation of the existing and the development of new 

electrocatalysts.11 The ALD approach used in this dissertation will be explained 

more in detail in the following paragraph and in the coming chapters. 

 

1.3 Aim of this research work 

The work reported in this dissertation explores and expands the research on ALD 

for the preparation of electrocatalysts, evaluating the merits that ALD can bring 

to the field of electrocatalysis. The combination of these two research fields has 

been explored within the collaboration between the Plasma and Materials 

Processing group at the Applied Physics department of TU/e and the Catalytic 

and Electrochemical Processes for Energy Application group at the Dutch 

Institute for Fundamental Energy Research (DIFFER). 

This collaboration has enabled to explore the two research directions briefly 

addressed already in section 1.2. Specifically, in the first part of the dissertation 

ALD as method to benchmark the deposition of noble-metal nanoparticles on 

high surface area substrate is proposed. In the second part of the dissertation a 

new ALD process that can be used to study, implement and improve the intrinsic 

activity of a non-noble metal based electrocatalyst is developed. The dissertation 

is organized as it follows: 

In Chapter 2 the working principles of ALD are defined, addressing the process 

characteristics and the application of ALD for electrocatalyst preparation. More 
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specifically ALD of Pt nanoparticles, ALD of non-noble metal oxides and ALD of 

metal phosphates are considered. 

Chapter 3 addresses the specific electrocatalytic processes where ALD 

electrocatalysts have been implemented and investigated. These are: the 

electrochemical promotion of catalysis for propane oxidation; the high 

temperature co-electrolysis of H2O-CO2; the oxygen evolution reaction in water 

splitting. For each system the current limitations in the state-of-the-art electrodes 

are reported and the potential advantages of the use of ALD are explained. 

In Chapter 4 and Chapter 5, ALD of Pt nanoparticles is applied for the decoration 

of the 3D porous electrodes. The aim of Chapter 4 is to study the application of Pt 

for the decoration of an ionically conductive substrate, in order to obtain an 

electrode which is active towards the oxidation of propane at relatively low 

temperature (200 °C), taking advantage of the phenomenon known as 

electrochemical promotion of catalysis (see section 3.1.1). The scope is to use ALD 

as alternative to the commonly applied wet impregnation, in order to achieve a 

uniform decoration of the 3D substrate with Pt nanoparticles in the range of 3 – 

8 nm as commonly used in industrial applications. The scope of Chapter 5 is to 

enhance the activity of the substrate towards high temperature (850 °C) CO2–H2O 

co-electrolysis while maintaining a low loading of Pt and a relatively low 

coverage of the surface in order to preserve the functionality of the underlying 

solid oxide electrolyte (see details in section 2.1.2). Then the aim is to obtain Pt 

nanoparticles stable under the operation conditions by Pt ALD, taking advantage 

of the direct reaction of the ALD precursor on the substrate. This can result in a 

stronger nanoparticle-substrate interaction compared to the methods which are 

based on the deposition of the as prepared particles on the substrate. 
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In Chapter 6 and Chapter 7 cobalt phosphate, which has been reported recently as 

a promising candidate for the oxygen evolution reaction (see details in section 

3.1.3), is studied as a cost-effective electrocatalyst. The aim of Chapter 6 is to 

develop and characterize a novel ALD process for the synthesis of cobalt 

phosphate as alternative to electrodeposition, in order to achieve better control 

on the electrocatalyst chemical composition compared to electrodeposition. 

Moreover, the chapter addresses the surface reactions occurring during the ALD 

process, in order to determine how they can influence the composition and the 

purity of the deposited electrocatalyst. In Chapter 7, the ALD prepared cobalt 

phosphate thin films are tested towards the oxygen evolution reaction. The 

intention of the work is to modify via ALD the composition of the electrocatalyst 

deposited in order to determine how the chemical composition influences its 

activity towards oxygen evolution reaction. The subsequent goal is to improve 

the intrinsic activity of the electrocatalyst deposited in order to obtain an 

electrocatalyst which is competitive with the electrodeposited cobalt phosphate 

layers reported in the literature. 

Finally in Chapter 8 the overall conclusions on the basis of the research are drawn 

and an outlook with possible future research perspectives is presented. 
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2.1 Atomic Layer Deposition 

The following paragraphs will address in detail the working principles of atomic 

layer deposition (ALD). Namely we are going to define the key features 

characterizing ALD and that distinguish it from other thin film deposition 

methods. Then we will introduce the ‘growth-per-cycle’ and how it is commonly 

measured. The experimental behavior of ALD will be addressed, describing the 

cases which are deviating from the ideal ‘layer-by-layer growth’. Finally it will 

be discussed the chemistry characterizing the ALD processes applied in this 

dissertation, as well as the ALD recipes which are commonly used. 

 

2.1.1 ALD principles 

a. Definition of ALD 

Atomic layer deposition (ALD) is a thin film deposition method based on the 

cyclic and sequential dosing of gas/vapor phase species in the presence of a 

substrate. Self-limited chemisorption reactions occur between the above-

mentioned species and the functional groups present at the surface of the 

substrate. The gas species consist of, at least, one precursor and one co-reactant 

and the substrate surface is sequentially exposed to the precursor and the co-

reactant during two half-cycles. Fig. 2.1a shows an example of a well-established 

ALD process, namely alumina (Al2O3) deposition by trimethyl aluminum (TMA) 

as precursor and H2O as co-reactant. In the first half-cycle, the TMA is introduced 

into the ALD chamber and it chemisorbs with functional groups (e.g., –OH) 

present on the surface. When all the accessible –OH groups have chemically 
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reacted with the precursor, the reaction does not proceed any further. This means 

that the precursor has reacted in a self-limiting way. 

 

Figure 2.1: a) Schematic representation of an ALD cycle for the deposition of Al2O3, 
showing the consecutive reactions of TMA [Al(CH3)3] and H2O with the substrate. Each 
half-cycle is followed by a purge step to remove the reaction products and the unreacted 
precursor (or co-reactant). b) Surface coverage as function of the exposure time of the 
substrate to the precursor (1st half cycle) and co-reactant (2nd half cycle). If the purge times 
are too short, the co-presence of TMA and H2O in the chamber leads to parasitic chemical 
vapor deposition (CVD). Adapted from Ref.1 

 

In the subsequent purge step, any trace of precursor, together with the by-

products of the reaction (CH4), are removed. During the second half cycle, H2O 

reacts with the chemi-sorbed species Al(CH3)x, forming a monolayer of Al2O3 and 

restoring the –OH surface groups which are necessary for the reaction with the 

TMA in the next cycle. The repetition of the ALD cycle results then in the growth 

of a thin film, with control at atomic level. Because of the self-limiting growth, 

ALD processes are virtually universal, i.e. for the same precursor, co-reactant and 

process temperature they are reproducible in terms of growth rate and chemical 

and physical properties of the layer, independent on any external variables, such 

as the adopted reactor. 

The role of the purge step, which is temporally separating the precursor dosing 

from the co-reactant dosing, is to avoid the co-existence of precursor and co-
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reactant in the chamber, which would then lead to parasitic chemical vapor 

deposition (CVD) process (see Figure 2.1b). The CVD is also a thin film 

deposition but the reactions occur in the gas phase and are not self-limiting. It is 

generally not desirable to have a CVD contribution in an ALD process since it 

can result in the loss of control over the deposition in terms of uniformity and 

conformality, defined as it follows. A process is said to have good uniformity 

when the thin film deposited onto a planar substrate exhibits equal thickness, 

within the experimental error, over the entire area. Specifically, a thin film 

presenting a thickness variation within ± 4% of the average thickness is 

considered uniform. The conformality can be regarded as the translation of 

uniformity to 3D substrates, i.e. a process exhibits good conformality if it is able 

to deposit a thin film having uniform thickness over the entire surface of 3D 

features. In that case a thickness variation within ± 4 % of the average thickness 

qualifies the thin film as conformal. Figure 2.2 exemplifies those properties, 

showing the difference between a surface-controlled process, as it is ALD, and a 

flux-controlled process such as CVD and physical vapor deposition (PVD).  

 

Figure 2.2: Illustration of uniformity and conformality properties for: a) a surface-
controlled process as it is ALD and b) a flux-controlled process such as CVD and PVD. 
Adapted from Ref.1 
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As long as sufficient precursor and co-reactant are dosed to achieve the 

saturation, ALD exhibits good uniformity and good conformality, independently 

of the flux of the reactive species at the surface (Figure 2.2a). On the other hand, 

processes such as CVD and PVD show a characteristic flux-controlled growth, 

i.e. the local thickness of the layer is dependent on the flux of the reactive species 

approaching the surface (Figure 2.2b). 

 

b. Growth-per-cycle (GPC) 

The film growth rate is controlled by the surface coverage achieved during each 

half-cycle. If the exposure time of the surface to the precursor/co-reactant is 

sufficiently long, the surface coverage reaches saturation, i.e. all available 

functional groups have reacted. The so-defined growth-per-cycle (GPC) is 

determined by the ratio between the film thickness after a certain number of 

cycles and the number of cycles. The measurement is generally carried out by 

spectroscopic ellipsometry (SE) which allows to determine the thickness of the 

layer with good accuracy at Å level, along with its optical constants. 

Spectroscopic Ellipsometry (SE) 

The spectroscopic ellipsometer is a highly relevant tool in the characterization of thin films 

during their growth. The working principle is based on the application of an elliptically 

polarized light beam that, upon reflection of the thin film, undergoes a change in the 

intensity (∆) and phase (Ψ). The values of ∆ and Ψ are determined by measuring the 

complex quantity ρ according to the equation: 

ρ = rp/rs = tan(Ψ) · exp(i∆) 

where r is the ratio between the electric field of the beam after reflection and before 

reflection, while the subscript ‘p’ and ‘s’ indicate the component of the electric field parallel 

and perpendicular to the plane of incidence, respectively. 
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Schematic representation of the working principle of SE. Ei and Er indicate the electric field of the incident and 
reflected light beam respectively, while the subscript ‘p’ and ‘s’ indicate the component of the electric field 
parallel and perpendicular to the plane of incidence, respectively. Ψ and ∆ indicate the change of phase and 
intensity which the light beam undergoes upon reflection. Adapted from Ref. 2 

 

By developing an optical model based on the dielectric function of the thin film and of the 

substrate, the changes which ∆ and Ψ experience upon reflection are related to the film 

thickness and optical properties in terms of refractive index (n) and absorption coefficient 

(k). 

SE measurements can be performed ex situ in order to determine the thickness of a thin 

film at the end of an ALD process, or in situ, by following the growth process every x 

number of cycles. The following figure shows a typical graph “thickness as a function of 

the number of cycles”. The in situ approach can give a better understanding about how 

the ALD process evolves in different 

stages, i.e. from the initial nucleation 

to bulk growth.  

On the other hand, the ex situ 

measurements are more accurate for 

the determination of the film optical 

properties because multi-angle data 

acquisition is available. 

Alternative methods for the post-deposition determination of the GPC are X-ray 

reflectometry (XRR), scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The GPC has been also reported in literature in terms 
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of mass deposited per unit area per cycle.3 In those cases, quartz crystal 

microbalance (QCM) has been applied for in situ measurements, while 

Rutherford backscattering spectrometry (RBS) can be used for ex situ analysis, in 

parallel with the chemical characterization. In this dissertation RBS has been 

applied for instance in Chapter 6 for the case of ALD of cobalt phosphate, 

reporting the areal density of cobalt, phosphorus and oxygen per ALD cycle. 

 

c. Experimental growth behavior 

When referring to the ideal ALD process, we describe the film growth occurring 

‘atomic layer by atomic layer’. Experimentally, the GPC is actually a fraction of 

the atomic (or molecular) size of the deposited material. Typical values of GPC 

range from about 0.3 Å to 1.1 Å. GPC values vary depending on the selected 

material, as well as the combination of precursor and co-reactant. Several reasons 

are responsible for this deviation from the ideal behavior. ALD involves the 

reaction of the precursor with the functional groups present at the surface of the 

substrate and the growth rate depends on the surface coverage after each dosing 

step. Consequently, parameters such as the surface concentration of the 

functional groups and the reactivity between the precursor and the substrate can 

limit the amount of precursor reacting. Furthermore, the steric hindrance caused 

by the chemi-sorbed precursor at the surface can make functional groups in close 

proximity less accessible to other precursor molecules. 

Another characteristic experimental behavior is the dependence of the GPC from 

the temperature. We define the ALD temperature window as the temperature 

range within which an ALD process shows virtually no GPC dependence from 

the temperature. As matter of fact a dependence of the GPC can be observed 

within that window, as reported in Chapter 6, where cobalt phosphate exhibits a 
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GPC of 1.3 Å at 100 °C and a GPC of 1.1 Å at 300 °C. However, outside the ALD 

window there are different mechanisms leading the GPC to decrease or to 

increase rapidly. Figure 2.3 shows a schematic representation of the GPC as 

function of the deposition temperature. At lower temperatures outside the 

above-mentioned window, the GPC can either exhibit a decrease because of the 

lower reactivity between the precursor and the substrate, or an increase due to 

the condensation of the precursor (or of the reactant) on the surface.  

 

Figure 2.3: Schematic representation of an ideal ALD temperature window, accompanied 
by other mechanisms taking place at the surface groups and leading to larger or lower 
GPC values with respect to the one within the temperature window. In real cases the GPC 
can still exhibit a small dependence from the temperature within the ALD window. 

 

At higher temperatures, thermal decomposition of the precursor can occur. This 

is the case, for example, of ALD of Pt, when increasing the temperature well 

above 300 °C. On the other hand, the GPC decrease at high temperature can be 

indicative of the desorption of the precursor or decrease in surface groups 

concentration. A typical example is the decrease of the surface concentration of –

OH groups leading to the decrease in GPC for ALD Al2O3. 
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Another example of deviation from the ideal ALD growth is represented by 

nuclei formation followed by coalescence phenomena towards uniform thin 

films. This growth behavior is characteristic of materials exhibiting a relatively 

high surface energy compared to the substrate onto which they are grown. That 

is often the case of metals, metal nitrides and some metal oxides that tend to form 

crystallites during growth. In those cases the delay in film growth is due to the 

nucleation of the crystallites in the form of clusters or nanoparticles. Although 

that might be a problem for applications requiring a thin continuous layer which 

is also conductive, as for instance in microelectronics, the nucleation process 

during ALD of metals can be exploited to decorate the substrate with metal 

nanoparticles for catalysis. This phenomenon has been extensively exploited in 

Chapters 4 and 5 for the decoration of electrodes with Pt nanoparticles. 

 

d. Chemistry 

ALD precursors are often based on metal-organic compounds preferably having 

high volatility, i.e. having a vapor pressure of 1 mbar or higher. Co-reactants are 

often based on gas or vapor species. Figure 2.4 shows the chemical structure of 

the three ALD precursors adopted in the studies covered by this dissertation: the 

Pt precursor (Fig. 2.4a) for the investigation on Pt nanoparticles carried out in 

Chapters 4 and 5; the P and Co precursors (Fig. 2.4b) for the deposition of cobalt 

phosphate in Chapters 6 and 7.  

Throughout this dissertation, I will often refer to plasma-assisted ALD, opposite 

to thermal ALD, which does not adopt plasma as co-reactant. The application of 

a plasma has the advantage of extending the processing conditions that can be 

used for deposition, for instance enabling low processing temperatures. 
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Figure 2.4: Chemical structures of the precursors and schematic illustration of the ALD 
cycles investigated in this dissertation. a) Thermal ALD of Pt by trimethyl 
(methylcyclopentadienyl) platinum (MeCpPtMe3) and O2 gas; b) plasma-ALD of cobalt 
phosphate composed by cycles of bis-(cyclopentadienyl) cobalt [Co(Cp)2] with O2 plasma 
and cycles of trimethyl phosphate (TMP) and O2 plasma. 

 

Plasma processes can introduce advantages also in terms of precursor chemistry, 

as for the introduction of the cyclopentadienyl (Cp) group as ligand which allows 

to increase the stability of the precursor, making it easier to handle but also less 

likely to react in gas phase leading to CVD. Co(Cp)2 is an example of that class of 

precursors, exhibiting good stability in the temperature window from 100° C to 

400 °C in several processes. 

In some cases, the use of plasma reduces the time needed for the purge step. 

Finally, plasma unlocks the reactivity of specific precursors, which deliver no 

growth in case of thermal ALD processes. In this respect, the chemistry of the 

deposited material can be also expanded and tuned when adopting plasmas fed 

by different gases (O2, H2, N2 or NH3, SF6). 
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e. Processes 

The typical ALD cycle addressed at the beginning of this chapter (Figure 2.1) is 

commonly labelled as ‘AB-cycle’, to indicate the use of one precursor and one co-

reactant. Further details about an ALD process are generally illustrated in what 

is commonly referred to as the ALD recipe. The ALD recipe is the list of all the 

dosing times and the steps required to run and reproduce the ALD process. 

Figure 2.5a shows a schematic illustration of a typical ‘AB’ recipe. A typical AB 

recipe is for instance the ALD process shown previously for the deposition of Pt 

(Figure 2.4a). The time of dosing/purge and the overall duration of one cycle 

depend on the specific precursor and co-reactants used, but also on the reactor 

volume and design. 

In order to reproduce the recipe, further details are generally reported, such as 

the temperature of the substrate or the base pressure achieved during the dosing 

of the reactants. In the case of a plasma ALD it is very useful to know the type of 

plasma source, its geometry and the distance from the substrate, as well as the 

base pressure of the gas used while the plasma is ignited, since all those 

parameters can affect the plasma characteristics. 

Other types of ALD recipes, relying on the use of more than two species, are also 

possible. For instance the multistep cycle ‘ABC’ (Figure 2.5b) offers the possibility 

to synthesize ternary compounds. More complex ALD cycles can be designed 

combining different processes together following the approach known as super-

cycle. The super-cycle is generally obtained by the combination of two or more 

ALD processes. Figure 2.5c shows an example where the super-cycle (AB)x(CD)y 

is made by repeating x times the AB cycle and y times the CD cycle. Then the 

super-cycle is repeated n times in order to achieve the desired thickness. A 

similar approach has been applied for instance in the case of the ALD recipe 
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shown in Figure 2.4b and used in this dissertation (Chapter 6 and 7) for the 

deposition of cobalt phosphate. 

 

Figure 2.5: Scheme of different type of cycles used in ALD processes: a) the AB cycle, in 
which A is the precursor dosing step and B the co-reactant dosing step; b) the multistep 
ABC cycle involving the dosing of three different species; c) the (AB)x(CD)y super-cycle 
defined by x repetitions of the AB cycle followed by y times the repetition of a CD cycle. 

 

2.2 Applications of ALD in electrocatalysis 

The following paragraphs will provide an overview of ALD processes applied in 

electrocatalysis, in relation with the two research lines introduced in Chapter 1. 

Specifically, in section 2.2.1 we will discuss the features of ALD of Pt 

nanoparticles and their application on high surface area substrates. Section 2.2.2 

is, instead, dedicated to selected examples of ALD of non-noble metal materials 

and strategies adopted to improve their intrinsic activity in the oxygen evolution 

reaction (OER). 
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2.2.1 ALD of Pt  

a. The chemistry and growth mechanism of Pt 

The synthesis of Pt nanoparticles in this dissertation is based on the thermal 

process reported first by Aaltonen et al.5, using MeCpPtMe3 as precursor and air (as 

source of O2) as reactant. The process was originally designed by Aaltonen in 

2003 in view of the possible application in microelectronics5, but later on it 

became evident that ALD of Pt could have been exploited also in heterogeneous 

catalysis on powders, porous substrates, nanoparticles and nanowires. 

Figure 2.6 shows a scheme of the surface reactions occurring during Pt ALD. This 

mechanism is the result of  studies carried out in the PMP group at TU/e, by 

Mackus et al.6. In the first half-reaction the MeCpPtMe3 precursor reacts with the 

substrate, leading to the production of CO2 and H2O, which are typical by-

products of combustion. The use of gas phase infrared spectroscopy in 

combination with quadrupole mass spectrometry studies has revealed that about 

13% of the carbon present in the ligands of MeCpPtMe3 is removed during the 

precursor dosing. The oxygen chemisorbed at the surface has been indicated to 

be responsible for the reactions of oxidation of the ligands.6 When the 

consumption of chemisorbed oxygen becomes quantitative, CO and CH4 are also 

observed. The subsequent half-cycle consisting of O2 gas exposure results in the 

combustion of the remaining ligands of the chemisorbed precursor. Moreover, 

O2 dosing restores the layer of chemisorbed oxygen which is necessary for the 

next reaction with MeCpPtMe3. Also the catalytic properties of Pt contribute to the 

above-mentioned reactions. As matter of fact, Pt is able to catalyze the 

dissociation of molecular oxygen, as well as the activation of the C-H bond.7 
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Figure 2.6: Schematic representation of the surface reactions involved in ALD of Pt. The 
dissociative adsorption of MeCpPtMe3 results in the combustion of ligands in the first stage, 
followed by the production of CO, once the chemisorbed oxygen has been consumed. 
There are also other reactions taking place in parallel with the catalytic combustion of the 
ligands. As matter of fact, CH4 has been also detected as by-product during the later stages 
of MeCpPtMe3 dosing, indicating a possible exchange reaction taking place between the 
precursor and the hydroxyl species at the surface.6,8 During the subsequent O2 dosing the 
rest of the hydrocarbon ligands is removed via combustion reactions. Then a layer of 
oxygen chemisorbed is restored. Adapted from Ref.6 

 

In 2013 Mackus et al.9 showed that the nucleation of Pt and the GPC of the process 

was affected by the O2 pressure (see Figure 2.7). The results showed that the 

process exhibited a longer delay in Pt growth when the O2 pressure was 

decreased, approaching the limit of an infinite delay when the O2 pressure was 

brought down to 1.1·10-2 mbar, with no Pt observed after 1000 ALD cycles. The 

phenomenon can be explained by considering the surface concentration of 

chemisorbed oxygen as a function of the O2 pressure. Namely, increasing the O2 

pressure contributes in creating a reservoir of chemisorbed oxygen at the surface 

which is fundamental for the combustion of ligands of MeCpPtMe3. 
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Figure 2.7: Thickness as function of the number of cycles for the Pt ALD process on Al2O3 
substrate. Different O2 base pressure, reported close to each dataset, results in a different 
delay of the Pt nucleation, along with a different GPC. The delay is minor at 1 mbar, when 
also the GPC is higher. Then the GPC decreases with the pressure of oxygen while the 
nucleation delay increases, with no Pt growth observed for O2 pressure of 1.1·10-2 mbar. 
Adapted from Ref.9  

 

The oxygen reservoir, which is consumed by the Pt precursor, is limited to the 

surface oxygen species and thus it enables the self-limiting reaction of the 

MeCpPtMe3 molecules. The oxygen exposure has also a role in the mechanism of 

nanoparticle formation, as it will be explained in the next section. 

 

b. Pt nanoparticles  

As previously mentioned in section 2.1.1, the surface energy of the metal steers 

the growth of Pt towards the formation of islands, especially when Pt is grown 

onto a metal oxide surface. Specifically, Pt has been reported to have a surface 

energy of about 2.5 J/m2 while most of the metal oxides exhibit a surface energy 

in the range of 0.6 – 2 J/m2.10 Therefore when Pt is grown onto a metal oxide, it 
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will form clusters in order to minimize its surface energy by lowering the surface 

area. 

Along with the surface chemistry, the O2 exposure influences the nucleation and 

the growth density of Pt, since the reactivity of MeCpPtMe3 at the surface is 

controlled by the amount of chemisorbed oxygen. Therefore a substrate treated 

for instance with O2 plasma will exhibit a higher nanoparticles density upon Pt 

ALD than an untreated surface. The application of a plasma treatment onto 3D 

substrates could cause inhomogeneity in the ALD process, by leading to higher 

density of Pt at the top surface and lower density of Pt inside the open volume. 

Therefore the plasma cleaning before Pt ALD was not applied in this dissertation. 

The O2 exposure does not only influence the nucleation, but also the processes of 

diffusion of Pt atoms towards larger particles. Figure 2.8 illustrates the reactions 

taking place during the O2 dosing, which are also contributing to Pt nanoparticles 

ripening. In the initial stages of the ALD process, when no particles are present 

and few precursor molecules start reacting at the substrate, it is reasonable to 

think that Pt atoms will diffuse randomly on the surface. When the first clusters 

of Pt have been formed, the Pt atoms deposited at each cycle will be diffusing 

towards bigger clusters in order to minimize the surface energy. The diffusion is 

enhanced by the formation of PtOx species, characterized by higher diffusion 

rates compared to metallic Pt. At relatively high O2 pressure (> 0.1 mbar), the 

formation of PtOx species is thought to contribute also to the detachment of Pt 

atoms from smaller clusters and their migration towards bigger clusters.9,11  

The overall growth mechanism of the Pt nanoparticles is thus ruled by the 

chemistry at the surface, which has effect on the surface energy as well as on the 

diffusion mechanisms.11 
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Figure 2.8: Processes occurring in the initial stages, after nucleation, of Pt ALD during O2 
dosing. O2 can oxidize isolated Pt atoms leading to the formation of PtOx species. The 
formation of PtOx species enhances the diffusion of Pt and the ripening of the 
nanoparticles. At the same time small Pt clusters can catalyze the dissociation of O2, 
helping the combustion of carbonaceous species adsorbed at the surface after precursor 
dosing. The combustion can take place via the oxygen spill-over, i.e. the migration of 
atomic oxygen from the metal to the substrate. Adapted from Ref.9 

 

Considering the role of oxygen in the nucleation and diffusion of Pt, the O2 

exposure is expected to influence also the particles size distribution. That aspect 

was reported already by Mackus et al.9 in 2013 (see Figure 2.9), showing that for 

different values of O2 pressure, from 0.4 mbar to 1.6 mbar, the particle size 

distribution shifts towards higher size and at the same time it becomes broader. 

The narrower distribution at 0.4 mbar is an indication of the reaction of 

MeCpPtMe3 preferentially onto the preformed Pt clusters rather than onto the 

substrate. On the other hand, the broad particles size distribution for the process 

performed using 1.6 mbar of O2 indicates that the growth mechanism involves 

the formation of new stable Pt nuclei at each ALD cycle, while the preformed 

particles continue growing.9  

The results reported in Figure 2.9 have been evaluated for the design the Pt ALD 

process applied in this dissertation. Along with them we have also taken into 

account the growth rate of the process (see Figure 2.7). In the electrocatalysis field 

it is generally preferable to have a narrow particles size distribution, in order to 
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achieve good catalytic properties of the nanoparticles. At the same time we 

wanted to achieve a fast Pt growth in order to make the ALD process less time 

consuming and more efficient. Therefore the O2 pressure of 1 mbar has been 

selected for the process applied in this dissertation. 

 

Figure 2.9: a) High-angle annular dark field STEM images of Al2O3 substrate after 50 ALD 
cycles of Pt, for different O2 pressure values (dosing time fixed at 10 s), and                                  
b) corresponding particle size distribution of Pt nanoparticles. Adapted from Ref.9 

 

The growth mechanism of Pt nanoparticles via ALD has been addressed more 

recently by Grillo and coworkers.12 Specifically, using a combination of 

experiments and modelling, they have proposed different possible scenarios, 

reporting that the shape of the particle size distribution can be referred to as the 

signature of the mechanism taking place during the growth.12 Based on that 

work, in Chapter 5 we have identified the mechanism taking place during the Pt 

ALD process applied in this dissertation. The mechanism relies on the deposition 

of Pt on both the substrate and on the preformed particles (see Figure 2.10a). 

Concurrently with the deposition, the dynamic coalescence, that is the diffusion 
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of the particles and their agglomeration, takes place. The resulting particles size 

distribution is characterized by a typical right-skewed shape (see Figure 2.10b). 

 

Figure 2.10: a) Schematic illustration of one of the possible growth scenarios for  ALD of 
nanoparticles, presented in the work of Grillo et al.12. The growth mechanism relies on the 
deposition of Pt on both the substrate and on the preformed nanoparticles, in parallel with 
the dynamic coalescence of the particles. Based on this scenario, the resulting particle size 
distribution is reported in b) as probability density function (PDF) vs. the diameter of the 
nanoparticle in nanometers (left) or the normalized diameter d/<d> (right). The rescaling 
due to normalization is helpful to identify the general shape of the size distribution and 
its width. Adapted from Ref.12 

 

c. ALD of Pt nanoparticles electrocatalysts 

In the framework of the applications of Pt nanoparticles for electrocatalysis, ALD 

has been mainly used to decorate the electrodes of fuel cells and electrolyzers, 

especially for the hydrogen oxidation reaction (HOR), methanol/ethanol 
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oxidation reaction (MOR/EOR), oxygen reduction reaction (ORR) and for the 

hydrogen evolution reaction (HER).13 In order to engineer the cathode, the 

electrocatalyst is generally prepared using a conductive support having a high 

surface area, such as mesoporous carbon, onto which the noble metal is 

dispersed. The application of ALD as alternative to wet chemistry methods, is 

often regarded as a tool to enable the deposition of Pt into the 3D complex 

substrate while reducing the loading of the noble metal dispersed into the 

structure.13 ALD can rely on the faster diffusion of gas precursors into the porous 

substrates, enabling a deeper and more homogeneous distribution of the 

particles, compared to the definitely slower diffusion rates of precursors in liquid 

phase characterizing wet chemistry methods. Then, due to the control at Å level, 

ALD of Pt enables the deposition of limited amount of the noble metal. 

One of the first works aiming for a low loading of Pt nanoparticles into a carbon-

based support has been reported by King et al.14 in 2008, who deposited Pt into 

the inner surface of carbon aerogel using very long pulse times and purge times, 

i.e. 20 minutes of MeCpPtMe3 dosing, 10 minutes of purge, 10 minutes of dry air 

dosing and 10 minutes of purge. Pt nanoparticles were found up to 10 μm into 

the carbon aerogel, but exhibiting a decrease in the particles size with the depth 

that indicated a non-ideal ALD process.14 The loading of 0.047 mg·cm-2, 

remarkably low for the state of the art in 2008, was achieved, but the long 

processing times makes the approach indeed problematic from the point of view 

of the commercial application. 

Subsequently, further studies were carried out to deposit Pt nanoparticles into 

other carbon-based high-surface area supports, such as carbon cloth, graphene 

and graphene oxide, carbon nanotubes and carbon black. For all the carbon based 

supports, the surface functionalization is indeed an effective way to enhance the 
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nucleation and growth of Pt. For that reason Liu et al.15 tested in 2009 the 

treatment of carbon nanotubes with concentrated HNO3 prior to ALD of Pt. The 

Pt loading was found directly proportional to the duration of the acid treatment. 

Figure 2.11 shows the decoration of carbon nanotubes with Pt using 6 h of acid 

treatment, exhibiting nanoparticles density of about 3.5·1011 particles·cm-2. The Pt 

loaded carbon nanotubes were then tested for the application in a proton-

exchange membrane fuel cell (PEM fuel cell).15 

 

Figure 2.11: Carbon nanotubes upon 6 h acid treatment and 100 Pt ALD cycles. Adapted 
from Ref.15 

 

The acid treatment is indeed effective, but also time consuming. An alternative 

approach is based on the plasma treatment of the substrate. Within that 

framework, the work of Dameron et al.16 is indeed a step forward in the treatment 

of carbon-based substrates for application in electrocatalysis. In that work16 they 

investigated the effect of surface functionalization prior to ALD of Pt by 

comparing different plasma treatments. Ar plasma, O2 plasma and mixed Ar/O2 

plasmas were used to functionalize the surface of vertically aligned carbon 
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nanotubes before Pt ALD. The O2 plasma treated nanotubes resulted in higher 

density of Pt nanoparticles compared to the other plasma treatments and to the 

unfunctionalized substrate (see Figure 2.12).16  

 

Figure 2.12: SEM and TEM images of vertically aligned carbon nanotubes after 200 ALD 
cycles of Pt, comparing the results on the unfunctionalized substrate with the O2 plasma 
treated substrate. TEM images show the density of the nanoparticles in different areas of 
the sample, highlighting the higher density of Pt when for the substrate treated with O2 
plasma, compared to the unfunctionalized substrate. Adapted from Ref.16 

 

The O2 plasma treatment is most likely to be involved in the formation of 

oxygenated species at the surface that participate in the reaction of MeCpPtMe3. 

As mentioned in the previous section, a larger amount of chemisorbed oxygen 

facilitates the formation of Pt nanoparticles at the surface, leading to higher 

particles density. 
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Electrocatalysts prepared by Pt ALD often exhibit higher efficiency in the Pt 

utilization compared to the commercially available Pt. That is the case for 

instance for the work reported by Shu et al.17, that in 2012 compared commercially 

available Pt and ALD prepared Pt for the decoration of the anode of a PEM fuel 

cell. Figure 2.13 shows the performance over time of the prepared fuel cells, 

reporting the results in terms of current density per gram of Pt. For the ALD-Pt 

anode, the fuel cell reaches the current density of 2200 A·gPt-1, while for the anode 

prepared with the commercial Pt, the current density approaches almost 1900 

A·gPt-1. In both cases the electrode prepared exhibits good stability over 50 hours 

of activity.17  

 

Figure 2.13: Performance over time in terms of mass-normalized current density of the 
PEM fuel cell prepared by using Pt ALD (blue circles) and commercially available Pt (red 
circles). The current density is normalized by the Pt loading, which is 0.26 mg·cm-2 for 
ALD-Pt and 0.4 mg·cm-2 for commercial Pt. Adapted from Ref.17 

 

The interpretation of the difference of activity is not provided in the study. Most 

likely, the higher activity of ALD Pt is due to the larger nanoparticle dispersion 
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with respect to commercial Pt. Namely, ALD enables the deposition of smaller 

and more homogeneously distributed Pt nanoparticles then other deposition 

methods, leading to a higher ratio between the surface area of the Pt deposited 

and its mass. 

From 2011 on, Pt ALD has been applied by several groups also onto alternative 

substrates to carbon-based substrates, specifically for the ORR. The reason for the 

search of alternatives is in the harsh conditions generally necessary for the ORR, 

such as high humidity, high O2 concentration and high potentials, which can 

cause the corrosion of the carbon based support.13 Hsu and coworkers18 for 

instance tested tungsten monocarbide (WC) as substrate for Pt ALD, reporting 

the activity towards ORR for different Pt loading. The Pt prepared by ALD 

exhibited higher activity, i.e. higher current and lower peak potential, compared 

to Pt foil. In 2013 Xie and coworkers19 reported ALD of Pt onto TiSi2 nanonets. 

The Pt/TiSi2 demonstrated high activity towards ORR, with current density of 

about 160 μA·cm2Pt, which is considerably higher than the 90 μA·cm2Pt of the 

commercial platinum-on-carbon (Pt/C).19 Recently, Pt nanoparticles have been 

deposited also onto ceramic supports of zirconium carbide (ZrC), a conducting 

material with good corrosion resistance.20 Several other studies have been 

reporting ALD of Pt nanoparticles for electrocatalysis and more specifically for 

ORR.  However, most of the cases reported in the literature focus mainly on the 

innovation of the substrate, while ALD has been just applied as a tool to deposit 

nanoparticles. 

In this dissertation we want to address, instead, the merits that ALD can bring to 

electrocatalysis. Therefore in Chapter 3 we will see what specific advantages can 

be brought by Pt ALD to the development of the electrocatalytic systems 

addressed in this dissertation. 
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2.2.2 ALD of non-noble metal based electrocatalysts for OER 

a. Metal oxides 

ALD of metal oxides has been commonly applied in the literature for the 

preparation of OER electrocatalysts such as cobalt oxide21,22, nickel oxide23–25 and 

manganese oxide.26,27 ALD has been commonly used for the deposition of metal 

oxides onto high surface area electrodes. Following that path, researchers have 

been depositing metal oxides onto substrates such as carbon nanofibers21 and 

metal-organic frameworks28 in order to exploit the high surface area of the 

substrate to maximize the current density towards OER. However, this approach 

is limited by the intrinsic activity of the non-noble metal based electrocatalyst 

which is generally lower than noble metals. In view of the research line 

introduced in Chapter 1, the focus of the following section will be on selected 

literature reports, showing ALD strategies to modify the intrinsic activity of the 

non-noble metal based electrocatalysts applied for the OER. 

One of the first examples in that sense has been reported by Pickrahn et al.,29 

depositing a mixed TiMnOx layer and testing it for the OER. The composition of 

the layer in terms of Ti/Mn ratio was modified by mean of the supercycle 

approach reported in Figure 2.14a. By using recipes with different number of Ti 

cycles alternated by Mn cycles, they were able to tune the Ti/Mn ratio. As shown 

in Figure 2.14b, the activity was strongly influenced by the composition, with the 

maximum activity reported for the MnOx layer. Although the author concluded 

that an alternative ternary system should be found for practical applications, the 

remarkable aspect about this work relies in the investigation of the change in 

performance towards OER of the mixed oxide. 
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Figure 2.14: a) Scheme of the supercycle approach used in the work of Pickrahn et al., with 
each square representing one cycle. The ALD supercycle recipes are ranging from 9 cycles 
of Ti vs. 1 cycle of Mn, theoretically resulting in 10% of Mn in the layer, to 1 cycle of Ti vs. 
9 cycles of Mn, for a theoretical 90% of Mn; b) Current vs potential curve for the OER, 
reported for different percentage (XPS analysis) of Mn in the electrocatalyst. The results 
show that the current increases and the overpotential decreases for higher concentrations 
of Mn. Adapted from Ref.29 

 

A similar approach has been reported recently by Baker et al.25, applying ALD to 

deposit NiOx and NiAlOx and comparing their activity towards OER. In that case 

the introduction of Al in the layer was able to modify its crystalline structure, 

increasing the roughness of the electrocatalyst. The structural changes caused an 

improvement in the performance towards OER of the electrocatalyst compared 

to the bare NiOx.25 

 

b. Metal phosphates 

Along with the metal oxides, other classes of compounds, such as the one of 

metal phosphates, have been gaining interest in the field of electrocatalysis for 

their promising performance towards OER.30  In particular the cobalt phosphate 

based electrocatalyst (CoPi) is an interesting non-noble metal based material for 
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application in OER (see Chapter 3 for more details). Nevertheless, the application 

of ALD for the preparation of CoPi is at the moment very limited. As matter of 

fact, besides the work reported in Chapter 6 and Chapter 7 of this dissertation, 

currently there is only one report on ALD of CoPi, recently addressed by Rongé 

et al.31 The ALD recipe used in that work applied an ABC cycle consisting of the 

dosing of trimethyl phosphate via plasma activation, followed by O2 plasma 

exposure and cobaltocene dosing. The material deposited had composition in 

terms of Co:P:O of 10:23:67, indicating a thin film constituted mainly by a cobalt 

(IV) pyrophosphate (CoP2O7).31 

In this dissertation we want to be able to modify the composition of CoPi, 

following the examples on ALD of metal oxides reported in the previous sections. 

Therefore we have been developing an ALD recipe based on an (AB)x(CD)y 

supercycle. The first half of the recipe is for the CoOx process (AB step), while the 

second half for the POx process (CD step). Further details on the advantages that 

our ALD approach can bring to the development of electrocatalysts will be 

provided in the dedicated section of Chapter 3. 
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3.1 Electrocatalytic systems investigated in this dissertation 

This chapter addresses the three case-studies that have been selected to explore 

the application of ALD for the synthesis of electrocatalysts. These are: ALD of Pt 

in 3D porous electrodes for the electrochemical promotion of catalysis for 

propane oxidation (section 3.1.1); ALD of Pt for high temperature H2O - CO2 co-

electrolysis (section 3.1.2); ALD of cobalt phosphate for the oxygen evolution 

reaction (section 3.1.3). Each case study will be introduced by reporting on its 

working principle, state-of-the art and limitation particularly associated to 

engineering of electrodes. 

 

3.1.1 Electrochemical promotion of catalysis 

a. Working principles 

The electrochemical promotion of catalysis (EPOC) allows increasing the 

catalytic activity of a solid electrolyte upon application of a potential or an 

electrical current.1 The difference between a common electrochemical reaction 

and EPOC is that the rate of the promoted reaction is up to 105 times the rate of 

the ionic current.1,2 The origin of the EPOC effect is generally interpreted in terms 

of shift of the work function of the electrocatalyst due to the produced steady-

state current. The shift of the work function then influences the adsorption of the 

intermediate products on the catalyst, promoting the reaction.1 

The EPOC effect has been investigated in the last decade for over 80 different 

systems, primarily in the following fields: reduction of NOx and oxidation of 

small hydrocarbons; fundamental studies on the origin of the EPOC effect; 



4 7   Electrocatalysts for selected case-studies 

application in high and low temperature fuel cells with the implementation of 

the triode configuration; approaches for scaling up of EPOC reactors.1 

The electrodes applied for EPOC are generally based on ionic conductors which 

are specific for the selected reaction. For example, H+ ions have been often used 

for reactions of water gas shift or decomposition of NH3, while K+ and Na+ found 

application in the reduction of NOx species. O2- ions have been largely applied 

for the reactions of oxidation.1 The latter is the case addressed in this dissertation 

for the oxidation of propane. The catalytic combustion of small hydrocarbons 

such as C3H8 has particular relevance for their removal from the automotive 

exhaust. The EPOC effect allows to perform the reaction at lower temperature 

compared to non-promoted catalysis, enabling the use of less energy for the 

conversion. 

An example of the typical cell for the oxidation of C3H8 via EPOC is represented 

in Figure 3.1. The metallic catalyst, together with the solid electrolyte and the gas 

species, define the three-phase boundary system, i.e. the essential element to 

enable the concerted transfer of electrons and ions. When applying a small 

current, generally ranging from 1 μA to a few hundred μA, or a small potential 

such as ± 2 V between the catalyst and the counter electrode, the polarization will 

induce the development of a current of O2- that promotes the catalytic activity of 

the electrode.1–3  

 

b. State of the art and challenges 

One of the most common solid electrolyte applied in the oxidation reaction via 

EPOC is based on yttria-stabilized zirconia (YSZ), known for its good thermal 

stability and ionic conductivity.1,3–5 
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Figure 3.1: Schematic representation of the cell used in EPOC experiments for the 
oxidation of propane, showing the electrocatalytic reaction and the catalytic reaction. 
Upon application of a current, those reactions can be promoted, exhibiting higher rate 
than the ionic current. Adapted from Ref.3 

 

However, research has been looking for novel materials leading to higher 

performance. Therefore, the use of mixed ionic-electronic conductors (also 

referred to as MIECs) as solid electrolytes has recently become interesting. 

Common MIECs are LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ)6 and GDC (Ce0.9Gd0.1O1.95).7 

Metal catalysts, such as Rh, Pt or Pd, are generally applied on the solid 

electrolytes as thin films with a thickness up to few tens of nanometers.8 The most 

common approach used in EPOC for the decoration of the electrolyte is wet 

impregnation which relies on the action of the capillary forces in order to spread 

the solution within the porous nature of the solid electrolyte. The following 

calcination step, carried out at a temperature between 500 and 1000 °C for several 

hours, enables the conversion of the salt into metal catalyst.6,9,10 The metal loading 

in the solid electrolyte is limited by the solubility of the salt, therefore it is 
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necessary to repeat the impregnation procedure several times. Furthermore, 

being the method reliant on the mass transfer during the impregnation and 

drying steps, the (homogeneous) distribution of the metal catalyst within the 

solid electrolyte is challenging to control.6,9,10  

 

c. The ALD approach in this dissertation 

The above-mentioned limitations can be addressed by the application of ALD for 

the deposition of Pt nanoparticles. In first instance, the ALD method allows to 

deposit nanoparticles of few nanometers with a good control on the average 

particle size and good uniformity even on a 3D porous electrode, enabling 

efficient use of the metal catalyst. The ALD procedure does not require high 

thermal budget calcination steps since the nanoparticles are directly formed onto 

the material placed in the ALD chamber.  

In Chapter 4, we investigate the electro-promotion of propane oxidation over 

highly dispersed Pt nanoparticles prepared by ALD. The electrode backbone in 

which Pt nanoparticles are deposited is a porous LSM/GDC composite which 

offers mixed ionic–electronic conductivity. The results show that ALD can 

homogeneously coat the surface of the porous electrode with Pt nanoparticles of 

6.5 nm as average size. While the bare substrate is not active, the Pt-decorated 

composite electrode promotes the combustion of C3H8 already at 200 °C. 

Because of the intrinsic reproducibility of the ALD method, the decoration of the 

solid electrolyte via Pt ALD, as alternative to wet impregnation, offers the 

possibility to benchmark and potentially scale-up this route for industrial 

applications. 
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3.1.2 H2O - CO2 co-electrolysis at high temperature 

a. Working principles 

A major research line in the field of energy transition focuses on routes towards 

storage of electricity produced by renewable sources such as wind and solar 

radiation. In this respect, CO2 capture and conversion into high-value chemicals 

via electrolysis is highly promising. This dissertation analyses the case-study of 

co-electrolysis of H2O and CO2, adopted for the synthesis of syngas, a mixture of 

H2 and CO, i.e. the building blocks for valuable chemical intermediates.11,12 The 

high temperature approach (~ 800 °C) for the H2O - CO2 co-electrolysis is 

particularly interesting because of the thermodynamics of the process (Fig. 3.2). 

The variation of the free energy (∆G) of a reaction is related to the electrical work 

by the equation: 

∆G = - n·F·E (1) 

Where n is the number of moles of transferred electrons in the reaction, F is 

Faraday’s constant and E is the cell potential associated with the electrochemical 

reaction. When the temperature increases, as shown in Figure 3.2, the total 

energy demand is almost constant, while the electric demand of the process 

decreases since there is an increase of the heat demand. Therefore, less electric 

power is required to perform the co-electrolysis at higher temperature and higher 

electric efficiency can be achieved.13–15 Furthermore, the high temperature can 

give advantages in terms of sustainability of the process if the heat is provided  

from an external source, such as waste-heat from high-temperature industrial 

processes or from renewable sources.11,12,16  
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Figure 3.2: Thermodynamic properties of the H2O – CO2 co-electrolysis as function of the 
temperature. The increase of the temperature results in the decrease of the required 
electric energy, since more energy is supplied in the form of heat. Adapted from Ref.13 

 

The overall co-electrolysis reaction is not just the sum of the electrical reduction 

of H2O to H2 and CO2 to CO. Figure 3.3 shows the possible reactions involved in 

the co-electrolysis. As matter of fact the reverse water gas shift (RWGS) is a 

secondary catalytic pathway contributing to the production of CO: 

𝐶𝐶𝐶𝐶2 + 𝐻𝐻2  ⇄ 𝐶𝐶𝐶𝐶 +  𝐻𝐻2𝐶𝐶 (2) 

The RWGS is competing with the electrochemical reduction of CO2, giving a 

higher contribution to the overall reaction especially at higher temperatures.17 

The electrodes used to perform the co-electrolysis are generally based on solid 

electrolytes such as ionic conductors of O2-. Figure 3.3 shows a simplified scheme 

of the cell used in this dissertation for the co-electrolysis. The so-called fuel 

electrode hosts the reduction processes, while the so-defined oxygen electrode is 

responsible for the oxygen evolution reaction.14,15,18 Although the cell reported in 

Figure 3.3 is similar to the one used for EPOC in C3H8 oxidation (Figure 3.2), there 
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is a basic difference in the working principle for the two cases. In the co-

electrolysis the reaction is directly sustained by the ionic current, therefore the 

rate of reaction cannot be higher than the ionic current. On the other hand, for 

EPOC, the reaction is promoted by the current, therefore the rate of reaction can 

be way higher than the ionic current. 

 

Figure 3.3: Schematic representation of a cell used for co-electrolysis, showing the possible 
reactions involved during electrochemical conversion of H2O and CO2 into H2 and CO. 
Adapted from Ref.17 

 

b. State of the art and challenges 

For the fuel electrode a porous cermet composed of ZrO2 doped with Y2O3 (YSZ) 

and decorated with nickel is a well-established system due to its high ionic 

conductivity and thermal stability. Nevertheless, the Ni/YSZ electrode suffers 

from chemical degradation under electrolysis operation. Hence, alternative 

materials are presently sought.16 One of the most promising materials is the 

(La,Sr)(Cr,Mn)O3 perovskite (LSCrM), showing excellent redox stability and 

reasonable conductivity under  reducing atmosphere. Still their performance can 

be improved by decoration with active metals or metal oxides nanoparticles, as 
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Pd, Ni, Cu, Fe2O3 and Mn doped CeO2.18,19 The main method used for the 

decoration of LSCrM is wet impregnation which presents limitations, as 

discussed earlier in section 3.1.1.c. 

Recently, in-situ exsolution of the metal from the surface of the electrode has been 

explored as alternative approach.14,15,17 The exsolution is the process through 

which an homogeneous solid solution separates into two or more crystallites. The 

preparation method based on this principle consists of the incorporation of a salt 

of the metal within the solution used to prepare the electrode, followed by its 

calcination in a reducing environment. Afterwards, upon cooling, the electrode 

will crystallize excluding from its crystalline lattice the metal, which will diffuse 

towards the surface of the electrode forming nanoparticles on it. Although the 

exsolution method seems promising, it primarily allows the synthesis of 

transition metals such as Mn, Cr, Fe and Ni,14,15,17 while its application for noble 

metals, and especially Pt, still results in too high loading of particles.20 

 

c. The ALD approach in this dissertation 

The decoration of the solid electrolyte can be performed via ALD in order to 

overcome the above-mentioned limitation. As in the case of EPOC previously 

addressed, Pt ALD offers advantages in terms of control over Pt dispersion and 

loading throughout the porous electrode also for high temperature co-

electrolysis. In the specific case of co-electrolysis, the application of a limited 

amount of well-dispersed Pt nanoparticles, i.e. below ~ 0.1 mg/cm2, enables to 

leave the underlying LSCrM substrate accessible to the gas phase. That aspect is 

fundamental in order to guarantee the O2- transfer via the triple-phase boundary, 

which is essential for sustaining the reaction. 



5 4                              Chapter 3                                                                 
 
In Chapter 5 ALD of Pt has been applied for boosting the performance of LSCrM 

cathode for CO2 and H2O co-electrolysis. Dispersed Pt nanoparticles (18 nm 

average size upon heat exposure) at low loadings (51 ± 2 μg·cm-2) were deposited 

within the internal surface area of the LSCrM perovskite electrode. The 

deposition of Pt improved the electrocatalytic activity of the fuel electrode. In 

particular, the rate of syngas production has increased up to 62% compared to 

the bare LSCrM electrode during electrolysis operation.  

The results presented exemplify how ALD can be used as alternative to wet 

impregnation and exsolution, providing an efficient route towards noble metal 

exploitation to transform renewable power into syngas for chemical industry. 

 

3.1.3 O2 evolution reaction 

a. Working principles 

Research on the oxygen evolution reaction (OER) has been gaining interest in the 

last decades because of its role in the electrochemical water splitting to produce 

H2 as energy carrier. As matter of fact, the overall water splitting is highly 

influenced by OER, which is more demanding in terms of required 

overpotential.21–23 While the H2 evolution requires overpotential in the range of 

0.05 - 0.1 V, for the OER the overpotential needed is generally around 0.4 V. This 

is due to the requirements, in terms of formation of a double bond oxygen-

oxygen, which necessitates four consecutive steps of concerted proton-electron 

transfer.23–25 

Figure 3.4 shows a scheme of the OER reaction mechanism catalyzed by a generic 

metal ‘M’. The reaction goes through the formation of the oxygenated species 

‘MO’. Then there are two possible pathways, depending on the kind of metal. 
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Generally, the reaction onto noble metals takes place via the recombination of 

two ‘MO’ species and the generation of the oxygen-oxygen bond via the bridge 

‘MO-OM’. On the other hand, onto non-noble transition metals the reaction goes 

through the interaction of the ‘MO’ with a water molecule, resulting in the 

formation of the ‘M-OOH’. 

 

Figure 3.4: Simplified scheme of the reaction mechanism for OER, following the two 
possible pathways for the formation of the O - O bond, on a generic metal ‘M’. The path 
bringing to the formation of two ‘MO’ species that recombine to form the O - O bond is 
often reported for noble metals. On the other hand the reaction of the ‘MO’ with a water 
molecule is generally common for other transition metals. In either cases, the overall 
reaction needs four steps of concerted electron-proton transfer, requiring a higher 
overpotential than the H2 evolution half-reaction. Namely the overpotential for H2 
evolution is generally in the range of 0.05 - 0.1 V, while the overpotential required for OER 
is about 0.4 V. Adapted from Ref.25 

 

b. State of the art and challenges 

Electrocatalysts based on Ru and Ir represent the-state-of the art because of their 

high activity towards OER.23 Although Ru exhibits outstanding performance for 

the OER, it is not stable under working conditions and thus its practical 
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application is limited.23 On the other hand, Ir exhibits high activity and a discrete 

stability, but the high cost and scarcity limits its widespread application.23,26 

Presently, metal oxide catalysts based on earth-abundant transition metals are 

considered.21,23,26,27 The active sites for OER are characterized by the formation of 

M+2/+3/+4 states, therefore electrocatalysts based on Mn, Fe, Co and Ni are excellent 

candidates due to their ability to show multivalent oxidation.23 Moreover, metal 

phosphates are nowadays considered a valid alternative to metal oxides and 

literature reports on the activity of Mn, Ni, Fe and Co phosphates for OER, 

demonstrating in some cases higher activity than the respective oxides.28–31 

Furthermore metal phosphates can often exhibit good activity at neutral (or 

quasi-neutral) pH.27,28,32 

Kanan and Nocera33 demonstrated for first time the preparation by 

electrodeposition of a cobalt phosphate electrocatalyst (CoPi) with good 

performance towards OER. Subsequently research on CoPi has been expanding 

by addressing the change in activity for different buffer systems and by tuning 

the coordination and crystal structure.34–36 Nevertheless, the preparation of CoPi 

has been mainly restricted to electrodeposition, which is limited in the control of 

the thickness and of the composition of the material deposited. As matter of fact, 

the electrocatalysts defined as ‘CoPi’ exhibits a Co/P ratio ranging from 2 to 3 

often with poor control on the level of impurities.34–36 Therefore it is difficult to 

identify the intrinsic activity of the CoPi and to separate it from the influence of 

other species incorporated in the material. 

 

c. The ALD approach in this dissertation 

The application of ALD for the preparation of CoPi enables to overcome the 

limitation associated with the electrodeposition, namely the incorporation of 
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impurities and the poor control on film composition. The latter can be achieved 

by designing an ALD super-cycles approach, as earlier outlined in Chapter 2. 

This approach can be used to study how the composition of CoPi can affect the 

electrochemical properties, in order to improve the intrinsic activity of the 

electrocatalyst towards OER. 

In Chapter 6 a novel ALD process for the preparation of CoPi has been 

developed. CoPi was prepared by combining ALD of CoOx from cobaltocene and 

O2 plasma as reactant, with cycles of TMP followed by O2 plasma exposure, 

according to an ABCD process scheme. The overall ALD process presented was 

dominated by the removal of ligands through the exposure to O2 plasma. That 

could explain the quality of the material prepared in terms of impurities, since 

no carbon has been detected and the hydrogen content was below 3 at. %.  

The purity of the ALD prepared CoPi achieved by the application of O2 plasma 

can help the study of the activity of cobalt phosphate, excluding the influence of 

other elements in the application for OER. 

In Chapter 7 the ALD recipe for CoPi has been modified in order to tune the 

chemical composition of the material. As previously mentioned in Chapter 2, the 

recipe adopted a super-cycle approach which allowed to tune the atomic ratio 

Co/P. The electrochemical characterization of the ALD prepared CoPi showed 

that along with a Co/P ratio increase from 1.6 to 1.9 the current density for OER 

increased from 1.77 mA/cm2 to 2.89 mA/cm2.  

The results highlighted the role that the chemical composition of CoPi can have 

on its activity, indicating that tuning the Co/P ratio can help to improve and to 

optimize the electrocatalyst for application in OER. In this regard, the ALD 

super-cycle approach is indeed a valuable tool to further understand the 

mechanisms behind the electrochemical activity of CoPi. 
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Chapter 4 

 

ALD of highly dispersed Pt nanoparticles on a high 

surface area electrode backbone for EPOC 

 

Abstract 

 

A novel catalyst design for electrochemical promotion of catalysis (EPOC) is proposed, to overcome 

the main bottlenecks that limit EPOC commercialization, i.e., the low dispersion and small surface 

area of metal catalysts. We have increased the surface area by using a porous composite electrode 

backbone made of (La0.8Sr0.2)0.95MnO3-δ/Ce0.9Gd0.1O1.95 (LSM/GDC). Highly dispersed Pt 

nanoparticles with an average diameter of 6.5 nm have been deposited on LSM/GDC by atomic 

layer deposition (ALD). This novel design offers, for the first time, a controllable and reproducible 

method for the fabrication of EPOC catalysts. 
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4.1 Introduction 

The approach known as electrochemical promotion of catalysis (EPOC) refers to 

the pronounced reversible and controlled changes in catalytic properties (activity 

and selectivity) that occur upon electrical polarization.1-4 Since the discovery         

of the effect5, > 100 different catalytic systems have been electrochemically 

promoted on various metal catalysts supported on different ionic conductors.1-6 

EPOC studies employ an electrochemical cell in which one of the electrodes is 

the catalyst for the reaction under study. By controlling the polarization, ions can 

be pumped towards or away from the catalyst, changing its work function and 

thus its catalytic properties.1-6 Despite the apparent advantages of this system, 

such as controlling the coverage of the promoting ions in-situ, EPOC has not yet 

had any industrial applications, mainly due to its much lower activity per 

catalytic mass compared with classic nano-dispersed powders.2, 7-12 Therefore, in 

the last few years, EPOC research has been focused on overcoming this issue, 

which would help advance the scaling up of the concept.2,7-17 

The most promising EPOC catalyst design has been reported by Kambolis et al.10, 

in which Pt nanoparticles have been deposited by wet impregnation into a 

porous LSCF/GDC (La0.6Sr0.4Co0.2Fe0.8O3-δ/Ce0.9Gd0.1O1.95) electrode. This design 

was inspired by solid oxide electrolyte cells (SOEC)18, with the porous nature of 

LSCF/GDC offering a higher surface area than conventional pure metallic films. 

In addition, LSCF mainly plays the role of an electron conductor while GDC is 

an ionic conductor,19 so the combination provides the two functionalities that are 

important for electrocatalysis.1-4 The aforementioned approach resulted in highly 

dispersed Pt nanoparticles of 3–20 nm with an average size of 8 nm. However, 

wet impregnation constitutes a poor technique in terms of reproducibility and 

control of the particle load and its size distribution. In this study we propose a 
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more reliable method, i.e. atomic layer deposition (ALD), aimed at overcoming 

the limitations outlined above. 

ALD is a thin film deposition technique based on the chemical reaction of gas 

phase species on a solid surface. ALD is currently used commercially by the 

semiconductor, photovoltaics and thin-film magnetic head industries. There has 

also been recent interest in using ALD in other application areas, such as organic 

electronics. ALD is performed by the sequential exposure of the substrate to two 

(or more) different gas species separated in time by purging steps. Each gas 

species reacts with the substrate up to saturation, through a self-limiting reaction 

mechanism. Because of its self-limiting nature, the main advantages of ALD are 

the control of film thickness at the atomic scale, high conformity with surface 

features and high reproducibility.20-26 On most metal oxides, ALD generally starts 

with the growth of small islands (i.e. nanoparticles) and many ALD cycles are 

required to obtain a completely closed film. Therefore, ALD is ideal for accessing 

and decorating the entire volume of our porous electrode backbone with Pt 

nanoparticles. 

The aim of this study is to investigate the electro-promotion of propane oxidation 

over highly dispersed Pt nanoparticles prepared by ALD. The electrode 

backbone in which Pt nanoparticles are deposited is a porous                 

(La0.8Sr0.2)0.95MnO3-δ/Ce0.9Gd0.1O1.95 (LSM/GDC) composite, which offers mixed 

ionic–electronic conductivity. 100 Pt ALD cycles were selected based on literature 

studies of Pt deposition on flat Al2O3 substrates in which 100 cycles resulted in 

Pt nanoparticles with an average size of 4.5 nm.22 
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4.2 Experimental 

4.2.1 Cell preparation and characterization 

Two commercial partial cells (FuelCellMaterials) with a 50 μm LSM/GDC 

composite electrode (50%–50%, 17 mm diameter) deposited on a 150 μm 

Hionic™ electrolyte support (20 mm diameter) were employed in the present 

study. One was used as a reference cell, while the second was dedicated to the Pt 

ALD case study. 

Two gold films were deposited on the opposite side of the Hionic™ pellet, to act 

as counter and reference electrodes, respectively. Gold was selected due to its 

negligible catalytic activity in propane oxidation, as verified through blank 

experiments under experimental conditions. An electrochemical workstation 

Voltalab PGP 201 (Radiometer) was used to apply and measure both potential 

and current. The catalyst potential ΔUWR was measured between the working 

electrode (Pt-LSM/GDC) and the reference electrode (Au). 

Pt was deposited on the porous LSM/GDC by ALD using a home-made 

deposition system described in detail elsewhere24. The base pressure of the 

reactor was < 10−6 mbar. MeCpPtMe3 (98% from Sigma Aldrich) was used as 

precursor and O2 gas at 1 mbar as reactant. The precursor was contained in a 

stainless steel cylinder, heated at 30 °C, and brought into the reactor using Ar as 

carrier gas. The lines from the precursor to the reactor were heated to 50 °C and 

the reactor wall to 90 °C. The ALD recipe starts by dosing MeCpPtMe3 for 4 s, then 

using 3 s of Ar to purge the precursor line, followed by 3 s of pumping down. 

Then O2 gas is dosed for 10 s and afterwards the reactor is pumped down for 10 

s. The deposition was carried out with the substrate holder maintained at 300 °C.  
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Figure 4.1: (a), (b) SEM images of the surface of the Pt-loaded LSM/GDC, displaying the 
location of the cross-section. (c) HAADF-STEM image of the TEM lamella. The sample is 
covered by a stack of protective SiO2/Pt layers. (d), (e) and (f) HAADF-STEM images of 
the Pt-loaded LSM/GDC at three different points of interest. (g), (h) and (i) show the 
corresponding size distributions at two points and in the overall lamella. 

 

4.2.2 SEM and TEM microscopy 

A cross-sectional sample for transmission electron microscopy (TEM) analysis 

was made by means of standard focus ion beam (FIB) lift-out sample preparation 

and SEM images by an FEI Nova 600 Nanolab SEM/FIB. Prior to FIB milling, a 
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stack of protective layers consisting of SiO2 and Pt was deposited in the FIB. 

Subsequent TEM studies were performed using a JEOL ARM 200 probe corrected 

TEM, operated at 200 kV, equipped with a 100 mm2 Centurio SDD EDS detector. 

 

4.2.3 Catalytic activity measurements 

The design of the experimental setup has been described in detail elsewhere.6,13 

The reactant gases were certified mixtures of 0.80, 5.0 and 99.999% C3H8, O2 and 

He (Air Liquide), respectively. The analysis of reactants and products was 

carried out by online gas-chromatography (R3000 micro-GC SRA instruments) 

and IR spectroscopy (Horiba VA3000). 

Under closed circuit conditions, the cell-reactor could operate as an 

electrochemical oxygen “pump”. Using an external power source, a current, I, 

can be imposed through the oxygen-ion (O2−) conducting solid electrolyte, which 

corresponds to an oxygen-ion flux of I/2F. In order to quantify the EPOC, 

Vayenas and co-workers1 have defined two dimensionless parameters, apparent 

Faradaic efficiency, Λ, and rate enhancement ratio, ρ, as follows: 

Λ = 𝑟𝑟−𝑟𝑟𝑜𝑜
𝐼𝐼
𝑛𝑛𝑛𝑛

  (1) 

𝜌𝜌 = 𝑟𝑟
𝑟𝑟𝑜𝑜

    (2) 

where r is the closed-circuit reaction rate (i.e. under polarization), ro is the open-

circuit reaction rate (i.e. at I = 0). I/nF is the imposed flux of O2−, where n is the 

number of exchanged electrons and F is the Faraday constant. 
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4.3 Results and discussion 

Analysis of the Pt nanoparticles deposited on the porous LSM/GDC is not a 

trivial task. In a previous work10 it was employed an extractive replica technique 

for TEM analysis of the Pt nanoparticles, which involves electrode crushing and 

the dissolution of the electrode backbone in a hydrofluoric acid solution. In order 

to gain further insight into the distribution of Pt on the electrode backbone, we 

conducted a TEM analysis on a cross-section of an electrode (after catalysis). 

Figure 4.1(a,b) shows SEM images of the electrode surface before and during FIB 

preparation of the TEM lamella. 

A High Angle Annular Dark Field (HAADF)–scanning TEM image of the entire 

TEM lamella is displayed in Figure 4.1(c). In this sample three sites of interest 

have been denoted as P1, P2 and P3. TEM images of these areas are shown in 

Figure 4.1(d–f). The presence and distribution of the Pt particles can be clearly 

discerned. Because of the different inclinations of the grain surfaces with respect 

to the imaging direction, both vertical and lateral dimensions of the Pt particles 

can be imaged. 

ImageJ software was used to determine the Pt particle size distributions, which 

for areas P1 and P2 are presented in Figure 4.1(g,h) and for the entire lamella area 

in Figure 4.1(i). The Pt nanoparticles have a uniform distribution with a particle 

size range of 3–10 nm and an average size of 6.5 nm. Considering hemi-spherical 

Pt nanoparticles, one can estimate a Pt dispersion of 18.2%.27 It is well known that 

the particle size might increase after catalysis due to agglomeration.28 Moreover, 

the growth of the nanoparticles is influenced by the substrate.22 Taking this into 

account, the average Pt particle size of 6.5 nm after 100 ALD cycles is not too far 

from the reported value of 4.5 nm on Al2O3.22 
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In order to evaluate the catalytic performance of the Pt nanoparticles deposited 

on the LSM/GDC support, light-off experiments were performed on both the Pt-

LSM/GDC (without involving a pre-reduction step for Pt) and bare LSM/GDC 

samples (Figure 4.2(a)). The temperature was increased from ambient to 425 °C 

with a heating rate of 2 °C/min. Figure 3.2(a) shows the CO2 production rate and 

the C3H8 conversion as a function of temperature. It can be seen that the 

LSM/GDC support was totally inactive for propane oxidation, while the addition 

of the Pt nanoparticles strongly increased the catalytic activity. For the Pt-loaded 

sample, the conversion of propane was shown to increase rapidly after 200 °C 

and reach 23% at 425 °C. 

 

Figure 4.2: (a) Comparison of catalytic (open-circuit) performance for propane combustion 
using Pt-LSM/GDC and bare LSM/GDC support. (b) Effect of positive and (c) negative 
currents on the potential and CO2 formation. (d) EPOC stability test under positive 
polarization. PC3H8/PO2 = 0.22 kPa/2.2 kPa, T = 300 °C, Ft = 100 ml·min−1 (NTP). 

 



7 1     

The impact of various polarizations between −1.0 V and +1.0 V on the catalytic 

performance of the Pt-free LSM/GDC sample was investigated at 300 °C, and no 

modification of the propane conversion was observed. On the other hand, the Pt-

loaded LSM/GDC exhibited non-Faradaic behavior under both positive and 

negative polarizations. For instance, Figure 4.2(b) displays the impact of three 

consecutive steps of small positive currents (I = 300, 500 and 100 μA) on the 

catalytic rate of CO2 production at 300 °C. The rate of propane oxidation 

gradually increases from 2.20 × 10−8 mol CO2·s−1 and reaches a steady-state value 

at 2.88, 2.93 and 2.79 × 10−8 mol CO2·s−1, i.e. a rate enhancement of 131, 133 and 

127% (ρ = 1.31, 1.33 and 1.27) respectively. The apparent Faradaic efficiency, Λ, 

was found to be 14.6, 10.0 and 38.6, respectively, for the three different applied 

currents. Thus, the catalytic activity is up to 38.6 times higher than that predicted 

by Faraday's law, considering electro-oxidation of propane with oxygen ions. 

After interruption of the current the reaction rate returned slowly to its open-

circuit value, indicating the reversibility of EPOC. 

The increase in the reaction rate observed under positive polarization can be 

explained on the basis of the rules of electrochemical promotion.29 It has been 

established that the supply of an electronegative ion, such as O2−, to the catalyst–

electrode surface, weakens the Pt–O bonds and therefore increases its work 

function.1-4 The latter leads to the improved chemisorption of propane, which is 

known to be linked with the rate-determining step for propane oxidation.30,31 

After current interruption, the Oδ- promoters are consumed and therefore the 

catalyst returns to its initial state over time.29,30 The moderate values of the rate 

enhancement ratio and Faradaic efficiency can be attributed to the pre-activation 

of the Pt nanoparticles due to their size via self-driven spillover.1-3 In addition, 

only a minor part of the current applied between the LSM/GDC electrode and 

the counter electrode probably passes across the Pt nanoparticles. 
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On the other hand, the removal of O2– from the Pt-loaded sample (negative 

current application of − 300 and − 500 μA) had a poisoning effect on the catalyst, 

which also resulted in non-Faradaic modification of the catalytic rate (Figure 

4.2(c)) in good agreement with literature.10,29 Interestingly, the poisoning effect 

was limited to 74% of the initial reaction rate and a Faradaic efficiency of 12.0. 

Application of an even higher negative current (I = − 500 μΑ) did not change the 

catalytic rate; this demonstrates a saturation effect, which can be attributed to the 

current bypassing the Pt nanoparticles. In other words, the application of a 

higher negative current cannot affect the performance of the Pt nanoparticles, 

since the extra current (i.e. oxygen pumping) takes place on Pt-free areas of the 

LSM/GDC surface. 

Finally, the stability of the phenomenon was verified by a long-term experiment 

applying a current of 100 μA (Figure 4.2(d)). The performance of the catalyst is 

relatively steady since the CO2 production rate decreases only slightly from 2.78 

to 2.73 × 10−8 mol CO2·s−1 after 13 h of polarization. This indicates that possible 

agglomeration of Pt nanoparticles during the TPO treatment at a higher 

temperature (i.e. 425 °C) has resulted in a stable catalyst configuration. 

 

4.4 Conclusions 

The combination of ALD with SOEC technological advances led to a Pt-decorated 

composite electrode, which was successfully employed for the electropromotion 

of propane combustion. In the implemented design, the three functionalities (i.e. 

catalytic activity, electronic and ionic conductivity) needed for efficient EPOC 

catalysts are separated into three phases (i.e. Pt, LSM and GDC). The moderate 

magnitude of electrochemical promotion can be attributed to the pre-activation 

of the Pt nanoparticles due to their small size via self-driven spillover or current 
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by-pass. Future plans aimed at enhancing the magnitude of the effect will be 

directed towards tuning either the Pt loading and/or the electronic conductivity 

of the electrode backbone. 

Utilization of the ALD technique brings EPOC systems one step closer to 

commercialization due to minimized catalyst loadings. In view of the possible 

practical application of EPOC, the success of our concept should be verified with 

reactions of industrial importance, where modifications in product selectivity 

can also occur. 
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Chapter 5 

 

Enhancing the Electrocatalytic Activity of Redox Stable 

Perovskite Fuel Electrodes in Solid Oxide Cells by 

Atomic Layer Deposited Pt Nanoparticles 

 

Abstract 

The carbon dioxide and steam co-electrolysis in solid oxide cells offers an efficient way to store the 

intermittent renewable electricity in the form of syngas (CO+H2), which constitutes a key 

intermediate for chemical industry. The co-electrolysis process, however, is challenging in terms of 

materials selection. The cell composites, and particularly the fuel electrode, is required to exhibit 

adequate stability in redox environments and coking that rules out the conventional Ni cermets. 

La0.75Sr0.25Cr0.5Mn0.5O3 (LSCrM) perovskite oxides represents a promising alternative solution, but 

with electrocatalytic activity inferior to the conventional Ni-based cermets. Here we report on how 

the electrochemical properties of a state-of-the-art LSCrM electrode can be significantly enhanced 

by introducing uniformly distributed Pt nanoparticles on its surface via the atomic layer deposition 

(ALD). Our results exemplify how the powerful ALD approach can be employed to uniformly 

disperse small amounts (~50 μg·cm-2) of highly active metals to boost the limited electrocatalytic 

properties of redox stable perovskite fuel electrodes with efficient material utilization. 
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5.1 Introduction 

Rapid greenhouse gas emissions from fossil fuels is the primary source of global 

warming, which escalates the shift towards eco-friendly fuel matrix powered by 

renewable energy.1 Producing renewable electricity from solar and wind 

resources is intermittent, and thus, effective systems for storing the energy for 

continuous supply is required. The use of renewable energy for the production 

of synthetic fuels might be an efficient solution for a sustainable future, since the 

investments required to modify the existing infrastructure are avoided and 

carbon dioxide emissions could be stabilized.2–4 In particular, solid oxide 

electrolysis cells (SOECs) have been drawing more attention as a viable system 

to convert CO2 and H2O, at adequate reaction rates, into syngas (CO+H2) which 

is a key intermediate for the synthetic fuel production via the Fischer Tropsch 

reaction.4–6 

The traditional SOECs adopt identical materials to the solid oxide fuel cells 

(SOFCs) that primarily involve a Ni-based cermet as the fuel electrode (cathode), 

yttria-stabilized zirconia (YSZ) as the electrolyte and (La,Sr)MnO3 perovskites for 

the oxygen electrode (anode). The Ni-YSZ cathode in SOEC, however, is exposed 

to a variable oxygen partial pressure environment and thus, is ultimately 

decaying due to the coarsening of the Ni particles.7,8 To restrain Ni oxidation a 

reducing agent, such as H2 or CO, is co-introduced to the cathode atmosphere, 

hence increasing the process cost and complexity.5,9 

In view of this, redox stable perovskites (ABO3) materials with mixed ionic-

electronic conducting properties (MIEC) have been examined as the cathodic 

electrodes in SOECs. Specifically, lanthanum chromates, such as 

La1−xSrxCr1−yMnyO3-δ (LSCrM), constitute a class of perovskites which exhibit 

MIEC properties and redox stability, combined with an adequate tolerance to 
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CO2 as compared to the traditional nickel-based electrodes.10–13 Under the direct 

electrolysis of CO2, the LSCrM based fuel electrode has been well-adapted, but 

the performance of the cathode is limited by higher polarization resistance and 

limited catalytic activity than Ni-based cermet.14 The p-type conductivity of 

LSCrM (38 S cm-1 at pO2 > 10-10 atm) drastically declines under reducing bias due 

to the reduction of Cr4+/Mn4+ to Cr3+/Mn3 in parallel with the development of 

oxygen vacancies.15,16 Hence, the LSCrM exhibits higher ionic conductivity, 

whereas its electrical conductivity significantly decreases at reducing 

atmospheres. To date, the outright performance of LSCrM for co-electrolysis has 

not still reached the performance of Ni-based cermets.5,17 

To enhance electrochemical properties of the perovskites, the introduction of 

catalytically active metal nanoparticles onto the surface of the electrodes has been 

widely employed.5,17 The most common routes for preparing these 

nanostructures are the infiltration and exsolution processes. Both methods have 

been proven to significantly decrease the polarization resistance and increase the 

catalytic properties of the fuel electrode.18,19 Nevertheless, the above techniques 

display important drawbacks which still hold back upscale. Infiltration is a rather 

poor technique in terms of reproducibility, requiring a number of intermediate 

steps while there is not sufficient control over the particle size and distribution.20 

For example infiltration process of  Pt particle in La0.2Sr0.25Ca0.45TiO3 electrode 

results in a bimodal distribution of larger particle size ranging between 100-150 

nm.21 By exsolution, on the other hand, unique and stable architectures of 

uniformly distributed nanoparticles can be formed.6,22 The active phase, 

however, should be doped in the solid solution of the oxide support, thus 

decreasing the degrees of freedom in the electrode design. Moreover, during 

exsolution only a small part of the active phase is released upon reduction, which 

increases the fabrication cost of the cell, particularly in the case noble metals.23,24 
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Regarding the macroporous structure of cathodes with high surface area, atomic 

layer deposition (ALD) can be a valid alternative to decorate the macroporous 

structure of the cathode by Pt nanoparticles. ALD is a deposition method based 

on the cyclic dosing of vapor-phase species reacting with the substrate in a self-

limiting fashion. ALD is commonly adopted for the preparation of thin films, 

albeit the deposition of metals is characterized by the nucleation of small islands 

in the initial stages of the process.25 This characteristic feature can be applied to 

prepare metallic nanoparticles for catalysis.26 Due to the self-limiting nature of 

the reactions, ALD allows for digital control over the amount of metal 

deposited.27,28 Furthermore, it is also suitable for deposition on the porous and 

3D-complex substrate on which it can result in well-dispersed nanoparticles with 

high conformality on surface features and high reproducibility.29–31 ALD works 

related to the modification of SOFC electrode have been already reported in 

literature to tune the  electrochemical activity of oxygen electrode but not for the 

fuel electrode.32,33,34 The high control over the metal loading also allows to vary 

the coverage area of the surface, and thus, the exposed area of underlying 

perovskite to the gas-solid interface, which in turn is crucial for O2- species 

exchange during the co-electrolysis process. Moreover, ALD has the potential to 

make compatible atomic-scale precision with industrial-scale production,27 for 

which the control over the amount of Pt deposited is an advantage in view of the 

cost reduction. Therefore, ALD provides a potential solution to overcome the 

engineering issue associated with the deposition of metal nanoparticles on 

porous perovskite-based electrodes in order to improve their electrocatalytic 

properties. 

Here we report on ALD as an alternative method to infiltration for boosting the 

electrochemical properties of LSCrM by introducing Pt nanoparticles onto the 

fuel electrode’s surface. Platinum increases mass/charge transfer exchange rates, 
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and simultaneously is among the optimum catalysts towards H2O/CO2 

electrolysis.21,35 Pt was one of the extensively studied  metal catalyst for 

promoting the reverse water-gas-shift (RWGS) reaction to produce syngas.36,37 

Furthermore in case of perovskite supported catalyst (lanthanum doped 

zirconate), Pt reported to show increased CO2 conversion in electrically assisted 

RWGS as compared to Ni, Cu, Fe, Pd.38 Hence, by combining the well-distributed 

Pt nanoparticles with the high number of oxygen vacancies of LSCrM an active 

interface for CO2 and H2O reduction is generated, enhancing the efficiency for 

syngas production. Our studies demonstrate how ALD can be a powerful tool 

for fabricating unique nanoarchitectures in solid oxide cells in order to transform 

low reactivity but abundant molecules to chemical feedstock and store the 

intermittent renewable electricity into chemical bonds. 

 

5.2 Experimental 

5.2.1 Material synthesis 

The LSCrM electrode of a La0.75Sr0.25Cr0.5Mn0.5O3 stoichiometry was synthesized 

via the citric-acid combustion process by using lanthanum(III) nitrate 

hexahydrate (La(NO3)3·6H2O, Sigma-Aldrich, 99.99%), strontium nitrate 

(Sr(NO3)2, Sigma-Aldrich, 99.99%), chromium(III) nitrate nonahydrate 

(Cr(NO3)3·9H2O, Sigma-Aldrich, 9.99%) and manganese(II) nitrate hydrate 

(Mn(NO3)2·H2O, Sigma-Aldrich, 98%) precursors. The stoichiometric amount of 

nitrates (oxidizer) required was dissolved in deionized water, followed by the 

addition of citric acid (fuel), with metal to fuel mole ratio of 1:1.5. Ammonium 

hydroxide was added to adjust the pH value between 6 and 7. The transparent 

gel formed after drying the solution at 80°C for 12 h was then ignited at 300 °C 
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on a hot plate. The powder obtained after the combustions process was calcined 

at 700 °C for 2 h, followed by sintering at 1100 °C for 2 h. 

 

5.2.2 Cell preparation 

The electrochemical performance was evaluated using an electrolyte-supported 

button-like single cell with a configuration of LSCrM (10µm)/GDC(8µm)ScCeSZ 

(150µm)LSM-YSZ (8µm)/LSM (8µm) that was fabricated using a screen-printing 

method. The ScCeSZ (150 µm thickness) electrolyte used in the study was 

commercially purchased from Fuel cell Materials. Gadolinium (10 mol%) doped 

cerium oxide (GDC) was screen printed over electrolyte and fired at 1300 °C for 

4 h, acting as a buffer layer between the electrolyte and fuel electrode to improve 

the adhesion with the polished ScCeSZ solid electrolyte.22 The fuel electrode of 

LSCrM was screen printed over the GDC buffer layer and dried at 80 °C. 

Thereafter, the oxygen electrode screen printing was carried out using 

lanthanum strontium manganite (LSM), and Yttria stabilized zirconia (YSZ) from 

fuel cell materials.  The complete cell was fired at 1100 °C for 2 h in the air with 

a heating and cooling rate of 2.5 °C/min. Au paint and mesh was used as a current 

collector during electrochemical studies. 

 

5.2.3 ALD of Pt 

Platinum was deposited into the porous LSCrM fuel electrode by ALD using a 

home-built reactor, already described in the literature.40,41 The pumping system, 

consisting of a turbopump connected to a rotary pump, enabled to keep the base 

pressure of the reactor < 10-6 mbar. The walls of the chamber were                                

heated to 90 °C while the substrate holder was heated to 300 °C. 
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Trimethyl(methylcyclopentadienyl)platinum(IV) (MeCpPtMe3, 98% purity) 

purchased from Sigma-Aldrich was used as precursor for the process. MeCpPtMe3 

was contained in a stainless steel cylindrical bubbler heated to 30 °C. Argon gas 

(> 99.999% purity) was used to carry MeCpPtMe3 vapor from the bubbler to the 

reactor through a line heated to 50 °C. O2 gas (> 99.999% purity) used as a reactant 

was flowed at the pressure of 1.0 mbar. 

The ALD process used was based on the work of Aaltonen et al.42 first to report 

ALD of Pt using MeCpPtMe3 and oxygen. The ALD recipe selected was based on 

our previous work31 in which an LSM-GDC substrate was decorated with well 

dispersed Pt NPs. The recipe starts by flowing Ar, in order to stabilize the 

pressure inside the chamber to 2.0·10-2 mbar and then dosing MeCpPtMe3 for 4 s 

by diverting Ar through the bubbler. Subsequently, Ar is flowed for 3 s to purge 

the precursor line, and the reactor is pumped down for 3 s. Afterward, O2 gas is 

dosed for 10 s, and then the reactor is pumped down for 10 s. 

 

5.2.4 Material characterization 

The crystallographic phase analysis was studied using X-ray powder 

diffractometer (Bruker) with monochromatic Cu Kα incident radiation produced 

at 40KV, 25 mA to the diffraction angles (2θ) between 20° - 90° with a step size of 

0.02°/s. Rietveld refinement of powder XRD pattern was performed using 

FullProf software package. Vesta was used to visualize the 3D crystal structure 

of a refined XRD pattern. To gain insights on the chemical composition of the 

electrode at the surface, X-ray photoemission spectroscopy (XPS) studies were 

carried out on a Thermo Scientific K-Alpha system, equipped with a 

monochromatic Al Kα x-ray source at 1486.6 eV. To study the morphology of the 

electrodes, scanning electron microscopy (SEM) images were obtained with a 



8 6                              Chapter 5                                                                 
 
Supra 40 (Carl Zeiss AG) microscope using an in-lens detector and accelerating 

voltage between 3 kV and 4 kV. For the determination of the particle size 

distribution from the SEM images the software ImageJ was used. 

 

5.2.5 Pt loading 

In order to determine the loading of Pt after ALD, three samples have been 

prepared and weighted using a Microbalance Cubis MSE 6.6S-000-DM 

(Sartorius). The average weight for each sample has been determined on 9 

measurements. ALD has been performed on two substrates for the determination 

of the Pt loading. A bare LSCrM substrate and one Pt/LSCrM substrate have been 

exposed to 850 °C for 4 h for the determination of any weight difference. 

 

5.2.6 Electrochemical characterization 

The electrochemical studies were carried out on the homemade solid oxide cell 

reactor with heat and gas flow controller. Alumina based cement (Cotronics) was 

used to seal the cell between the anode and cathode chamber. I-V (current-

voltage) curves and EIS (electrochemical impedance spectra) measurements 

were carried out using a potentiostat (CompactStat, Ivium Technologies) 

operating at 800 °C and 850 °C. EIS analysis was performed at the OCV within 

the frequency range of  1 Mhz – 1hZ with 20 mV amplitude. The flow of CO2, H2, 

and air were precisely controlled by the mass flow controllers (Brooks), followed 

by mixing with the water vapor using a controlled heating saturator. The gas line 

from the humidifier to the reactor in the furnace was maintained at 120 °C to 

avoid the steam condensation. The gas analysis was performed using an online 
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infra-red analyzer (Fuji Electric) and micro gas chromatograph (SRA 

Instruments). 

 

5.3 Results and discussion 

5.3.1 Characterization 

The phase analysis of the as-synthesized LSCrM system was determined through 

room temperature X-ray diffraction (XRD) and the results are presented in Figure 

5.1a. The observed XRD peaks are in good agreement with the standard ICDD 

card nos. 01-070-8669 confirming the characteristic diffraction pattern of the 

perovskite phase. The Rietvield refinement of LSCrM patterns revealed a single-

phase crystal structure of rhombohedral symmetry with R-3c space group with 

no detectable secondary phases or impurities. The XPS survey spectra depicts the 

chemical composition of the pristine LSCrM electrode (Figure 5.1b red line and 

Figure S1 in the Appendix 5.A), confirming the synthesis of the La, Sr, Cr, and 

Mn mixed oxide. The presence of Pt on the perovskite surface following ALD is 

verified by the peaks at 71 eV and 315 eV characteristic of the Pt4f and Pt4d 

energy levels, respectively (Figure 5.1b blue line and Figure S2 – S3 in the 

Appendix 5.A). The SEM images in Figures 5.1c and 5.1d display the morphology 

of the LSCrM electrode prior and following ALD process, respectively. It can be 

observed that the smoother granular structure of the electrode is uniformly 

decorated with Pt nanoparticles after the ALD process.  

The ALD process used has been demonstrating good reproducibility over time 

(see Figure S4 in the Appendix 5.A). The number of ALD cycles has been selected 

to obtain a particle size well below the percolation threshold in order to expose a 

large surface area of the LSCrM to the gas feed. 
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Figure 5.1: a) XRD diffractogram and refined pattern of LSCrM electrode material sintered 
at 1100 °C for 2 h. b) XPS survey of LSCrM substrate (red line) and LSCrM after Pt 
deposition (blue line); SEM top view image of the LSCrM substrate c) before and d) after 
Pt deposition. 

 

As matter of fact our previous report shows that 100 ALD cycles resulted in well 

dispersed Pt nanoparticles with average particle size of 6.5 nm31, therefore we 

selected the same number of cycles for the work reported hereby. Higher 

magnification SEM images (Figures 5.2a and 5.2b) have been acquired to 

determine the Pt particle size distribution (PSD) and the results are shown in 

Figures 5.2c and 5.2d. In the as-deposited case, the overall PSD histogram 

(Figure 5.2e) reveals an average particle size of 6.5 nm with a standard deviation 

of 1.6 nm. Interestingly those values are in line with our previous work where 

similar characteristics were observed for the metal nanoparticles.31 The SEM 

images (Figures 5.2a, 5.2b, and Figure S5 in the Appendix 5.A) depict a slightly 

different coverage of Pt in some areas of the LSCrM grains. That growth behavior 
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is not unexpected since ALD growth of Pt nanoclusters can be affected by the 

chemical composition of the substrate due to the difference in surface energy but 

also in the surface kinetics of the process.43  

The Pt nanoparticles in the as-deposited condition have been observed up to 4 

μm into the porous electrode (see Figure S6 in the Appendix 5.A). Nevertheless 

we cannot exclude the presence, deeper into the porous electrode, of smaller Pt 

nanoparticles which would not be visible at the resolution of the SEM. 

 

Figure 5.2: a), b) Higher magnification SEM images of the as-deposited Pt nanoparticles 
on LSCrM and c), d) respective particle size distribution. The overall distribution e) of the 
Pt nanoparticles has been determined in four different areas of the sample (see Figure S5 
in the Appendix 5.A). 

 

By determining the Pt loading on LSCrM after the ALD (Tables S-II and S-III in 

the Appendix 5.A) values of 51 ± 2 μg·cm-2 and 50 ± 1 μg·cm-2 on the two different 

samples are observed, indicating the good homogeneity of the process. 

Moreover, we measured the weight of the Pt/LSCrM sample after exposure at 

high temperature (850 °C, 4 hr). The weight change observed was minor (from 

51 ± 2 μg·cm-2 to 48 ± 2 μg·cm-2) implying that the loading of Pt is practically 

constant during the thermal treatment. It should be noted that obtaining similar 

loading values with other techniques is challenging. For instance with infiltration 
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the weight range is between 0.2  and 2 mg·cm-2, which is from 4 to 40 times higher 

than the results obtained by ALD in the present work.44,45 

 

Figure 5.3: a), b) High magnification SEM images of the Pt nanoparticles on LSCrM 
exposed at high temperature (850 °C) and c), d) respective particle size distribution. The 
overall distribution after high-temperature exposure e) has been determined in four 
different areas of the sample (see Figure S7 in the Appendix 5.A). 

 

The changes in the morphology of the Pt/LSCrM electrode upon exposure to high 

temperature (850 °C, 4 hr) was studied by means of SEM (see Figure S7 in the 

Appendix 5.A). This analysis was performed to evaluate what is the effective 

structure of the Pt nanoparticles under operational conditions. As expected, the 

SEM images display a lower particle coverage due to a higher average size 

(Figures 5.3a and 5.3b) with respect to the pristine Pt-decorated LSCrM sample. 

The average particle size has increased to 18 nm with a standard deviation of 5 

nm (Figure 5.3e). By assuming a constant Pt total volume, we can estimate the 

proportion between the number of particles prior and after heat treatment. A 

change in the diameter from 6.5 nm to 18 nm corresponds to a decrease of the 

number of particles by a factor of 21, i.e. about 21 particles of 6.5 nm are needed 

to make a particle of 18 nm after Pt agglomeration. This proportion justifies the 

emergence of low particle density areas at the substrate. 
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Additionally, the effect of heat treatment on the distribution of Pt into the open 

volume of the substrate has been addressed. Before exposure to high 

temperature, Pt nanoparticles were observed at the cross-section SEM to reach 

up to 4 μm deep into the surface of the electrode (see Figure S6 in the Appendix 

5.A). After the heat treatment Pt nanoparticles seems to penetrate deeper into the 

porous structure, being visible from the top surface to the LSCrM-electrolyte 

interface (see Figure S8 in the Appendix 5.A). A possible contribution to the 

appearance of Pt nanoparticles at the bottom of the electrode can also be given 

by the presence of smaller nanoparticles, not visible from SEM, that have been 

agglomerating upon annealing. Nevertheless, XPS surface analysis (Figure S9 in 

the Appendix 5.A) of the electrode exhibits a strong decrease of the Pt 4f peak 

upon annealing, supporting the hypothesis of the diffusion of the particles from 

the top to the bottom of the electrode. 

In all cases reported above, namely from the as-deposited sample to the heat-

treated, the particle size distribution exhibits the right-skewed shape typical of 

Smoluchowski aggregation.46 This suggests that both in the ALD process and in 

heat exposure, the growth mechanism of Pt nanoparticles is governed by the 

sintering via dynamic diffusion and coalescence. 

 

5.3.2 Electrochemical activity 

Figure 5.4 illustrates the surface and the cross-sectional microstructure of the 

LSCrM/GDC/ScCeSZ/LSM-YSZ/LSM fabricated cell. The LSCrM fuel electrode 

exhibits a highly porous microstructure to facilitate gases diffusion with 

thickness close to ~10µm. The dense buffer layer of GDC depicts a thickness of 

around 6-8 µm after the sintering procedure. The cross-sectional SEM image of 

the LSM-YSZ/LSM oxygen electrode shows adequate adhesion with the 
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electrolyte and it is also highly porous to facilitate gas diffusion.6 The XRD 

analysis was performed on the cell before and after Pt deposition, which reflects 

the diffraction peaks corresponding to LSCrM, GDC and YSZ (Figure S10 in the 

Appendix 5.A). However, the diffraction peaks belongs to Pt were not significant 

after ALD deposition.  It can be explained by the ultra-low loading of Pt on 

LSCrM electrode, which not sensitive enough to reflect a Pt peak in the X-ray 

diffraction pattern.  

 

Figure 5.4: SEM surface morphology and cross section structure of the fabricated cell. 

 

Following fabrication, the cell was mounted on the testing reactor, and the Pt 

deposited LSCrM (Pt/LSCrM) fuel electrode was exposed to the synthetic air at 

850 °C for 4 hrs. As expected, the Pt nanoparticles on the LSCrM electrode 

undergo agglomeration upon annealing, as shown in Figure 5.3 and Figures S7 



9 3     

and S8 in the Appendix 5.A. The electrochemical experiments were carried out 

at 800 °C and 850 °C. The gas balance of mixture in all studies was adjusted using 

He as the carrier gas. In order to check the gas-tightness between two electrodes, 

H2 and air were supplied to the anode and the cathode respectively, and the OCV 

measured was around ~1.0 V, which ensures the adequate sealing between the 

two chambers. The electrocatalytic performance of LSCrM and Pt/LSCrM were 

evaluated at both fuel cell and electrolysis modes of operation. The mixture of 

the feed gas for the fuel electrode was maintained at 25%H2O - 25%CO2 - 50%H2, 

while the air was supplied to the oxygen electrode. The I-V characteristics and 

electrochemical impedance spectra (EIS) are recorded for the cells at different 

temperatures (800 °C and 850 °C) and shown in Figure 5.5.  

The Nyquist plot of EIS data recorded at an open-circuit voltage (OCV) consists 

of two arcs with all samples at different temperatures. From the Nyquist plots, 

the contribution of Area Specific Resistance (ASR) of electrode polarization and 

ohmic resistance can be separated. The high-frequency intercept on the real axis 

represents the ohmic contribution from the electrolyte. The difference between 

low- and high-frequency intercept represent the polarization resistance (RP).  

Table 5.1 summarizes the obtained Rp value derived from the EIS spectra at OCV. 

With the increase in temperature, both ohmic- and polarization-resistance 

decreases for electrolyte and electrode respectively, indicating the thermal 

activation process.  Negligible change in ohmic resistance of cell with and 

without Pt was observed at a given temperature.  On the other hand, the 

electrode polarization of cell with Pt deposited LSCrM was 2- and 1.5-times 

lower than the bare LSCrM electrode at 800 °C and 850 °C, respectively at OCV. 

Further, the Rp value of Pt deposited LSCrM electrode (0.49 Ω·cm2) shows lesser 

values as compared to the Ni-YSZ cathode (0.69 Ω·cm2)22 in an identical 

operation/configuration condition. Thus the Pt/LSCrM electrode exhibits 
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improved electrochemical performance as compared to the pristine LSCrM and 

standard Ni-YSZ cermet. 

 

Figure 5.5: Electrochemical Performance of LSCrM with and without Pt deposition under 
reversible SOFC operation at 800 °C and 850 °C. (a) Nyquist plot and (b) I-V polarization 
curve for 25%H2O-25% CO2-50%H2 feed. 

 

The I-V characteristics in Figure 5.5 show both positive and negative current 

indicating the power generation (SOFC) and consumption mode (SOEC), 

respectively. The I-V curve transit recorded at the scan rate of 20 mV·s-1 displays 

a smooth transition between two operational modes demonstrates the good 

reversibility of the cell. In the SOFC region, the energy is generated by consuming 

the fuel (syngas), while in SOEC mode, the syngas is produced by consuming the 

electrical energy. In electrolysis mode (SOEC), at 1.5 V, the observed current 

densities of Pt/LSCrM cell are -0.73 A·cm-2 and -1.26 A·cm-2, at 800 °C and 850 °C, 

respectively. In contrast, the bare LSCrM at 1.5 V exhibits a lower current density 

of -0.46 A·cm-2 and -0.78 A·cm-2 at 800 °C and 850 °C, respectively. Upon switching 

on the same device to the SOFC mode, the power density (P = I·V) of Pt/LSCrM 

cell was up to 270 mW·cm-2 and 370 mW·cm-2 at 800 °C and 850 °C, respectively. 

The power outputs of the cell operating without the Pt nanoparticles was 

80 mW·cm-2 and 201 mW·cm-2 at 800 °C and 850 °C, respectively.  
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Table 5.1: Polarization resistance and total area specific resistance of LSCrM electrode with 
and without Pt deposition for the different temperature at 800 °C and 850 °C. 

Fuel 
electrode 

Temperature (oC) Polarization 
Resistance (Rp) at 

OCV (Ω·cm2) 

Total Area Specific Resistance 
of Cell (Ω·cm2) 

  at Fuel cell 

I = 0.2 A/cm2 

at Electrolysis 

I = - 0.2 A/cm2 

LSCrM 800 

850 

0.97 

0.46 

2.31 

1.00 

1.81 

0.84 

Pt-LSCrM 800 

850 

0.48 

0.30 

0.88 

0.50 

0.76 

0.49 

 

In the co-electrolysis mode, in a similar configuration and operating conditions 

with electrolyte (150 µm) supported cell the Ni-YSZ cermet results in -0.63 A at 

1.5 V,22 which is 50% less than Pt/LSCrM electrode (-1.26 A at 1.5 V ). 

Furthermore, in fuel cell mode, the Ni-YSZ based electrode reported to show 300 

mW cm-2  at 850°C, while Pt/LSCrM in present work shows 370 mW cm-2.22  Also,  

our results are also comparable (~10-20% difference in current density) to the Ni-

YSZ cermet supported cells where the electrolyte thickness did not exceed 

20 µm.7,47–49 Thus, Pt/LSCrM electrode demonstrates the high electrocatalytic 

performance as compare to the standard Ni-YSZ electrode. 

The ASR value of the electrode for both electrolysis and fuel cell mode was 

derived from the I-V curve corresponding to ± 0.2 A·cm-2 are reported in Table 

5.1. The ASR value in fuel cell mode provides information about the activity of 

electrode on the usage of fuel to produce energy, i.e. H2 or/and CO (via Reverse 

Water Gas shift) oxidation to H2O or/and CO2 respectively. On the other hand, 

the electrolysis ASR value depicts the electrode activity towards fuel generation 

(H2 and CO) by consuming the energy. The LSCrM electrode with Pt-deposition 

shows the lowest ASR value of 0.49 Ω·cm-2 at 850 °C under co-electrolysis mode, 
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0.35 Ω·cm-2 lower than the bare LSCrM in the same condition. Similarly, at 800 

°C, the Pt/LSCrM electrode exhibits lower ASR value as compared to the bare 

LSCrM. The lower ASR value can be attributed to the enhancement of 

electrochemical performance for both fuel cell and electrolysis mode, indicating 

higher electrocatalytic activity and electrical conductivity compared to the cell 

without Pt. 

To determine the syngas formation at the co-electrolysis operation, we 

performed a transient experiment at 850 °C by applying different currents (0.2, 

0.3, and 0.6 A·cm-2), and the results have been reported in Figure 5.6. The 

experiments were carried out using 25%H2O - 25%CO2 - 50%He without co-

feeding any reducing agent (as CO or H2). Under galvanostatic condition with 

constant removal of O2- from the fuel electrode, the syngas generated as per the 

reaction as follows: 

𝐶𝐶𝐶𝐶2 +  2𝐻𝐻2𝐶𝐶(𝑔𝑔) + 6𝑒𝑒− → 𝐶𝐶𝐶𝐶 + 2𝐻𝐻2 + 3𝐶𝐶2− 

 

A stable potential of 1.1, 1.2, and 1.4 V seems to be attained for Pt/LSCrM at 0.2, 

0.3, and 0.6 A·cm-2, respectively. On the other hand, for bare LSCrM, the increase 

in potential was observed for the same applied current. Furthermore, I-R 

analyzer were used to measure the rate of H2 and CO production for the applied 

current of 0.2, 0.3 and 0.6 A·cm-2. In both samples, the higher H2 production rate 

denotes the dominance of stream electrolysis. At 0.6 A·cm-2, H2 attained a 

maximum of 3.02 and 2.95 sccm·cm-2, while the CO production stays at a lower 

level of 1.33 and 1.21 sccm·cm-2 for the samples with and without Pt, respective.  

The steam and carbon dioxide co-electrolysis constitutes a more complexed 

system than the separate electrolysis processes. since CO can be generated both 

electrochemically from CO2 (CO2 + 2 e-  CO + O2-) and catalytically via the 
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reverse water gas shift reaction (RWGS) (CO2 + H2  CO + H2O, ΔΗ0 = 41.2 

kJ·mol-1).44-46 

 

Figure 5.6: a) Effect of time on cell voltage transient during galvanostatic electrolysis of 
25%H2O-25%CO2 at 850 °C.  b) and c) represent the corresponding syngas production rate 
with H2/CO ratio (ρ) during electrolysis of 25%H2O - 25%CO2 - 50%He at 850 °C.  

 

The contribution of each route to CO production is still under debate in literature, 

strongly depending on the operational conditions but with most of the studies to 

agree that the catalytic route is the dominant route. 48–50 To gain further insight 

into CO formation, we conducted background studies for the individual H2O and 

CO2 electrolysis over the Pt-LSCrM electrocatalyst (Figure S11 in the Appendix 

5.A). The attained current densities for the dry electroreduction of CO2 were 

inferior to H2O and CO2-H2O co-electrolysis processes. Nevertheless, the faradaic 
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efficiency to CO exceeded 90%, revealing that even though the direct CO2 

electroreduction is less favorable to H2O electrolysis, it should not be neglected 

from the CO formation. 

The ratio between  H2/CO (ρ) constitutes an essential parameter of syngas 

regarding its further processing and suitability in industrial processes, in which 

a ratio between ρ = 1.0 to 3.0 is usually preferred.51 Here, the observed ρ values 

for the two electrodes examined was in the range of 1.9 to 3.7 (Figures 5.6b, 5.6c). 

Further, the ρ varied from 2.3 to 3.5 with the applied current (or voltage), 

revealing the advantage of using redox stable perovskites for the process which 

could offer a wide variety of syngas for several industrial applications from the 

same cell reactor. 

 

5.3.3 Durability test 

The short-term stability of the Pt/LSCrM fuel electrode was assessed by 

performing the co-electrolysis process for a period of 60 h at -0.2 A and 800 °C in 

25%H2O - 25%CO2 - 50%He. The electrolysis voltage of the cell shows gradually 

increase in voltage from 1.2 to 1.3 V during 60 h of operation (Figure 5.7a). To 

understand this increase in voltage, SEM microstructural analysis on cross-

section was carried out for the Pt/LSCrM electrode after 60 h of durability study 

(Figures 5.7b, 5.7c). The adhesion between the electrode and electrolyte interface 

seems to be unaltered during the study. Compared to the sample prior to the co-

electrolysis experiments (heat-treated at 850 °C for 4 h), the size of the Pt NPs on 

LSCrM backbone undergoes a negligible change after the durability test 

demonstrating the excellent stability of Pt NPs. The carbon nanofibers observed 

on the electrode after the stability test can possibly explain the increase in voltage. 

Also, the degradation will occur due to the contact loss between Au mesh and 
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electrode at higher operating temperatures. Therefore, the carbon deposition and 

current collection issues contribute to the slight degradation during electrolysis, 

which constitutes no surprise since similar phenomena have been reported in 

solid oxide electrolysis studies.22,52,53  

 

Figure 5.7: a) Durability study of the Pt/LSCrM electrode for 65 h in co-electrolysis mode 
in the absence of H2 feed. Reaction condition 25%H2O - 25%CO2 - 50% He, at I = -0.2 A·cm-2. 
SEM micrographs of Pt/LSCrM after stability test b) cross-section c) surface morphology. 

 

5.4 Conclusions 

ALD of Pt has been applied for boosting the performance of LSCrM cathodes 

during CO2 and H2O co-electrolysis in SOECs. The ALD process used was able 

to introduce dispersed Pt nanoparticles (18 nm average size upon heat exposure) 

at low loadings (51 ± 2 μg·cm-2) into the open volume of the LSCrM perovskite 
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electrode. The electrochemical characterizations showed that the deposition of Pt 

significantly decreases the LSCrM’s polarization resistance, as a result of 

improved electrocatalytic activity and electrical conductivity. In particular the 

rate of syngas production is improved up to 62% (at 1.5V, 850 °C) vs the bare 

LSCrM electrode during electrolysis operation, whereas the peak power output 

was enhanced by up to 84% in fuel cell mode. The results obtained here clearly 

show the advantage of using Pt ALD on redox stable perovskite material for 

efficient production of syngas at the adjustable ratio of H2/CO. The Pt/LSCrM cell 

displayed adequate durability during continuous operation for 60 h at 850 °C 

with marginal modifications in Pt particle size and population. The present 

results exemplify how ALD can provide an efficient route towards noble metal 

exploitation in solid oxide cells in order to transform renewable power into the 

raw material for chemical industry. 
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Figure S1: XPS analysis results on the LSCrM substrate before Pt deposition. Scan and 
fitting of the peaks a) Cr 2p, b) La 3d, c) Mn 2p, d) O 1s and e) Sr 3d, used for the 
determination of surface composition. 

 

 
Figure S2: XPS analysis results on the LSCrM substrate after Pt deposition. Scan and fitting 
of the peaks a) Cr 2p, b) La 3d, c) Mn 2p, d) O 1s, e) Sr 3d and f) Pt 4f, used for the 
determination of surface composition. 
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Figure S3: Detail of the XPS analysis of Pt 4f peak. The overlap with the Mn 3s and Cr 3s 
peaks has been taken into account for the quantification of Pt at the surface. 

 

 

Table S-I: Surface composition of LSCrM substrate after Pt deposition determined by XPS 
scan fitting. 

Chemical composition 
as atomic % 

Mn Cr La Sr Pt 

LSCM-GDC substrate 24.2 % 16.4 % 37.6 % 21.7 % - 

LSCM-GDC substrate + Pt 15.8 % 15.1 % 25.6 % 18.0 % 25.6 % 
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Figure S4: Comparison between the particle size distributions of Pt nanoparticles on flat 
TEM windows of SiNx after 100 cycle of Pt ALD at time distance of three years. Figure a) 
shows the particle size distribution for a deposition performed on 2016, while Figure b) 
shows the particle size distribution for a deposition performed on 2013. The ALD process 
exhibits good reproducibility in terms of average particles size and size distribution over 
time. 
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Figure S5: SEM top view on different areas of the LSCrM substrate after ALD of Pt. The 
high magnification images here reported show the area used for the determination of the 
overall particle size distribution reported in Figure 3(e) of the manuscript. 
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Figure S6: SEM cross section in different areas of the LSCrM substrate after Pt deposition. 
Figures a) and c) show the detail of Pt decorated grains corresponding to the areas 
indicated by white arrows in Figures b) and d) respectively. Deposition of Pt nanoparticles 
has been observed up to 4 μm in depth from the top of the LSCrM porous substrate. 

 

 

Table S-II: Average weight of the LSCrM substrates (in mg) as prepared, after Pt ALD (no 
deposition on the substrate 3) and after treatment at 850 °C for 4 h (no treatment has been 
performed on substrate 2). 

LSCrM  
Substrate 

As prepared 
(mg) 

After Pt ALD 
(mg) 

After heat treatment 
(mg) 

1 444.693 ± 0.001 444.744 ± 0.002 444.741 ± 0.001 
2 448.034 ± 0.001 448.084 ± 0.001 - 
3 444.625 ± 0.001 - 444.618 ± 0.001 
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Table S-III: Pt loading on the LSCrM substrates (in μg) and weight difference after 
treatment at 850 °C for 4 h (no treatment has been performed on substrate 2). Data derived 
from the measurements reported in Table S-III. 

LSCrM  
Substrate 

Loading after Pt ALD 
(μg) 

Weight difference after  
heat treatment 

(μg) 
1 51 ± 2 -3 ± 2 
2 50 ± 1 - 
3 - -1 ± 2 

 

 

 

Figure S7: SEM top view on different areas of the LSCrM substrate after Pt ALD and 
exposure at 850 °C for 4 h. The images here reported show the areas used for the 
determination of the overall particle size distribution reported in Figure 5.4e of Chapter 
5. 
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Figure S8: SEM cross section on different areas of the LSCrM substrate after Pt ALD and 
exposure at 850 °C for 4 h. a) and c) show the details of the areas indicated by the white 
arrows in b) and d) respectively. After heat treatment Pt nanoparticles have been found 
distributed throughout the entire thickness of the LSCrM porous substrate. 
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Figure S9: XPS analysis of the Pt 4f peak carried out on the surface of the Pt-LSCrM 
electrode before annealing (black line) and after annealing (red line). The signal decrease 
supports the hypothesis of the migration of Pt from the top of the electrode to the bottom.  
 

 

 

Figure S10: XRD pattern of the cell, prior ALD (Pristine LSCrM), after ALD (As-deposited 
Pt/LSCrM) and after heat treatment (Heat Treated Pt/LSCrM). 
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Figure S11. Comparison between steam, carbon dioxide and co-electrolysis on Pt-LSCrM 
sample at 850 °C. The concentration of each reactant at the cathode side was 25% while air 
was flowing at the anode compartment. 



This chapter has been published as: V. Di Palma, H. C. M. Knoops, W. M. M. Kessels, M. Creatore, 
J. Vac. Sci. Technol. A 38 (2020) 022416. 

 

Chapter 6 

 

ALD of cobalt phosphate from cobaltocene, 

trimethylphosphate, and O2 plasma 

 

Abstract 

Electrodeposited cobalt phosphate has been reported in the literature as a robust alternative to noble 

metal-based electrocatalysts for the O2 evolution reaction. In parallel, atomic layer deposition 

(ALD) has been acknowledged as a key technology for the preparation of thin films for energy 

applications. With the present work, the authors have addressed the preparation of cobalt phosphate 

thin films by a plasma-assisted ALD process. The process developed consists of cobaltocene (step 

A) and trimethyl phosphate (step C) exposures alternated by O2 plasma (steps B and D) in an 

ABCD fashion. The process shows a linear growth with a growth per cycle of 1.12 ± 0.05 Å at 300 

°C and no nucleation delay. The chemical characterization of the layers deposited shows that the 

composition is close to the stoichiometric (Co3.1P2O8.3 for a deposition temperature of 200 °C) and 

the oxidation states of cobalt and phosphorus and agrees with those reported in the literature. 

Furthermore, the authors have gained insights into the surface reactions occurring during each 

ALD step by quadrupole mass spectrometry investigation. 
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6.1 Introduction 

Electricity storage into chemicals is an attractive solution to the challenge of the 

intermittency of renewable energy sources, such as wind and solar. The most 

known example is water splitting run on solar light-harvested electricity.1–5 The 

cobalt phosphate (CoPi)-based electrocatalyst is an earth-abundant and cost-

effective alternative to noble metal-based electrocatalysts, acknowledged since a 

few years for the good performance toward O2 evolution reaction (OER) both in 

neutral and high pH.6–10 CoPi is known to be a bulk electrocatalyst, i.e., the 

current density produced for OER is proportional to the volume of the catalyst 

indicating that the Co centers present in the bulk also participate in the 

OER.8,9 Moreover, CoPi has been applied as a cocatalyst in combination with a 

photoelectrode for the integration in photoelectrochemical (PEC) cells for water 

splitting.10 Further contribution to the design of the properties of CoPi can be 

given by atomic layer deposition (ALD), a thin film deposition method based on 

the cyclic sequential dosing of vapor-phase reactants. ALD is a key technology 

for the preparation, nanostructuring, and engineering of thin films for energy 

applications, ranging from solar cell technologies to solid-state batteries, water 

splitting devices, and fuel cells.11,12 The characteristic features of ALD include 

excellent control of the thickness at the atomic level, good uniformity and 

conformality, and high control over the material composition.13 

Recently, we have demonstrated the synthesis of CoPi by ALD and showed that 

the developed electrocatalyst is active toward OER and outperforms traditional 

electrodeposited films.14 Moreover, the process developed enabled tuning of the 

Co-to-P ratio by combining the CoPi process with extra ALD cycles of CoOx. The 

latter approach has led to the improvement of the performance of the 

electrocatalyst.14 After electrocatalysis, it is expected that CoPi, as well as other 
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transition metal phosphates prepared by ALD,15,16 can also have interesting 

applications in thin film lithium ion batteries. For example, LiCoPO4 has already 

been reported17–19 for that application. 

The ALD of phosphates has been reported for several metals, such as 

iron,15 aluminum,20,21 calcium,22 lithium,23,24 titanium,16,20,25 lanthanum,26 and 

zinc.27 The incorporation of phosphate generally involves the use of trimethyl 

phosphate (TMP) or triethyl phosphate as a precursor and either H2O, O3, or a 

combination of them as co-reactant. TMP has also been reported in the literature 

as a plasma-activated precursor, i.e., via TMP plasma polymerization.16,21,27 Very 

recently, this approach has been used for the preparation of cobalt 

phosphate/phosphide and iron phosphate/phosphide layers, applied as 

bifunctional electrocatalysts for the OER and the hydrogen evolution reaction 

(HER).28 

In this paper, we address the process development of ALD of CoPi as well as the 

characterization of the material in terms of optochemical properties in view of its 

application. Moreover, we infer the surface reactions taking place during the 

ALD steps to deduce the effect of those on the overall ALD process 

characteristics. CoPi is prepared by combining ALD of CoOx from cobaltocene 

and O2 plasma as reactant, with cycles of TMP followed by O2 plasma exposure, 

according to an ABCD process scheme. For the CoOx part (AB steps), we adopted 

the process reported by Donders et al.29 In contrast, the adoption of TMP dosing 

followed by O2 plasma (CD steps) has not been addressed yet in the literature. 
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6.2 Experiment 

Atomic layer deposition was performed in a home-built reactor described 

elsewhere.30,31 The pumping system, consisting of a turbo pump connected to a 

rotary pump, enabled us to keep the base pressure of the reactor <10−6 mbar. The 

reactor was equipped with a remote inductively coupled plasma (ICP) source 

with a power supply operating at 13.56 MHz. The walls of the chamber were 

heated to 100 °C while the substrate holder, suitable for fitting a 100-mm 

diameter substrate, was heated to 300 °C, unless specified otherwise. 

Cobaltocene (CoCp2, 98% purity) and TMP [(CH3O)3PO, 97% purity], both 

purchased from Sigma-Aldrich, were selected as precursors for the process. 

CoCp2 was contained in a stainless steel cylindrical container heated to 80 °C. 

Argon gas (> 99.999% purity) was used to carry CoCp2 vapor from the container 

to the reactor through a line heated to 100 °C. TMP was vapor drawn to the 

chamber, heating its container to 50 °C and the line to the reactor to 70 °C. For the 

O2 plasma, used as reactant in the process, O2 gas (>99.999% purity) was flowed 

through the plasma source for 4 s to stabilize the pressure to 8.0 × 10−3 mbar and 

then plasma was ignited by providing 100 W of power to the ICP source. 

The default ABCD ALD process used for the deposition of CoPi, upon 

investigation of the self-limiting behavior, is illustrated in Figure 6.1. The process 

starts by flowing argon, in order to stabilize the pressure inside the chamber to 

2.0 × 10−2 mbar, and then dosing CoCp2 for 2 s (step A) by diverting Ar through 

the CoCp2 container. Subsequently, Ar is flowed for 3 s for purging and the 

reactor is pumped down for 3 s. Afterward, O2 plasma is ignited for 5 s (step B). 

Next, TMP is dosed for 0.6 s (step C) followed by a pumping down step of 2 s. 

Subsequently, O2 plasma is ignited for 2 s (step D). Each one of the two O2 plasma 
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steps (B and D) is followed by 7 s of pumping down, the time that is sufficient to 

reach the base pressure of 10−6 mbar. 

 

Figure 6.1: Scheme of the default ALD process used for the deposition of the CoPi. 

 

c-Si(100) was used as a substrate for both the in situ characterization of the 

process and the ex situ analysis of the deposited layers. Before each deposition, a 

cleaning step of 5 min was performed by means of O2 plasma, removing 

adventitious carbon from the silicon surface and establishing a SiO2-terminated 

surface. 

Spectroscopic ellipsometry (SE) was performed for evaluation of growth per 

cycle (GPC), analysis of the uniformity of the process, and characterization of the 

optical properties. 

In situ SE was performed using a Woollam M-2000 ellipsometer with an angle of 

incidence of 70° and fitting the data with the CompleteEASE software. The 
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results were fitted in the spectral range between 1.3 and 4.5 eV using a model 

consisting of the Cauchy dispersion formula for the real part of the complex 

refractive index (n) and an exponential decay function for the imaginary part (k). 

The fitting was performed starting from the last measurement, corresponding to 

the largest thickness of the layer and then fitting the data backward in thickness. 

For the determination of the saturation curves, the process was characterized by 

depositing 100 ALD cycles on a CoPi seed layer previously prepared by 200 ALD 

cycles, according to the default process. Then, in order to reduce any possible 

influence of the substrate on the initial stages of the growth, only the last 50 cycles 

were taken into account for the determination of the GPC by linear fitting of the 

thickness. 

The film’s uniformity was studied ex situ by a Woollam M-2000 ellipsometer, 

which allows the automating mapping of the sample with an angle of incidence 

of 65°, measuring in the spectral range between 1.24 and 3.34 eV. The uniformity 

of the film was evaluated using a 100-mm silicon wafer as substrate and 

preparing the sample by 300 ALD cycles at 300 °C. Subsequently, the mapping 

was performed on 64 different spots of the sample in order to determine the 

variation of thickness and n at 1.96 eV, using the above-mentioned model to fit 

the results. To avoid any possible deviation due to the handling of the sample, a 

5-mm circular section from the edge was excluded from the measurement. 

The ALD process window and the optical properties of the layers were studied ex 

situ using a UV-VIS ellipsometer (Woollam M-2000) mounted on an automatic 

stage for multiangle measurements at 65°, 70°, and 75° and acquiring in the 

spectral range between 1.24 eV (1000 nm) and 6.2 eV (200 nm). The samples were 

prepared at 100, 200, and 300 °C by 300 ALD cycles. For the determination of the 

optical properties of the layers in the UV-VIS region of the spectrum, fitting of 
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the SE data was performed using a Tauc–Lorentz oscillator; in order to achieve a 

proper fit of the absorption peak in the UV region, minimizing the mean square 

error (MSE) in the spectral range between 1.24 and 6.2 eV. The choice of the fitting 

model was dictated by the fact that the Cauchy dispersion formula was not able 

to describe the absorption in the UV region. 

For the elemental characterization of the layers, Rutherford backscattering 

spectroscopy (RBS) and elastic recoil detection (ERD) were carried out by 

applying a 2 MeV He+ beam for both methods. 

X-ray photoemission spectroscopy (XPS) studies were carried out on a Thermo 

Scientific K-Alpha system, equipped with a monochromatic Al Kα X-ray source 

at 1486.6 eV. The C1s peak of the adventitious carbon was used as reference, by 

setting its binding energy at 285.0 eV.32,33 The crystallinity of the CoPi film was 

studied by X-ray diffraction in grazing incidence mode (GI-XRD) by a 

PANalytical X'Pert Pro MRD system, using Cu Kα X-rays (λ = 1.54 Å) in the range 

between 15° and 75°. 

Scanning electron microscopy (SEM) images were obtained with a Supra 40 (Carl 

Zeiss AG) microscope using an in-lens detector and accelerating voltage of 3 kV 

for the cross section and 5 kV for the top view. 

To generate insights into the surface reactions occurring during each ALD step, 

time-resolved quadrupole mass spectrometry (QMS) measurements were carried 

out using a Pfeiffer Vacuum Prisma QME-200 connected to the ALD chamber 

measuring in the range of mass-to-charge ratio (m/z) from 1 to 100. The mass 

spectrometer was equipped with a channeltron detector and an electron source 

operating at 70 eV for the ionization of the gas species collected from the ALD 

reactor. The pressure in the mass spectrometer was maintained below 10−5 mbar 
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by differential pumping using a turbomolecular pump. The ALD process used 

for the QMS measurements was modified by increasing all the dosing times by a 

factor of 2 in order to have a better resolution in time of the ALD process. Then, 

the data of 25 ALD cycles were collected and averaged in order to increase the 

signal-to-noise ratio and then normalized by the highest current density for 

each m/z. The process was also studied by means of a multipulse approach, 

which allows us to identify and distinguish between the saturation behavior 

characteristic of the reactants and the by-products.34 For the multipulse 

approach, the ALD process has been modified by repeating three times the 

dosing step studied, following the scheme “AAA-BBB-C-D” when addressing 

the first half of the ALD process and the scheme “A-B-CCC-DDD” for the second 

half. 

It should be noticed that the reaction products from the wall of the reactor can 

provide a major contribution to the overall signal. Moreover, the trend in time of 

the signal detected can be influenced by pressure variations; therefore, the m/z of 

Ar and O2 were taken into account as reference when drawing conclusions about 

the CoCp2 dosing and the O2 plasma step, respectively. 

 

6.3 Results and discussion 

6.3.1 ALD process 

The average GPC of the ALD process was determined by performing multiple 

depositions. The process showed linear growth and no nucleation delay (see 

Figure S1 in the Appendix 6.A). The average GPC of the process based on seven 

measurements was 1.12 Å with a standard deviation of 0.05 Å. 



1 2 7     

To investigate whether the process exhibits a self-limiting growth behavior, the 

saturation curve for each dosing step of the ALD process was investigated by 

varying the dosing time of each precursor or co-reactant independently. The data 

reported in Figure 6.2 show the GPC measured as a function of the dosing times. 

The four dosing steps are self-limiting and the dosing times used for the default 

deposition of CoPi, i.e., 2 s for CoCp2, 5 s for the first O2 plasma step, 0.6 s for 

TMP, and 2 s for the second O2 plasma step, are all within the saturation regime.  

 

Figure 6.2: Saturation curves of the four ALD steps used for the deposition of CoPi: (a) 
CoCp2 dosing, (b) O2 plasma step after CoCp2 dosing, (c) TMP dosing, and (d) O2 plasma 
step after TMP dosing. Data points reported in different colors belong to two different 
series of measurements. The two values reported for 0 s of dosing of CoCp2 and of TMP 
indicate the GPC for a POx and a CoOx layer, respectively. Solid lines serve as a guide to 
the eyes. The vertical dashed lines indicate the selected exposures for the default 
deposition process. The data reported have been measured at a deposition temperature of 
300 °C. 
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The ALD process without TMP dosing leads to the deposition of a CoOx layer, 

with a GPC of 0.49 ± 0.08 Å [see Figure 6.2(c)], in agreement with the report by 

Donders et al.29 On the other hand, the GPC of a POx layer without cobalt dosing 

is negligible [0.01 ± 0.08 Å, see Figure 6.2(a)], pointing out that the presence of a 

cobalt oxide terminated surface plays a role in the surface reactions of TMP. This 

is in line with earlier literature on ALD of iron phosphate, where TMP dosing 

did not lead to film growth in the absence of the iron oxide step15, although in 

that case, differently from our work, a combination of H2O and O3 has been used 

as a co-reactant. 

Next, we report on process uniformity in terms of thickness [Figure 6.3(a)] 

and n at 1.96 eV [Figure 6.3(b)] on a 100-mm c-Si substrate. The black dots in the 

figure show the positions where the measurements were taken. A measure of 

inhomogeneity of the layer can be calculated by applying the following formula: 

𝐼𝐼𝐼𝐼ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 % = �
𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎

� × 100 

where astdv and aavg are the standard deviation and the average of the parameter 

investigated, respectively. The thickness ranges from 33.3 to 34.5 nm, with values 

that can be translated into an inhomogeneity of only 1.0%. The value of n ranges 

from 1.74 to 1.78 with an inhomogeneity of only 0.5%. The variation of both n and 

thickness seems to follow the same trend, with a decrease in the values going 

from the top right to the bottom left of the sample. No clear correlation has been 

found between this variation and the parameters typically influencing 

uniformity, e.g., a gradient in the table temperature or a specific direction of the 

injection point of the precursors. 
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Figure 6.3: Distribution of (a) thickness and (b) n at 1.96 eV for CoPi deposited on a 100-
mm c-Si wafer by 300 ALD cycles. The black dots indicate the spots for which the 
measurement was carried out, while the arrows on the top show the direction of the flow 
of the precursors. A 5-mm large circular section from the edge has been excluded from the 
analysis. 

 

6.3.2 Chemical characterization 

The chemical composition of the ALD-prepared CoPi was determined by RBS 

and ERD, and the results are shown in Table 6.1. The composition approaches 

the stoichiometry of the bulk material (Co3P2O8), especially for the layer 

deposited at 200 °C. Moreover, the density determined by RBS agrees well with 

the value of 3.8 g/cm3 reported in the literature for bulk CoPi.35 The layer exhibits 

a negligible level of impurities in terms of hydrogen and carbon content, 

particularly at higher temperatures. For all the temperature range, no carbon is 

detected, which indicates that its concentration is below the RBS sensitivity 

threshold of 4% as atomic percentage. Also, XPS analysis does not show any 

carbon in the CoPi layer besides the adventitious carbon, which is present only 

at the surface. The hydrogen content is < 3% as atomic percentage for all the 

layers. 
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Table 6.1: Areal density per ALD cycle of cobalt, phosphorus, oxygen, and hydrogen of 
the ALD-prepared CoPi layers, determined by RBS and ERD for different deposition 
temperatures. The stoichiometry is calculated by normalizing the areal density of each 
element by the areal density of phosphorous. The volumetric mass density is calculated 
from the areal densities and the thickness of the specific sample. The samples were 
prepared by 300 ALD cycles. 

T 
(°C) 

Areal density (atoms × nm−2 × cycle−1) 
Stoichiometry n at 1.96 eV 

Thickness 
from SE 

(nm) 

Density 
(g/cm3) Co P O H 

100 2.56  
± 0.07 

1.49  
± 0.07 

6.8  
± 0.3 

0.33  
± 0.07 Co3.4P2O9.1 1.81  

± 0.01 
40  
± 2 

3.9  
± 0.2 

200 2.13  
± 0.07 

1.39  
± 0.03 

5.8  
± 0.3 

0.08  
± 0.01 Co3.1P2O8.3 1.75  

± 0.01 
35  
± 2 

3.8  
± 0.2 

300 2.07  
± 0.07 

1.24  
± 0.03 

5.3  
± 0.3 

0.10  
± 0.02 Co3.3P2O8.5 1.78  

± 0.01 
33  
± 2 

3.8  
± 0.2 

 

The effect of temperature on the ALD process was investigated at 100, 200, and 

300 °C, comparing the results of RBS analysis with the ex situ SE measurements. 

The RBS and ex situ SE results reported in Table 6.1 are consistent with each 

other, indicating a small decrease in the GPC when the temperature increases 

from 100 to 300 °C. Namely, the SE results show a decrease in GPC from 1.3 to 

1.1 Å when the temperature increases from 100 to 300 °C. This is different from 

what has been reported for ALD of other metal phosphates, generally exhibiting 

an increase in the GPC when temperature increases.15,20,22 The difference could be 

attributed to the use of a different reactant (O3, H2O, or a combination of them) 

compared to our case. 

The deposition temperature also has an effect on the composition and optical 

properties of the layers. The change in the cobalt-to-phosphorus ratio is found to 

relate to the change in optical properties. The value of n at 1.96 eV shows first a 

decrease when the temperature is changed from 100 to 200 °C and then again an 

increase at 300 °C. Since the mass density of the layers is constant within the 
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explored temperature range, the change in n can be explained considering the 

chemistry of the material. To address this aspect, CoPi has been regarded as the 

combination of POx layers with CoO, since as explained in the next paragraph Co 

is present in the oxidation state of +2. POx is generally reported to have values 

of n at 1.96 eV between 1.45 (Ref.17) and 1.67 (Ref.36), while for CoO, n is generally 

about 2.2.37–39 Considering the optical properties of CoO and POx, we can deduce 

that a CoPi layer presenting a higher cobalt-to-phosphorous ratio should present 

higher values of n. 

XPS analysis confirms the oxidation state of Co and P expected for CoPi. Figure 

6.4(a) shows the Co2p3/2 and Co2p1/2 peaks of the ALD-prepared CoPi. The 

Co2p3/2 peak exhibits the feature characteristic of cobalt in the oxidation state of 

+2 with a main component and a shoulder at higher binding energy, having 

approximately 50% lower intensity, which is identified as the satellite 

component. 

 

Figure 6.4: XPS spectra of (a) Co2p peak and (b) P2p peak of a 67-nm thick CoPi layer, 
prepared at 300 °C by ALD. 

 

Furthermore, the binding energies of both the Co2p3/2 and Co2p1/2 components 

determined for ALD-prepared CoPi match well with the values reported in the 
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literature for CoPi, i.e., about 781 eV for Co2p3/2 and 797 eV for                                

Co2p1/2.40–42 Additionally, the P2p peak reported in Figure 6.4(b) exhibits the 

characteristic shape and binding energy reported for CoPi in the literature.43 

The crystallinity of ALD-prepared CoPi was investigated by GI-XRD. The 

diffraction pattern shows that the layer is amorphous (see Figure S2 in the 

Appendix 6.A), as reported also for iron phosphate and titanium phosphate 

prepared by ALD.15,16 The broad feature in the graph, characteristic of 

amorphous materials, is reported also for metal phosphate glasses showing the 

same feature in the range between 20° and 35°, with a shift depending on the 

composition of the glass.44,45 

The optical properties of CoPi become relevant when using this material as a 

cocatalyst on the top of a photoelectrode for OER. Figures 6.5(a) and 6.5(b) show 

the dispersion of k and n, respectively, determined by ex situ UV-VIS SE for the 

ALD-prepared CoPi layers. According to the fitting parameterization, the peak 

in the absorption coefficient is at 178 nm (7.0 eV). The value of k rapidly decreases 

when going to higher wavelength. As expected from the Kramers–Kronig 

relations, the distribution of n exhibits higher values close to the peak of 

absorption and then, at wavelengths between 210 and 1000 nm, it decreases 

following a normal dispersion. The dependence of k and n from the deposition 

temperature is consistent with the behavior described above in Table 6.1. The 

layer deposited at 200 °C exhibits the lowest values of k (< 8 × 10−3) in the visible 

region, while the layer deposited at 300 °C presents values of k almost 1 order of 

magnitude higher. In view of the potential application as a cocatalyst, the 

composition of the layer in terms of the cobalt-to-phosphorous ratio should be 

taken into account, since the potential parasitic absorption in the visible region 
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would lower the efficiency of the photoelectrode when illuminating it directly 

from the side of the cocatalyst. 

 

Figure 6.5: Dispersion of (a) k and (b) n determined by fitting of the ex situ UV-VIS SE 
measurements with a Tauc–Lorentz oscillator for the CoPi layers deposited at 100, 200, 
and 300 °C. The visible region of the spectrum has been highlighted. 

 

6.3.3 Analysis of the surface reactions 

Insight into the surface reactions taking place during ALD of CoPi has been 

inferred by means of QMS studies. The use of multiple pulses of precursors 

within one cycle has been used to gain insights into the reactivity of cobaltocene 

(using the “AAA-BBB-C-D” scheme) by verifying the presence of specific by-

products during the multiple dosing of CoCp2. In a similar experimental setup 

used for QMS measurements, the reaction of cobaltocene in another plasma ALD 

process involves the release of one ligand as cyclopentadiene (CpH).46 The time-

resolved measurements performed in this work (see Figure S4 in the Appendix 

6.A) do not show any increase of the signal characteristic of CpH+ (m/z = 66) 

during the sequential dosing of CoCp2. At the same time, we have been able to 

measure the small increase in the signal characteristic of the precursor (see Fig. 

S5 in the Appendix 6.A) due to the saturation of the surface sites. Considering 
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also that upon investigation it was found no evidence of the formation of other 

by-products during CoCp2 dosing (see Figure S6 in the Appendix 6.A), we 

suggest that the pathway of reaction for step A is likely to be the associative 

adsorption of CoCp2 at the surface without any exchange of ligands. The 

subsequent O2 plasma step removes the Cp ligands from the precursor adsorbed 

at the surface through combustion-like reactions.  

 

Figure 6.6: Time-resolved QMS measurements of the m/z indicative of (a) H2O+ (m/z = 18), 
(b) CO+ (m/z = 28), and (c) CO2+ (m/z = 44) during sequential O2 plasma exposures after 
CoCp2 dosing. The by-products detected indicate a combustion-like reaction during the 
O2 plasma step after CoCp2 dosing. 

 

Figure 6.6 highlights the formation of the typical by-products of combustion 

showing the signals of H2O+ [Figure 6.6(a)], CO+ [Figure 6.6(b)], and CO2+ [Figure 
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6.6(c)] during the sequential exposure to O2 plasma after CoCp2 dosing. The 

amount of those by-products generated in the plasma exposure shows a major 

decrease after the first pulse, yet a small component is present in the subsequent 

pulses probably due to further removal of ligands from the wall of the reactor. It 

is worth to mention that a major fraction of the CO+ detected is actually generated 

as CO inside the ALD chamber and not from the dissociation of CO2 in the 

ionization source of the mass spectrometer (see the section IV.a in the Appendix 

6.A). 

In order to shed light on the initial steps of the Cp removal by the O2 plasma, we 

had a closer look at the first O2 plasma pulse of the series, by analyzing 

different m/z values. As reported in Figure 6.7, the plasma ignition is suddenly 

followed by the generation of species with m/z 26 and 52 that can be attributed to 

the ionization of vinyl acetylene (C4H4) and acetylene (C2H2). As a matter of fact, 

both experimental and computational studies47–49 report C2H2, C4H4, and CO as 

by-products of the oxidation of the Cp through the reaction pathway that 

produces cyclopentadienone (C5H4O) as intermediate. Nevertheless, no signal of 

C5H4O+ has been detected. We then suggest that the removal of Cp ligands occurs 

through the oxidation via plasma of the Cp to C5H4O, which subsequently 

dissociates in the reactor generating C4H4, C2H2, and CO. Then, the signals of the 

C4H4+ and C2H2+ are detected only in the initial stage of the O2 plasma step, i.e., 

within 2 s after plasma ignition, since C4H4 and C2H2 undergo oxidation, 

producing CO, CO2, and H2O. Accordingly, the signals of CO+ and CO2+ show a 

tail for longer plasma exposure, indicating the continuation of the oxidation 

reaction. Further investigation would be necessary to determine if the 

dissociation of C5H4O takes place at the surface or in the gas phase. 
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Figure 6.7: Time-resolved QMS measurements of (a) CO+ (m/z = 28), (b) C2H2+ (m/z = 26), 
(c) C4H4+ (m/z = 52), (d) CO2+ (m/z = 44), and (e) O2+ (m/z = 32) during O2 plasma after the 
CoCp2 dosing. 

 

The TMP dosing, different from the CoCp2 dosing, is characterized by the 

chemisorption of the molecule followed by ligand elimination. Figure 6.8 reports 

the reaction mechanism proposed for the adsorption of TMP on the surface. The 

mechanism is based on the electrophilic attack of dimethyl methyl phosphonate 

on a metal oxide surface reported in the literature50–52 and it considers a similar 

reactivity for TMP. The chemisorption proceeds via bonding between the 

terminal oxygen of the P=O group and the under-coordinated cobalt atoms at the 
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surface. The reaction proceeds further with phosphorus bonding to the oxygen 

at the surface, followed by elimination of a methanol molecule. 

 

Figure 6.8: Reaction mechanism proposed for the chemisorption of TMP on the surface. 
Each curved arrow shows the transfer of an electron pair. 

 

The generation of methanol according to the above-mentioned mechanism has 

been verified by QMS measurements, applying the multipulse approach (scheme 

“A-B-CCC-DDD”). The results reported in Figure 6.9 show that the intensity of 

the m/z attributed to TMP (95 and 79 for PO3CH4+ and PO3+ fragments, 

respectively53) increase, while the intensity of the m/z attributed to methanol (32 

and 29 for the parent ion CH3OH+ and the OCH+ fragment, respectively54) 

decrease. This is in line with the saturation of the surface sites, resulting in an 

increase in the amount of precursor and a decrease in the amount of by-products 

reaching the mass spectrometer, confirming the role of methanol as by-product 

of the reaction. 
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Figure 6.9: Time-resolved QMS data for the multipulse of TMP, for the standard ALD 
process (solid line), and the process without the CoOx step (dashed line). The m/z values 
selected are indicative of (a) PO3+ and (b) PO3CH4+ fragments derived from TMP and (c) 
CH3OH+ parent ion and (d) OCH+ fragment derived from methanol. 

 

In addition, the role of the surface composition in the reactivity of TMP has been 

highlighted. Figures 6.9(a) and 6.9(b) show the comparison between the 

reactivity of TMP on a CoOx terminated surface (solid lines) and on a POx 

terminated surface (dashed lines). As mentioned previously in the discussion of 

CoCp2 dosing [Figure 6.2(a)], the GPC of a POx layer is negligible under these 

experimental conditions, indicating that the presence of a CoOx terminated 

substrate is essential for TMP in order to react quantitatively. In agreement with 

those findings, when the ALD process has been modified by removing the CoOx 
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step (using the “CCC-DDD” scheme), a higher amount of TMP fragments has 

been detected by the mass spectrometer [dashed lines in Figures 6.9(a) and 6.9(b)] 

indicating that the consumption of TMP has been inhibited. 

Figure 6.10 shows the results of time-resolved QMS measurements during the 

overall ALD cycle. From Figures 6.10(b) and 6.10(c), it is possible to notice the 

peaks associated with the production of CO2 and CO during the O2 plasma 

exposure after the TMP dosing, indicating that the removal of the remaining TMP 

ligands occurs through a combustion-like reaction. 

 

Figure 6.10: Time-resolved QMS measurements during ALD of CoPi, reporting m/z of (a) 
Ar+ (m/z = 40), (b) CO2+ (m/z = 44), (c) CO+ (m/z = 28), and (d) the P(OH)2+ fragment 
(m/z = 65) characteristic of TMP (Ref.55). 
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The surface reactions proposed seem to be consistent with the different plasma 

exposure times needed to achieve saturation, namely, 5 s after CoCp2 dosing and 

2 s after TMP dosing, since a longer plasma exposure can be necessary to oxidize 

and remove ligands having a higher number of carbon atoms. Further indications 

on the surface reactions proposed above can be deduced from the overall ALD 

cycle, comparing the two O2 plasma steps [Figures 6.10(b) and 6.10(c)]. By 

integration of the area under the respective m/z curve (see Figures S8 and S9 in 

the Appendix 6.A), we can compare the relative amount of CO2 and CO 

produced during the two O2 plasma steps [Figures 6.10(b) and 6.10(d)]. That 

amount should be proportional to the number of carbon atoms present in the 

ligands after adsorption of each precursor. In the specific case, after associative 

adsorption of CoCp2, a total of 10 carbon atoms are present in the ligands while 

after the chemisorption of TMP, the number of carbon atoms in the ligands is 2. 

The amounts of CO2 and CO produced in step B is almost five times higher than 

the amounts produced in step D, in line with the proportion between the 

numbers of carbon atoms present in the ligands for the reactions proposed. 

Nevertheless, the precise quantification is not trivial, and it should take into 

account the different coverage of the precursors and the major contribution to 

the signal detected given by the process occurring at the wall of the reactor, 

which can be outside the saturation regime for the O2 plasma step. 

 

6.4 Summary and conclusions 

Plasma-assisted ALD of CoPi has been performed using CoCp2 and TMP as 

precursors and O2 plasma as a reactant according to an ABCD process scheme. 

The adoption of TMP exposure followed by O2 plasma for incorporation of the 

phosphate has been successful, and the process characteristics have been studied. 
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The ALD process shows a GPC of 1.12 ± 0.05 Å at 300 °C, a linear growth, and no 

nucleation delay. The self-limiting behavior of each step has been demonstrated 

by determination of the saturation curves. The process exhibits good uniformity 

in terms of thickness and refractive index at 1.96 eV, resulting in being suitable 

for the potential application on electrodes or photoelectrodes of size up to 

100 mm in diameter. 

The ALD-prepared CoPi layers present a composition close to the stoichiometric 

state, especially for the layer deposited at 200 °C (Co3.1P2O8.3). This is quite 

exceptional compared to the main literature on ALD of transition metal 

phosphates, often reporting the use of supercycles to adjust the stoichiometry. 

Moreover, the density of the layers and the chemical state of cobalt and 

phosphorus are in agreement with those of the literature on CoPi. The 

optochemical properties of the layers have been studied as a function of the 

deposition temperature, and it has been found that the cobalt-to-phosphorus 

ratio relates to the optical behavior. The latter has been addressed comparing the 

values of n reported for POx (between 1.45 and 1.67) and CoO (about 2.2). Those 

values can explain the higher refractive index of the CoPi layers presenting 

higher cobalt-to-phosphorus ratios. Similar dependence from deposition 

temperature and composition has been found for the values of k, which exhibits 

a peak at 178 nm (7.0 eV) and decreases for higher wavelengths. The distribution 

of n is consistent with the distribution of k according to the Kramers–Kroning 

relations, showing higher values close to the peak of absorption and decreasing 

at higher wavelengths, following a normal distribution between 210 and 

1000 nm. In view of the application of the layers as a cocatalyst, the CoPi 

deposited at 200 °C is the most suitable in terms of optical properties, with values 

of k < 8 × 10−3 in the visible region. 
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Insight into the surface reactions occurring during the ALD process has been 

deduced from mass spectrometry investigations for each ALD step. The 

CoCp2 dosing is characterized by the absence of by-products, indicating that the 

adsorption of the precursor on the surface is likely to occur without ligand 

exchange. Then the subsequent O2 plasma exposure removes the Cp ligands via 

combustion-like reactions, as revealed by detection of CO2+, CO+, and H2O+. 

Moreover, through the identification of the C4H4+ and C2H2+ species in the initial 

stage of the plasma step, we have indirect evidence on the basis of the literature 

that the formation of C5H4O is a step involved in the oxidation and removal of 

the Cp. Differently from the CoCp2 dosing, the TMP dosing is characterized by 

chemisorption on the substrate via elimination of one methanol molecule. Then 

the conversion of the remaining ligands is performed through the oxidation via 

the O2 plasma exposure. The surface reactions suggested are in line with the 

relative amount of CO2 and CO produced during the two O2 plasma steps. The 

overall ALD process presented is dominated by the removal of ligands through 

the exposure to O2 plasma. This can possibly explain the quality of the material 

prepared in terms of impurities, since no carbon has been detected and the 

hydrogen content stays below 3 at. % for all the layers deposited. 
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I. ALD process 

 

Figure S1: Film growth, monitored by in situ spectroscopic ellipsometry, as a function of 
the number of cycles during ALD of CoPi for 400 cycles at 300°C. The thickness is 
measured every 20 cycles interrupting the deposition for 35 s in order to perform the 
measurement. The red dashed line shows the linear fit of the data. 

 

II. X-ray diffraction 

 

Figure S2: GI-XRD diffraction pattern of a 67 nm thick cobalt phosphate layer prepared 
by ALD at 300°C, in the range of 2·θ between 15° and 75°. 
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III. Scanning electron microscopy 

 

Figure S3: SEM images of a) cross section and b) top view of a 67 nm thick layer of cobalt 
phosphate prepared by ALD at 300°C on c-Si(100). For the top view, the focusing has been 
done on the edge of the sample and then the image has been acquired in a different spot. 
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IV. Quadrupole mass spectrometry 

 

Figure S4: Time-resolved QMS measurements during sequential pulses of CoCp2, 
comparing the signal of Ar+ (m/z = 40) used as reference, with the signal of CpH+ (m/z = 
66). 

 

 

Figure S5: Time-resolved QMS data during sequential pulses of CoCp2, comparing the 
signal of Ar+ (m/z = 40) used as reference to the signal of Cp+ (m/z = 65). 
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Figure S6: Time-resolved QMS data of the m/z indicative of a) Ar+ (40), b) H2O+ (19), c) CO+ 
(28) and d) CO2+ (44) during three consecutive pulses of CoCp2 dosing. 

 

VI.a CO2 dosing for the determination of the origin of the CO detected 

CO2 gas has been flowed into the ALD reactor in order to determine the relative 

amount of CO+ detected during the QMS measurements that could have been 

attributed to the dissociative ionization of CO2 in the ion source. To perform the 

experiment, a cylinder of CO2 (99.999%) has been connected to the ALD reactor. 

The measurement has been performed starting with the dosing of Ar, which was 

used as reference. After 4 s of Ar dosing, CO2 valve has been opened flowing the 

gas into the chamber for 6 s. As shown in the Figure S7, the increase in the CO2+ 

signal is more marked than the increase in CO+ compared to the Ar background, 
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indicating that the amount of CO+ generated from the ionization of CO2 in the 

electron source of the mass spectrometer is minor. This is in line with the cracking 

pattern of CO2 reported in the literature, showing a relative intensity of the CO+ 

signal at about 10% of the intensity of CO2+ [1]. Therefore we can attribute most 

of the CO+ detected during the QMS measurements to CO directly generated 

inside the ALD chamber. 

 

Figure S7: Time-resolved QMS data of m/z = a) 28 (CO+), b) 44 (CO2+), and c) 40 (Ar+) during 
the dosing of CO2 for the determination of the CO+ fraction derived from the ionization of 
CO2 in the mass spectrometer. 
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Figure S8: Time-resolved QMS data comparing the relative amount of CO2 produced 
during the two different plasma exposure (step B and D of the ALD recipe) calculated by 
integration. The baseline for integration (green dashed line) is taken at the base pressure 
of oxygen, before ignition of the plasma. 
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Figure S9: Time-resolved QMS data comparing the relative amount of CO produced 
during the two different plasma exposure (step B and D of the ALD recipe) calculated by 
integration. The baseline for integration (green dashed line) is taken at the base pressure 
of oxygen, before ignition of the plasma. 
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Chapter 7 

 

ALD of cobalt phosphate thin films for the 

oxygen evolution reaction 

 

Abstract 

In this contribution we report on the electrocatalytic activity towards OER of ALD-prepared cobalt 

phosphate thin films. The selected ALD approach enables tuning of the Co-to-P atomic ratio, which 

is found to significantly affect the activity of the prepared electrocatalyst. Specifically, concurrently 

with a Co-to-P ratio increase from 1.6 to 1.9, the current density for OER increases from                

1.77 mA·cm-2 at 1.8 V vs. RHE (Reversible Hydrogen Electrode) to 2.89 mA·cm-2 at 1.8 V vs. RHE. 

Moreover the sample with a Co-to-P ratio of 1.9 has superior performance when compared to 

electrodeposited cobalt phosphate thin films reported in the literature. 
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7.1 Introduction 

Splitting water into hydrogen and oxygen is recognized as a viable approach to 

enable storage of renewable energy in the form of fuels. However, there are 

currently several issues hampering the development and implementation of this 

technology, one of which is the high cost associated with the use of noble-metal-

based electrocatalysts.1-4 In the last few decades much research has been 

dedicated to the synthesis of cost-effective electrocatalysts using cheaper 

transition metals.5 In this regard, cobalt-based electrocatalysts currently show the 

most promising results.6 In 2008 Kanan and Nocera7 reported the preparation of a 

cobalt-phosphate-based electrocatalyst with good performance towards the 

oxygen evolution reaction (OER). Subsequently research on 

cobalt phosphate has been expanding by addressing the specific reaction 

mechanism for OER, the change in activity as a function of pH and for different 

buffer systems, and tuning properties in terms of coordination and crystal 

structure.6,8-13 

So far, the preparation of cobalt-phosphate-based electrocatalysts has been 

largely limited to (photo)electrodeposition in solution, implying that the control 

of the thickness is strongly related to the control of the current applied in the 

preparation of the electrocatalyst, and the composition is influenced by 

precursors, electrolytes and pH.14,15 A higher level of control over material 

composition is expected to be achieved using atomic layer deposition (ALD), 

a thin film deposition technique based on the sequential dosing of gas phase 

reactants.16 Because of its self-limiting growth behavior, ALD is characterized by 

thickness control at the atomic scale and excellent uniformity of the materials 

deposited.16-21 Moreover, ALD generally allows the chemical composition of a 

material to be tuned by changing the ratio between the different dosing steps.22,23  
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In the present work we use ALD to prepare cobalt phosphate thin films serving 

as electrocatalysts for OER. Three different types of samples have been prepared 

by ALD: one for cobalt oxide, one stoichiometric cobalt phosphate and one cobalt 

phosphate with a higher Co-to-P ratio. This approach makes it possible to explore 

the activity of the electrocatalyst as function of the stoichiometry. 

 

7.2 Experimental 

Cobalt phosphate and cobalt oxide thin films were deposited using a home-built 

ALD reactor described in detail elsewhere.24,25 The reactor was equipped with a 

remote inductively coupled plasma generator (13.56 MHz). Cobaltocene (CoCp2) 

and trimethyl phosphate (TMP, purity 97%), both purchased from Sigma-

Aldrich, were used as precursors and O2 plasma (8.0·10−3 mbar; 100 W) was used 

as reactant. A stainless steel bubbler containing CoCp2 was heated at 80 °C and 

the line from the bubbler to the reactor was kept at 100 °C. Ar (purity > 99.999%; 

base pressure 2.2·10−2 mbar) was used as the carrier gas for CoCp2 dosing. TMP 

was dosed in vapor-drawn mode by setting the temperature of the bubbler at 

50 °C and the line from TMP bubbler to the reactor at 70 °C. The temperature of 

the wall of the reactor was set at 100 °C and the substrate holder at 300 °C. Three 

types of ALD recipes have been used for the preparation of the samples (Figure 

7.1): one for cobalt oxide (CoOx), one for stoichiometric cobalt phosphate (CoPi) 

and one, given by the combination of the previous two, for cobalt phosphate with 

a higher Co-to-P ratio (CoPiCo-rich). The dosing times and the ALD recipes used 

are reported in Figure 7.1. A proper purge time has been used after each step (e.g. 

7 s after oxygen plasma, 6 s after Co dosing and 2 s after TMP dosing). 
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Figure 7.1: Scheme of the dosing time used for each step (left) and ALD recipe used for 
CoOx, CoPi and CoPiCo-rich (right). 

 

Since cobalt is the reactive center providing electrocatalytic activity8, the current 

measured in the OER depends on the number of cobalt atoms participating in the 

reactions. Moreover, the activity towards OER depends on the volume of cobalt 

phosphate, as reported in the literature.9 For this reason, in order to study the 

activity as a function of the stoichiometric composition while minimizing the 

difference in activity due to the total amount of cobalt, we designed the ALD 

recipes using the same number of cobalt dosing steps (600 in total, see Figure 7.1) 

for each sample, in order to keep the number of cobalt atoms approximately the 

same. 

In situ spectroscopic ellipsometry (SE, Woollam M-2000) has been used to 

determine the thickness and refractive index of the layers when deposited on 

Si(100) single crystal. The Cauchy dispersion formula, which was found to be 

valid for cobalt phosphate, has been adopted to fit the experimental data. 

Rutherford backscattering spectrometry (RBS) has been performed for CoPi, 

CoPiCo-rich and CoOx and elastic recoil detection (ERD) for the quantification of 

hydrogen for CoPi and CoPiCo-rich. XPS was performed using the Thermo 

Scientific K-Alpha system, equipped with a monochromatic Al Kα x-ray source 

and the samples were analyzed as deposited. 
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The electrocatalytic activity of the layers towards OER were evaluated 

through cyclic voltammetry (CV), using a CompactStat-Ivium electrochemical 

workstation in a three-electrode configuration. Fluorine-doped tin oxide (FTO) 

on glass was used as a benchmark and as substrate for ALD of the electrocatalyst, 

which was used as a working anode with an area of 2 cm2 immersed in the 

solution. A Pt mesh was the counter electrode and Ag/AgCl the reference 

electrode. A solution 0.1 M of KPi buffer (pH = 8) was used as the electrolyte for 

the CV measurements with a scan rate of 10 mV·s−1. Impedance spectroscopy has 

been used to determine the cell resistance (~58 Ω) and 80% iR correction has been 

applied for the CV results. The potential measured is converted to reversible 

hydrogen electrode (RHE) using the formula: VRHE = VAg/AgCl + 0.1976 

V + 0.059 × pH V. 

 

7.3 Results and discussion 

Ellipsometric characterization of the processes used for the preparation of the 

three samples show a growth per cycle constant within the experimental error. 

The final thickness, reported in Table 7.1, is determined by fitting the SE data 

using a Cauchy dispersion formula for CoPi and CoPiCo-rich and an optical model 

employing a Gauss, a Tauc–Lorentz, and one Lorentz oscillator for CoOx, as 

reported by Donders et al.28, in the spectral range between 1.38 eV and 4.13 eV. 

The three samples under study have been prepared by minimizing differences in 

the total areal density of Co (see Table 7.1) as determined by RBS. Table 7.1 also 

shows that the CoPi layer has a mass density comparable to bulk 

cobalt phosphate (3.8 g/cm3, Ref.26) and a stoichiometry of Co3.2P2O9 which is 

very close to the theoretical Co3P2O8. 
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Table 7.1. Elemental composition and density of the CoOx, CoPi and CoPiCo-rich thin films 
from RBS measurements. 

Sample 

Areal density (1015 atoms/cm2) Stoichiometry Thickness 

from SE 

(nm) 

Density of the 

thin film 

(g/cm3) Co P O 

CoOx 124 ± 4  176 ± 9 Co3O4.3 30 ± 2 5.6 ± 0.3 

CoPi 127 ± 4 77 ± 3 (35 ± 2).10 Co3.2P2O9 67 ± 4 3.8 ± 0.2 

CoPiCo-rich 137 ± 4 71 ± 3 (33 ± 2).10 Co3.8P2O9.4 64 ± 4 4.1 ± 0.2 

 

The Co-to-P ratio of CoPi is found to be lower than that reported for 

electrocatalysts prepared by electrodeposition, generally exhibiting a Co-to-P 

ratio between 2 and 3.7,9,15 The sample CoPiCo-rich has a Co-to-P ratio higher than 

CoPi (1.9 vs. 1.6, respectively), as well as a higher mass density than CoPi (4.1 vs. 

3.8 g/cm3). 

The oxidation state of Co and P for all layers is investigated by XPS                       

(Figures 7.2a–c). Co2p peaks show the characteristic features of Co+2 for both 

CoPi and CoPiCo-rich, while CoOx presents the features of the mixed oxide 

Co3O4.27 This agrees with what has been reported by Donders et al.28 for CoOx also 

prepared by ALD. The binding energy of the P2p peak (~133 eV) confirms that P 

is present in the oxidation state of a phosphate in both CoPi and CoPiCo-rich.29 

Moreover, the positions of the main peak and the satellite peak of the 

Co2p3/2 signal are consistent with the peak positions reported in literature for 

cobalt phosphate30,31, confirming the presence of cobalt phosphate in both CoPi 

and CoPiCo-rich. 
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Figure 7.2: XPS spectra of a) Co2p for the three electrocatalysts and b) P2p peaks for CoPi 
and CoPiCo-rich. c) Detail of the main peak (781 eV) and satellite peak (786 eV) of 
Co2p3/2 signal for the CoPi sample. 

 

X-ray diffraction analysis of the three layers did not provide any evidence 

of crystallinity in the samples. This is not unexpected, considering the literature 

on ALD of other metal phosphates, like iron phosphate23, aluminum phosphate 

and titanium phosphate32, which are not crystalline as deposited. Moreover, even 

electrodeposited cobalt-phosphate-based layers reported by Kanan and Nocera7 

and by Klingan et al.9 turn out to be amorphous. The activity of the samples 

towards OER has been studied by CV (Figure 7.3a). As expected, FTO has very 

poor activity towards OER, therefore it was selected as a substrate to test the ALD 

layers. By contrast, both CoPi and CoPiCo-rich show a high non-catalytic wave 
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before the onset potential (< 1.6 V vs. RHE), which can be attributed to the 

oxidation of Co+2 (Ref.9,33). The inset of Figure 7.3a shows that CoOx is also 

characterized by this feature, although at lower intensity than CoPi. The 

difference in intensity can be explained in terms of the mixed oxidation state of 

cobalt in CoOx, leading to approximately only 1/3 of the metallic centers 

undergoing oxidation. Furthermore, since the activity of cobalt phosphate also 

involves the bulk of the material, while this behavior is not reported in the 

literature for cobalt oxide, we can expect that only the surface of CoOx will react 

and will be oxidized/reduced during the CV scan, while for CoPi the oxidation 

will involve a much larger number of cobalt centers.8,9 This hypothesis is 

confirmed by the behavior of the CoPiCo-rich film, which presents a higher areal 

density of cobalt than CoPi (137 vs. 127·1015 atoms/cm2) and a higher current 

density (0.34 vs. 0.26 mA·cm−2 at 1.55 V vs. RHE) for Co+2 oxidation.  

SEM top-view and cross-section analysis have been performed to exclude the 

influence of surface roughness on the activity. From SEM analysis, both CoPi and 

CoPiCo-rich samples are smooth and compact and no crystallites are visible. 

Therefore the activity towards OER of the three electrocatalysts can essentially 

be explained by considering the oxidation state of cobalt, the bulk reactivity and 

the different stoichiometry. The current density measured for CoPi at 1.8 V vs. 

RHE is 1.77 mA·cm−2, while CoOx reaches a current density 28% lower than CoPi 

at the same potential. Considering that both samples have a comparable areal 

density of cobalt, CoPi turns out to be more efficient because bulk cobalt centers 

are also electro-active.  

The sample CoPiCo-rich has the best performance with a current density of 

2.89 mA·cm−2 at 1.8 V vs. RHE, which is 63% higher than CoPi. 
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Figure 7.3: a) Cyclic voltammetry of the CoPi, CoPiCo-rich and CoOx thin films, after 200 
scans at 10 mV/s, in KPi buffer 0.1 M (pH = 8) after iR correction; (inset) detail of the 
oxidative/reductive wave for CoOx. b) Comparison of the current density values of CoPi 
and CoPiCo-rich (this work) at 1.8 V vs. RHE with those of Ref.9 

 

In view of the previous considerations, we attribute this improvement to the 

stoichiometry of this material. In the work of Surendranath et al.8, higher current 

density at a lower potential is reached for a 40 nm thick electrocatalyst, in which 
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the Co-to-P ratio is expected to be between 2 and 3, according to the deposition 

conditions they used.7,15 Therefore the enhancement of the activity towards OER 

observed when the Co-to-P ratio increases from 1.6 (CoPi) to 1.9 (CoPiCo-rich) is in 

line with the observation in literature, regardless of the difference in preparation 

method. 

To better compare our results with those in the literature, it is important to 

consider the number of CV scans and range of scanning potential in view of their 

influence on the results. As reported by Gonzalez-Flores et al.34, the current density 

generally increases with the number of CV scans for cobalt-phosphate-based 

electrocatalysts. Therefore, we have selected the work of Klingan et al.9, which 

reports the same number of CV scans (200) and potential range used in our 

study. Figure 7.3b shows a comparison, in terms of current density values for 

OER at 1.8 V vs. RHE, between ALD-prepared samples and the electrodeposited 

samples reported in Ref. 9. The ALD CoPiCo-rich sample exhibits superior OER 

even when compared with thicker electro-deposited layers. Therefore, the ALD 

CoPi-based layers are interesting candidates for use in water splitting. The 

difference between the activities reported in Ref. 9 and this work may be due to 

the difference in material quality, specifically the presence of impurities. The 

electrodeposited cobalt-based electrocatalyst is reported to include impurities 

such as potassium, which has no role in the catalysis, in a 1:1 ratio 

with phosphorus7,15, whereas ALD-prepared samples definitely show a 

negligible concentration of the most common impurities expected (mainly 

carbon and hydrogen in this case) from the ALD process. 
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7.4 Conclusion 

In this contribution we study the electrocatalytic activity towards OER of ALD-

prepared cobalt phosphate thin films. The ALD approach allows us to tune the 

Co-to-P atomic ratio, which strongly affects the activity of the prepared 

electrocatalysts. The current density value increases from 1.77 mA/cm2 at 1.8 V 

vs. RHE to 2.89 mA/cm2 at 1.8 V vs. RHE concurrently with a Co-to-P ratio 

increase from 1.6 to 1.9. The results highlight the role that stoichiometric 

composition of cobalt phosphate has on its activity, suggesting that tuning the 

Co-to-P ratio can be used as new approach to optimize the electrocatalyst for 

OER. 
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8.1 Conclusions 

In this dissertation we have investigated ALD for the synthesis of 

electrocatalysts, according to the two major research lines addressed in                  

Chapter 1. These are: 1) the adoption of noble-metal nanoparticles on high 

surface area electrodes; 2) the development of novel processes to synthesize and 

improve the intrinsic activity of non-noble metal based electrocatalysts. The 

following conclusions can be drawn: 

ALD growth of Pt nanoparticles in 3D porous electrodes 

• ALD of Pt overcomes some of the limitations encountered when applying 

wet chemistry for the decoration of 3D electrodes. Wet impregnation can 

require several steps of infiltration and calcination, which are demanding in 

terms of processing time and heat load. In that regard ALD is a valid 

alternative, enabling the preparation of Pt nanoparticles “ready-to-use” in a 

single deposition step. Because of the self-limiting behavior, ALD offers the 

possibility to uniformly decorate 3D porous substrates while keeping low the 

Pt loading. Furthermore, the self-limiting growth allows a good 

reproducibility of the ALD process offering the possibility to benchmark the 

decoration of the solid electrolyte with Pt nanoparticles. 

 

• The mechanisms of dynamic diffusion and coalescence of the Pt 

nanoparticles rules the shape of the particles size distribution. For the 

application in the electrocatalysis, that is a limitation, since the width of the 

particles size distribution cannot be controlled with the current state-of-the-

art process. 



1 7 5    Conclusions and outlook 

• Pt ALD has been applied in Chapter 4 to design a novel catalyst for 

electrochemical promotion of catalysis (EPOC) using a high surface area 

porous composite electrode made of (La0.8Sr0.2)0.95MnO3-δ/Ce0.9Gd0.1O1.95 

(LSM/GDC) as support. The ALD process resulted in highly dispersed Pt 

nanoparticles on the LSM/GDC with an average diameter of 6.5 nm. The Pt-

decorated electrode was successfully employed for the electro-promotion of 

propane combustion, showing good activity already at 300 °C. The use of 

ALD in the novel design of EPOC catalysts offered a valid alternative which 

could overcome the main bottlenecks limiting EPOC commercialization, i.e., 

the low dispersion and the small surface area of the metal catalysts achieved 

by wet chemistry. 

 

• In Chapter 5 ALD of Pt has been applied for boosting the performance of 

LSCrM cathodes for high temperature CO2 - H2O co-electrolysis. The ALD 

process used was able to introduce dispersed Pt nanoparticles (18 nm 

average size upon heat treatment) at low loadings (48 ± 2 μg·cm-2) into the 

open volume of the LSCrM perovskite electrode. The electrochemical 

characterizations showed that the deposition of Pt significantly decreased the 

polarization resistance, as consequence of the improved electrocatalytic 

activity. The rate of syngas production was improved up to 62% (at 1.5 V, 

850 °C) vs the bare LSCrM electrode during electrolysis operation and the 

Pt/LSCrM cell displayed adequate durability during continuous operation 

for 60 h at 850 °C. ALD enabled the dispersion of low loading of Pt into 3D 

porous electrodes applied in high temperature co-electrolysis, 

demonstrating to be a valid tool, alternative to wet chemistry. 
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ALD growth of CoPi as non-noble metal based electrocatalyst 

• The ALD super-cycle approach enables tuning the chemical composition of 

non-noble metal based electrocatalyst. By the combination of two or more 

ALD processes it is possible to design materials having mixed chemical 

composition. This approach enables to get further insight on the activity of 

the electrocatalyst in future studies. Moreover, the preparation of the 

electrocatalysts via ALD, as alternative to the commonly adopted 

electrodeposition, suppresses the inclusion of impurities and electrolyte in 

the electrocatalyst structure. 

 

• In Chapter 6 a novel plasma-assisted ALD process has been developed for the 

preparation of CoPi thin films. The process was performed using CoCp2 and 

TMP as precursors and O2 plasma as a reactant according to an ABCD 

process scheme. The adoption of TMP exposure followed by O2 plasma for 

incorporation of the phosphate was successful and the ALD process showed 

a GPC of 1.12 ± 0.05 Å at 300 °C with a linear growth. Mass spectrometry 

investigation gave insight on the surface reactions occurring during each 

ALD step. The CoCp2 dosing was characterized by the absence of by-

products, indicating that the adsorption of the precursor on the surface was 

occurring without ligand exchange. Then the subsequent O2 plasma 

exposure removed the Cp ligands via combustion-like reactions, as revealed 

by detection of CO2, CO, and H2O. Differently from the CoCp2 dosing, the 

TMP dosing was characterized by chemisorption on the substrate and 

elimination of methanol. The overall ALD process was found to be 

dominated by the removal of ligands through the exposure to O2 plasma. 

That characteristic could explain the high quality of the ALD-prepared CoPi 
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in terms of low content of impurities, since no carbon has been detected and 

the hydrogen content was below the 3 at. %. 

 

• In Chapter 7 the electrocatalytic activity of ALD-prepared CoPi thin films 

towards oxygen evolution reaction (OER) has been tested. The super-cycle 

recipe enabled to tune the composition of CoPi in terms of Co/P ratio, which 

was found to have an influence in the activity of the electrocatalysts. Namely, 

the increase of the Co/P ratio from 1.6 to 1.9 resulted in the increase of the 

current density for OER from 1.77 mA·cm-2 at 1.8 V vs. RHE (Reversible 

Hydrogen Electrode) to 2.89 mA·cm-2 at 1.8 V vs. RHE. Furthermore, the 

ALD-prepared CoPi exhibited superior performance when compared to 

electrodeposited cobalt phosphate thin films reported in the literature. The 

high purity of ALD CoPi in terms of low carbon and hydrogen content, could 

explain the higher performance of the prepared CoPi compared to the 

electrodeposited layers reported in the literature. Furthermore, the results 

highlighted the role of the chemical composition of CoPi on its 

electrocatalytic activity. 

 

8.2 Outlook 

The results reported in this dissertation provide the opportunity to extend the 

research work both in the direction of electrocatalysis and in the field of ALD. 

Specifically: 

ALD growth of Pt nanoparticles on 3D substrates 

• ALD of Pt in 3D porous electrodes led to the homogeneous deposition of 

nanoparticles approximately up to 4 μm of depth. The ALD recipe can be 



1 7 8                              Chapter 8                                                                 
 

modified systematically in order to enable decoration with Pt nanoparticles 

reaching different depths. As matter of fact, the internal surface area of the 

electrode may be less active because the diffusion of reactants and by-

products during electrocatalysis is hampered. The ALD approach could help 

to highlight those issues, by comparing the mass-normalized activities of 

samples prepared with different depths of decoration with Pt nanoparticles. 

 

• Further studies should be carried out in order to investigate the parameters 

that affect the growth mechanism of Pt nanoparticles in order to modify the 

shape of the particles size distribution. The deposition temperature for 

instance can play a role in the diffusion and coalescence mechanisms of the 

Pt nanoparticles, as well as the surface chemistry. The investigation could 

help to tune and narrow down the particles size distribution, increasing the 

reactivity and the selectivity of the nanoparticles applied for electrocatalysis.  

 

• Future works should also aim to study the activity of the Pt decorated 3D 

electrodes as function of the different number of ALD cycles and different Pt 

loadings. The increase of the loading would most certainly bring the activity 

through an optimum and then either to a plateau or to a decrease in activity. 

The identification of the optimum can help then towards the design of the 

electrodes for future commercialization. 

 

• The surface functionalization before Pt deposition should also be explored. 

In this respect, it would be interesting to identify procedures that increase 

the spreading of Pt on the underlying substrate, “flattening” the particles. In 
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that regard, very recently it has been reported that the exposure of the 

substrate to other precursors, such as TMA or diethyl zinc (ZnEt2), prior to 

Pt ALD enhances the Pt coverage.1 That approach is currently studied in 

order to achieve very thin layers (below few nanometers) of conductive 

materials. When applied on 3D electrodes, this approach can lead to even 

lower Pt loading while keeping a high coverage of Pt. 

 

ALD growth of CoPi as non-noble metal based electrocatalyst 

• Future works on CoPi would definitely aim to find the optimal composition 

in terms of Co/P ratio in order to achieve the highest activity.  Then further 

investigation should be addressed to the stability of the electrocatalyst 

during operation. The ALD prepared CoPi presenting the optimal activity 

can be then studied to identify the chemical, morphological and electrical 

properties. The fundamental characterization of the material could be used 

to understand the principles behind the activity improvement. In parallel the 

stability of the electrocatalysts over time should be addressed by studying 

eventual changes of the chemical composition and/or of the morphology. 

Those aspects can help to understand the degradation process and to identify 

strategies to improve the stability of the CoPi electrocatalysts during OER. 

 

• New ALD processes can be developed according to the ABCD scheme used 

for CoPi, also for the preparation of nickel phosphate and manganese 

phosphate electrocatalysts. In those cases it is possible to start from the 

processes already available for ALD of NiOx and MnOx (AB steps) and test 

the incorporation of the phosphate via trimethyl phosphate dosing followed 

by O2 plasma (CD steps). If the process development is successful it would 
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allow to study how the composition affects the activity of those 

electrocatalysts for application in OER. Furthermore, the design of three 

similar processes for CoPi, “NiPi” and “MoPi” would allow to explore a 

combinatorial approach to combine them with different compositions in 

order to explore the activity of the mixed phosphate towards OER. 

 

• The ABCD recipe used for CoPi can be modified introducing a reducing 

plasma step (as H2 plasma or NH3 plasma) in order to obtain cobalt 

phosphide (CoP). Cobalt phosphide has been recently applied as 

electrocatalyst for the hydrogen evolution reaction (HER).2,3 The 

development of a new ALD recipe for the preparation of CoP could open up 

the possibility to study and improve that material via the ALD super-cycle 

approach, as it has been done for CoPi. Then, the development of both an 

HER and an OER electrocatalyst using the same combination of precursors 

can possibly simplify the future production of those materials on industrial 

scale. 
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Summary 

Atomic Layer Deposition of Electrocatalysts: From 

Processing on 3D Substrates to New Synthetic Pathways 

 

A major research direction in electrocatalysis addresses the design and synthesis 

of efficient and cost-effective electrocatalysts. In this dissertation the focus was 

on the synthesis of highly dispersed noble metal (Pt) nanoparticles on high 

surface area electrodes and of a non-noble metal based (cobalt phosphate) thin 

films, both applied for electrocatalysis. We adopted in both cases atomic layer 

deposition (ALD). This is a vapor-phase deposition method which offers several 

opportunities for the preparation of nanostructured materials for 

electrocatalysis. Thanks to the self-limiting nature of the surface reactions which 

occur in a so-defined ALD cycle, this technique allows for good control over 

material properties in terms of chemical composition, thickness, uniformity, and 

process reproducibility, enabling also the deposition into porous 3D substrates. 

In the first part of this dissertation it was demonstrated that electrochemical 

promotion of catalysis (EPOC) and high temperature (~ 800 °C) CO2 - H2O co-

electrolysis can benefit from ALD of Pt. ALD of Pt has been reported in literature 

for the deposition on high surface area substrates, nevertheless most of the 

examples show the application of Pt nanoparticles on powders in thermal 

catalysis. In parallel, literature has demonstrated the application of ALD of Pt for 

electro-catalysis mainly limited to fuel cells or in relatively open structures such 

as nanowires or nanoholes. In this dissertation, it was demonstrated the 
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application of Pt ALD for deposition into 3D macroporous structures (pore size 

0.1 – 1 μm). Highly dispersed Pt nanoparticles have been deposited by ALD on 

porous Lanthanum Strontium Manganite/Gadolinium Doped Ceria (LSM/GDC), 

which is a widely applied electrode acknowledged for its mixed ionic and 

electronic conductivity. The pristine LSM/GDC showed negligible activity for 

propane oxidation, while the addition of the Pt nanoparticles strongly increased 

the catalytic activity. For the Pt-loaded sample, the conversion of propane was 

shown to increase rapidly after 200 °C and reach 23% at 425 °C. Finally, ALD of 

Pt has been demonstrated for the decoration of Lanthanum Strontium Chromium 

Manganite (LSCrM) electrodes applied in high temperature (~ 800 °C) CO2 - H2O 

co-electrolysis. The ALD process used was able to introduce dispersed Pt 

nanoparticles (18 nm average size upon heat exposure) at low loadings (48 ± 2 

μg·cm-2) into the open volume of the LSCrM perovskite electrode and the 

deposition of Pt significantly improved the electrocatalytic activity and electrical 

conductivity.  In electrolysis mode (1.6 V and 850 °C) the Pt/LSCrM electrode 

exhibits 62% higher current density compared to the bare LSCrM. The results 

showed also that the Pt/LSCrM electrode prepared allows for tuning the ratio 

H2/CO between 3.1 and 1.9 by varying the applied current in the range 0.2 – 0.6 

A/cm2. This aspect is very relevant when aiming for the production of syngas for 

industrial application. 

In the second part of this dissertation, it was demonstrated the development of a 

new ALD process for the preparation of cobalt phosphate based electrocatalysts 

(CoPi), which have been tested and studied in the literature as suitable non-noble 

metal based alternative for the oxygen evolution reaction (OER). CoPi 

preparation in the literature is so far mainly limited to electrodeposition, which 

results in limitations in terms of purity and tuning of the material composition. 

Thus herein the ALD process for the preparation of CoPi has been developed. 
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The process exhibited linear growth with a growth per cycle of 1.12 ± 0.05 Å at 

300 °C and no nucleation delay. The ALD saturation behavior has been 

demonstrated for each dosing step and the process shows minimal 

inhomogeneity on 100 mm diameter wafers in terms of film thickness (1.0%) and 

refractive index (0.5%). Insights gained on the surface reactions occurring during 

each ALD step indicate that the removal of the ligands is mainly occurring via 

combustion-like reactions typical of the O2 plasma exposure. This aspect can be 

related with the high purity of the material in terms of low content of hydrogen 

and carbon. The electrocatalytic activity towards OER of ALD-prepared CoPi 

thin films has been studied. The selected ALD approach enabled the tuning of 

the composition in terms of Co/P ratio, which was found to significantly affect 

the activity of the prepared electrocatalyst. Namely, concurrently with a Co/P 

ratio increase from 1.6 to 1.9, the current density for OER increased from 1.77 

mA/cm2 to 2.89 mA/cm2 at 1.8 V vs. RHE (reversible hydrogen electrode). 

Moreover the sample with a Co/P ratio of 1.9 exhibited superior performance 

when compared to electrodeposited cobalt phosphate thin films reported in the 

literature. 

In conclusion, this dissertation showed how ALD can be used in the synthesis of 

electrocatalysts, addressing the two main pathways commonly adopted in the 

research on electrocatalysis, namely the application of noble metals (Pt) on 

porous 3D substrates and the investigation of the properties of non-noble metal 

based electrocatalysts (CoPi), understanding how the chemical composition can 

affect the intrinsic activity of the thin film deposited. 
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