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I 

 

Abstract 

Nanoporous gold (NPG) is an interesting material for a wide range of applications such 

as (electro-)catalysis, sensing, energy storage and energy conversion. It can be obtained 

by electrochemical dissolution of Ag from an Ag-Au alloy and in electrochemical 

applications, it acts as an electrode. The understanding of porous electrodes lags 

considerably behind that of flat electrodes regarding mass transfer behavior. The tuning 

of the feature size and chemical composition in NPG allows the systematic study of this 

material. In this work, electrochemical aspects of NPG will be discussed. 

The surface interrogation mode of scanning electrochemical microscopy (SI-SECM) was 

further developed to allow the investigation of surface species on nanoporous materials. 

The formation of gold oxides and their reaction with a redox mediator in a titration 

experiment was studied on NPG microelectrodes prepared from cavity microelectrodes 

of different depths. The presence of different oxides could be concluded from the results 

and a mechanism of the titration of the gold oxides by the redox mediator was proposed. 

To investigate mass transfer inside the porous network of NPG with different 

morphologies SECM approach curves were employed to obtain relative effective 

diffusion coefficients. The experiments with ascorbic acid (as an example for a small 

organic molecule) showed an influence of the sample morphology on the mass transfer. 

Furthermore, X-ray photoelectron spectroscopy (XPS) was used to study the composition 

of NPG, namely the distribution of residual silver. The chemical shift of Ag in NPG was 

used to determine a local Ag concentration after calibration of the binding energies. 

Earlier studies which showed that Ag is not homogeneously distributed in the material 

but forms Ag-rich regions were confirmed. The electrochemical cycling and thermal 

annealing lead to coarsening of the gold ligaments which is accompanied by a change of 

chemical composition at the near-surface regions.  

  



 

II 

 

Zusammenfassung 

Nanoporöses Gold (NPG) ist ein interessantes Material mit einer Reihe von 

Anwendungen im Bereich (Elektro-)Katalyse, Sensoren, Energiespeicherung 

und -umwandlung. Es kann durch die elektrochemische Auflösung von Ag aus einer 

Ag-Au-Legierung hergestellt werden und in elektrochemischen Anwendungen dient es 

als Elektrode. Das Verständnis von porösen Elektroden hinkt weit hinter dem von flachen 

Elektroden hinterher, besonders bezüglich des Massentransfers im porösen Netzwerk. 

Die Feineinstellung von Ligament- und Porengröße sowie chemischer Zusammensetzung 

ermöglicht eine systematische Untersuchung des Materials. In dieser Arbeit werden 

elektrochemische Aspekte von NPG beleuchtet. 

Der „surface interrogation mode“ der elektrochemischen Rastermikroskopie (SECM) 

wurde hinsichtlich der Untersuchung von Oberflächenspezies an porösen Elektroden 

weiterentwickelt. Die Bildung von Goldoxiden und deren Reaktion mit einem 

Redoxmediator in einem Titrationsexperiment wurde an nanoporösen 

Goldmikroelektroden untersucht. Die Elektroden wurden aus Mikroelektroden mit 

unterschiedlich tiefen Kavitäten hergestellt. Anhand der Titrationskurven konnte das 

Vorhandensein mehrerer Oxidspezies nachgewiesen werden und ein 

Titrationsmechanismus wurde postuliert. 

Um den Massentransfer eines kleinen organischen Moleküls im porösen Netzwerk von 

NPG zu untersuchen und relative, effektive Diffusionskoeffizienten zu bestimmen, 

wurden SECM-Annäherungskurven gemacht. Die Experimente mit dem Modellmolekül 

Ascorbinsäure zeigten eine Abhängigkeit des Massentransfers von der Morphologie der 

nanoporösen Goldprobe. 

Die chemische Zusammensetzung von NPG wurde mit der Röntgenphotoelektronen-

spektroskopie untersucht. Der Fokus lag auf der der Verteilung von Restsilber. Die 

chemische Verschiebung von Ag in NPG wurde hierbei zur Bestimmung der lokalen 

Konzentration nach vorhergehender Kalibrierung herangezogen. Studien, die das 

Vorhandensein von silberreichen Regionen im NPG gezeigt hatten, konnten damit 

bestätigt werden. Außerdem konnte gezeigt werden, dass sowohl die wiederholte 

Potentialexkursion als auch die thermische Behandlung zu einer Vergröberung der 

Ligamente führen, was mit einer Umverteilung des Restsilbers einhergeht. 
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1 Introduction 

Materials with a high surface-to-volume ratio and high interfacial reactivity are desirable 

in many scientific fields, such as heterogeneous catalysis, sensing and energy conversion. 

Materials that fulfill these two requirements are often finely dispersed noble metal 

nanoparticles on an inactive porous support, such as carbon or metal oxides. The 

mechanisms of their catalytic activity and reaction pathways are still debated due to the 

complex interaction of the nanoparticles with their support. It was found to depend on the 

particle size, support material and the contact between particle and support.[1–5] Although 

gold is the least reactive metal, a high catalytic activity was found for nanoparticles and 

clusters below 10 nm.[6–9] This has initiated intensive work on gold catalysis.[10–13] 

Another interesting class of materials that fulfill the above named requirements are 

nanoporous bulk materials. They exhibit a sponge-like structure of the active material. 

One of the most popular examples is nanoporous gold (NPG, Fig. 1).[14–16]  

 

Fig. 1: Electron micrograph of the cross-section of a NPG sample. 

It can be easily obtained by dealloying a Au-M alloy, where M is a less noble metal, most 

commonly Ag. The selective dissolution of the less noble alloy constituent results in the 

formation of a bicontinuous fully-interconnected network of gold struts (henceforth called 

“ligaments”) and pores in the nanometer range. The preparation method is very old and 
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was already used by ancient cultures to create a pure gold surface on statues consisting of 

alloys with only small gold content.[17] It is nowadays called depletion gilding. The 

catalytic activity for a range of reactions is commonly attributed to low-coordinated 

surface sites and a high surface-to-volume ratio. The role of residual Ag on the catalytic 

activity is considered as well.[18,19] Furthermore, the nanoporous material traps reactants 

in the nanoporous network. This enhances the probability of collisions of reactants with 

the catalyst surface. Especially sluggish reactions can profit from this unique feature and 

high catalytic activities can be observed.[20] 

Although gold is an expensive material and therefore not the ideal candidate for catalytic 

large-scale applications, it has some unique properties which allow the systematic 

investigation of complex structure-property relationships of NPG and hopefully 

nanoporous materials in general. Apart from a high catalytic activity, high electrical and 

thermal conductivity, mechanical stability and small feature size, the material exhibits a 

high chemical and structural flexibility. Pore and ligament sizes in the range of 5 – 

1000 nm and the concentration of the residual, less noble metals can be tuned by the 

choice of a proper alloy composition,[21] dealloying time,[22] potential,[23] choice of 

electrolyte,[23] temperature[24] and thermal post-treatment.[25] Furthermore, the surface of 

NPG can be modified by the deposition of different metals, such as Ag[26], Pt,[27,28] Ni[29] 

and metal oxides,[30] as well as functionalized with molecules, e.g. with self-assembled 

monolayers (and enzymes).[31,32]  

Many papers on NPG focus on the application as (electro-)catalyst and although their 

morphologies appear very similar, the results regarding cycling stability of ligament size 

or electrocatalytic activity deviate substantially between different studies.[33,34,18] 

Therefore, it is still necessary to investigate the properties of NPG in detail to understand 

why two seemingly identical materials behave so differently. 

One important catalytic reaction is the oxidation of small organic molecules. In the 

potential range, where their oxidation occurs, a monolayer of chemisorbed gold 

hydroxides and oxides is formed. Mechanistic studies revealed a competition for 

adsorption sites as well as a facilitation of adsorbed hydroxide for the oxidation of small 

molecules.[35–37] The formation of chemisorbed oxygen species on gold has been 

intensively studied by electrochemical and spectroscopic techniques but the mechanism 
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of gold oxide formation is still not clear.[38–43] The potential sweep in cyclic voltammetry 

can alter the interfacial concentration of adsorbates by desorption or conversion making 

it difficult to quantify the potential-dependent formation of gold oxides.   

In electrocatalytic applications and energy conversion, NPG acts as an electrode. Whereas 

flat electrodes are very well understood regarding the description of mass transfer 

behavior, the understanding of porous electrodes lags considerably behind. This is an 

important problem, because only by understanding the different mechanisms of external 

and internal diffusion, adsorption on pore walls and the involved concentration gradients 

of educts and products inside the nanoporous network, catalysts with high accessibility 

of surface sites and efficient mass transfer can be fabricated. Since the porosity and 

tortuosity have an influence on the internal diffusion, it can be expected that different 

morphologies of NPG yield different diffusion coefficients for the porous medium.  

NPG, although apparently fully dealloyed, shows amounts of residual Ag of 1-3 at.% in 

a bulk compositional analysis. More interesting for catalytic applications is the surface 

composition of the catalyst. Often, during (electro-)catalysis, NPG shows a diminishing 

activity over long-term reactions or many electrocatalytic cycles.[16,44,45] One reason is the 

coarsening of the ligaments that can be observed by scanning electron microscopy (SEM) 

which is accompanied by the loss of surface sites. The diffusion of surface atoms during 

coarsening results in a rearrangement of the surface which probably involves also a 

compositional change of Au and Ag. Moreover, it has been discovered by transmission 

electron microscopy that the residual Ag forms Ag-rich regions and is not, as expected, 

homogeneously distributed like in the parent alloy.[22,46]  

In this work, the investigation of chemisorbed gold oxides on NPG electrodes was carried 

out by employing a new mode of scanning electrochemical microscopy (SECM), the 

surface interrogation (SI) mode. In this mode, the detection of adsorbed species proceeds 

by a redox titration. The generation and detection of adsorbates are decoupled and take 

place at different electrodes. This allows the potential-dependent quantification of 

adsorbates. The application of this mode was recently demonstrated for flat gold 

electrodes[47] and it can be expected that the mode can be applied to porous substrates and 

that the formation of gold oxides on NPG is analogous to that on flat gold electrodes. SI-
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SECM has shown to be a valuable tool for the quantification of reaction intermediates 

and study of reaction kinetics.[48–54] 

The question of mass transfer inside the porous medium was investigated with SECM 

approach curves utilizing the irreversible oxidation of a small organic molecule, ascorbic 

acid. Relative effective diffusion coefficients can be determined for different NPG 

morphologies. 

To investigate residual Ag in the near-surface region of NPG, X-ray photoelectron 

spectroscopy (XPS) was employed. It is a surface sensitive technique with an information 

depth of ≈ 10 nm, depending on the material. It can be employed to study the surface 

composition and analyze the chemical state of near-surface atoms. The changes induced 

by electrocatalytic reactions were analyzed ex-situ after the experiment and the changes 

induced by thermal annealing were conducted in-situ in the vacuum chamber. 

The study of the formation and reaction of surface oxides is presented in chapter 5, the 

results on the mass transfer behavior of NPG are presented in chapter 6 and the 

investigation of changes in surface composition after electrocatalysis and after heat 

treatment of NPG with different morphologies are presented in chapter 7. Chapter 2 is 

dedicated to the material aspects of NPG and chapter 3 provides an overview over the 

characterization techniques and chapter 4 provides the experimental details.  
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2 Nanoporous gold 

Nanoporous gold (NPG) aroused a lot of interest in the last decade due to its manyfold 

areas of application and unique properties. In this chapter, NPG will be first introduced 

regarding its fabrication (chapter 2.1) and its characteristics and applications 

(chapter 2.2). Then, aspects of NPG that are of importance for this particular work will 

be discussed in more detail. The emphasis is on its use as an electrode (chapter 2.3), the 

electrochemical formation of gold oxides (chapter 2.4), mass transfer in the nanoporous 

network (chapter 2.5), the electro-oxidation of small organic molecules (chapter 2.6) and 

the presence of residual Ag (chapter 2.7).  

 

2.1 Fabrication of nanoporous gold and evolution of 

nanoporosity during dealloying 

It is possible to fabricate NPG in a large variety of different macroscopic shapes, ranging 

from wires[55,56] to thin films[16,57] and macroscopic disks[58] and blocks.[59,60] Covering 

the many ways to obtain NPG goes beyond the scope of this work, but Tab. 1 provides 

an overview over a selection of important and interesting procedures. In this work, the 

focus is on electrochemical and chemical dealloying of a binary Ag-rich Ag-Au alloy. 

Dealloying is the selective leaching of one component from an alloy, in which the less 

noble component is preferentially leached from the starting material and a crystalline 

nanoporous structure is formed. This procedure is widespread, simple and meanwhile 

fairly well understood.[61–66,21,18,67] In the following, general procedures and 

characteristics will be explained on NPG from dealloying of an Ag-Au alloy. 
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Tab. 1: Selection of procedures to obtain NPG and macroporous gold other than by dealloying of 

an Ag-Au alloy, and more complex structures than used in this work. 

 

The alloy formed by Ag and Au is an ideal starting material for dealloying. Both metals 

crystallize in an fcc lattice and their lattice constants (Au: 0.4065 nm[82], 

Material Starting material Procedure Ref. 

NPG colloidal Au/Ag 

films on silicon 

deposition of Au and Ag colloids, 

chemical etching of Ag colloids 

[68] 

NPG gold loaded block 

copolymer 

micelles 

self-assembled monolayers of micelles on 

GaAs substrate, H2 plasma treatment to 

form gold clusters, etching of GaAs with 

gold clusters as template, deposition of 

gold on GaAs pillars 

[69] 

NPG Au substrate square wave potential pulses in NaOH [70] 

NPG Au substrate alloying/dealloying in ZnCl2 and ionic 

liquid 

[71,32] 

NPG Au substrate alloying/dealloying in ZnCl2 and benzyl 

alcohol 

[34] 

NPG 

nanorods 

alumina template co-deposition of Ag and Au into the 

template, etching of template in NaOH 

and dissolution of Ag in HNO3 

[72] 

macroporous 

gold 

template of 

polystyrene latex 

spheres on flat 

gold 

deposition of Au into the template, 

etching of template with toluene. 

[73] 

NPG Cu-Au alloy free corrosion in conc. HNO3 
[74] 

NPG Al-Au alloy free corrosion in NaOH 

electrochemical dealloying in NaCl 

[75] 
[76] 

hierarchical 

NPG 

Ag-Au alloy partial dealloying, annealing and 

dealloying  

[77] 

hierarchical 

NPG 

Ag-Au alloy dealloying, annealing, filling of voids with 

Ag, annealing and dealloying 

[63] 

NPG-Pt Ag-Au alloy dealloying of Ag-Au alloy 1) and 

immersion-electrodeposition of Pt 

2) redox replacement of Cu UPD to form 

Pt UPD 

[33] 

 
[78] 

NPG-Pt Ag-Au-Pt alloy dealloying of Ag to form nanoporous Au-

Pt alloy 

[79] 

NPG-Pd Ag-Au alloy dealloying of Ag-Au alloy and redox 

replacement of Cu UPD to from Pd UPD 

[80] 

NPG-oxide Ag-Au alloy dealloying of Ag-Au alloy and coating with 

Al2O3 or TiO2 with atomic layer deposition 

[81] 
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Ag: 0.4079 nm[82]) as well as their atomic radii (empirical values in crystals for 

Au: 0.135 nm[83] and Ag: 0.160 nm[83]) are very similar. Therefore, a solid solution is 

formed upon alloying which allows the formation of an alloy with a random, 

homogeneous distribution of the metals for any given mixing ratio. However, due to the 

lower free surface energy of Ag, a segregation of Ag and enrichment within the topmost 

atomic layers has been observed.[84,85] Due to the large difference in their standard 

electrode potentials, the selective leaching of Ag is facile.  

Two competing processes are responsible for the evolution of nanoporosity and the 

formation of a bicontinuous porous network with ligament and pore diameters in the 

lower nanometer range.[86] One process is the dissolution of Ag atoms which leads to a 

roughening of the surface. The other process is the surface diffusion of Au and Ag atoms 

which leads to a smoothening of the surface. The formation of a NPG structure was 

simulated in a kinetic Monte Carlo model that considered these two processes. The 

resulting NPG microstructure could reproduce all relevant morphological and kinetic 

trends from experiments and therefore supports the hypothesis.[62]  

However, dealloying of a Ag-Au alloy is only possible if the amount of Ag in the alloy is 

above 55 at.%.[87] This value is called the parting limit and lies usually between 50 and 

60 % for homogeneous binary alloys with fcc lattice.[88] The percolation theory can help 

to understand this phenomenon. It is a mathematical concept that describes the formation 

of long-range connectivity in random systems.[89] The percolation threshold is the value 

at which a component in a binary lattice is fully connected. An example of a Ag-Au alloy 

with an Ag fraction above and below the percolation threshold is depicted in Fig. 2.  
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a) b) 

  

Fig. 2: Basic idea of the percolation theory for the example of a lattice of Au (yellow spheres) 

and Ag (grey spheres), in a) the Ag atoms form a percolating network; a chain of those spheres 

can be formed from side to side allowing the dissolution of bulk Ag. The red circles mark the 

Ag atoms which are not part of the percolating network and in b) the Ag atoms do not percolate. 

Dealloying would only dissolve the top most Ag atoms. 

The dealloying takes place at the surface|electrolyte interface. For a complete dealloying, 

a connected network of Ag atoms is necessary that forms channels upon dissolution to 

access the depth of the alloy. The bulk diffusion of Ag atoms to the alloy surface is too 

slow at or near room temperature to play a major role in the dealloying process.[62] After 

an initial depletion of Ag atoms from the surface, the remaining Au atoms act as a 

passivation layer and the underlying alloy remains intact. For NPG, a value of 58.4 % 

was found in kinetic Monte Carlo simulations using a geometric percolation model.[87] 

The experimentally determined threshold for the parting limit has a value close to 55 at.% 

of Ag.[21] The discrepancy of the two values has its reason in the surface diffusion of 

atoms which could be shown by including it into the simulation.[87] 

Chemical dealloying, also called free corrosion, is a process in which the alloy is 

immersed in a concentrated oxidizing acid, often HNO3. The chemical reaction that 

occurs is given below. 

 
3 3 23 Ag  4 HNO 3 AgNO  NO  2 H O      (1) 

In this redox reaction, electrons are transferred from elemental Ag to NO3
- to form Ag 

ions and NO. It is a spontaneous reaction due to the difference in standard electrode 
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potentials of  NO3
- (E0 = 0.957 V)[90] and Ag (E0 = 0.7996 V).[90] Gold has a higher 

standard electrode potential of E0 = 1.692 V[90] and cannot be oxidized by NO3
-.  

Electrochemical dealloying involves the application of  a potential to the alloy as a driving 

force for the dissolution of Ag. A crucial parameter for electrochemical dealloying is the 

critical potential.[21,91] Below this potential the starting alloy shows “passivation-like” 

behavior by the gold atoms. Above this potential the current increases steeply and the 

selective dissolution of the less noble component takes place. The alloy composition has 

a big influence on the critical potential (Fig. 3). The lower the amount of Ag, the higher 

the critical potential. A composition with a Ag concentration below the parting limit does 

not show this steep increase of current, indicating that selective dissolution does not take 

place.[21] Additionally, the presence of halides in the electrolyte during dealloying 

decreases the critical potential drastically.[92] In contrast, a too high amount of Ag results 

in instable NPG networks. Therefore, Ag contents between 60 and 80 at.% are typically 

used.[17] 

 

Fig. 3: Current-potential curves for a Ag and a gold Ag alloy wires. The critical potential is 

indicated for the alloy. 

Regardless of the applied potential, the dealloying process is never complete. A residual 

amount of Ag below 1 – 3 at.% cannot be obtained. Since the residual Ag content might 

be important for (electro-)catalysis, chapter 2.7 is devoted to details of this topic. 

To minimize the residual amount of Ag and to avoid cracking and distinct volume change 

in the NPG a multistep dealloying procedure can be applied. Using increasing 
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potentials[23] or increasing acid concentration[93] ensures the slow start of the dealloying 

and enhances the driving force for the progressing dealloying and smaller amount of Ag. 

For an electrochemical dealloying process, the current-time curve can be integrated to 

yield a charge that is proportional to the amount of dissolved Ag atoms:  

 
2

1

( )

t

t

Q i t dt    (2) 

Experiments show that the calculated amount of residual Ag is in accordance with results 

from EDX.[23] Therefore, dealloying can generally be stopped at a desired amount of 

residual Ag. 

Often, a dilute solution of HClO4 is chosen as an electrolyte for an electrochemical 

dealloying procedure. It is, however, also possible to combine chemical and 

electrochemical dealloying by using semi-concentrated HNO3.
[94] In this case, the 

integration of current-time curves does not provide the correct amount of residual Ag 

because it cannot be accounted for the oxidation of Ag by NO3
-. 

 

2.2 Characteristics and applications 

Unlike supported nanoparticles, NPG as a nanoporous bulk material does not need a 

support to form three-dimensional electrodes or catalyst structures. The absence of a 

support material simplifies the study of reaction mechanisms because considerations of 

the interactions of educts, intermediates and products with the support or the ligand shell 

of nanoparticles are not necessary. Nevertheless, NPG thin films can be prepared on a 

variety of different supports for mechanical stability (e.g. glass slides[95,96] or silicon 

wafers[14,57]), but in contrast to nanoparticles the material is not finely dispersed on a 

porous support but only the bottom of the thin film is in contact with the flat support and 

has therefore a negligible influence. Thin films can be for example fabricated by co-

deposition of Ag and Au[57] or by dealloying of a white gold leaf[14] (commercially 

available with e.g. 65 at.% Ag, 300 nm thickness). Furthermore, NPG can be fabricated 



Nanoporous gold 

 

11 

 

without surfactants which is another advantage compared to nanoparticles. Due to the 

absence of support and surfactants, NPG can be easily recovered. 

The bicontinuous network[97] of gold ligaments and pores was already mentioned. The 

interconnected ligaments of NPG result in a high electrical and thermal conductivity 

which is crucial for catalytic reactions to ensure the electron transfer and to dissipate 

reaction heat. Although porosity lowers the mechanical strength of a material, nanoscale 

ligaments have been found to have a strengthening effect and result in good mechanical 

stability.[98] Also, the high connectivity of the ligaments ensures a good mechanical 

stability.[99] The interconnected pore network that penetrates the whole material enables 

mass transfer to most surface sites. 

The curvature of the ligaments create a high number of low coordinated gold atoms which 

were found to be the origin of the high catalytic activity towards e.g. CO oxidation.[100] 

In the same study, the role of residual Ag was discussed as a key to creating additional 

high energy binding sites for CO adsorption. More detail on residual silver can be found 

in chapter 2.7. Special emphasis has been put on the influence of the nanoporous network 

on sluggish reactions, such as the oxidation of small organic molecules.[20] Their reaction 

is kinetically controlled and they penetrate deep into the nanoporous material. Fast 

reactions that are operated under diffusion-control cannot benefit from this phenomenon 

as much, because they react before penetrating the material (Fig. 4). Further discussion 

on the mass transfer inside the porous network is presented in chapter 2.5. 
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Fig. 4: Illustration of the penetration of the porous network by a species that undergoes a) a 

fast reaction at the surface where the probability for an (electro)chemical reaction upon collision 

with the surface is high and b) a sluggish reaction where the probability of an (electro)chemical 

reaction upon collision is lower. A collision with the pore wall that results in an (electro)chemical 

reaction is marked with a yellow star, no reaction is marked with a blue square. The surface of 

the NPG within the dark blue pore volume contributes to the (electro)chemical reaction. 

The material shows a high chemical and structural flexibility. On the one hand, ligament 

and pore diameters of porous gold can be prepared in range of lower nanometer to 

micrometer range.[62,67,101] The two processes that result in the formation of nanoporosity, 

dissolution of Ag (roughening) and surface diffusion of Ag and Au (smoothening) were 

already discussed in chapter 2.1. By choosing conditions that favor one process over the 

other, the ligament size can be tuned. The driving force for Ag dissolution can be adjusted 

by choosing the dealloying potential. It has to be chosen in consideration of the critical 

potential which depends on the alloy composition[21] (lower amounts of Ag result in 

higher dealloying potentials) and on the addition of Ag+[21] (increase of Ag+ results in 

higher critical potential according to the Nernst equation). Generally, by elevating the 

dealloying potential, the driving force for Ag dissolution is increased and smaller 

ligaments are formed.[23] The used electrolyte also has an influence on the ligament size 

but the effects are more complex.[23] Smaller ligaments can also be achieved by 

employing low temperatures during dealloying which decreases the surface mobility of 

Au and Ag atoms.[24] Larger ligaments can be for example achieved by adding halides to 

the electrolyte solution which again increases the surface mobility.[92] By thermal 

annealing after dealloying, NPG forms larger ligaments because only surface diffusion of 

Au can take place.[25] However, ligaments can undergo coarsening during potential 



Nanoporous gold 

 

13 

 

excursion or under elevated temperatures and ligaments increase in size.[25] The effect of 

different dealloying strategies on the amount of residual Ag will be discussed in 

chapter 2.7. 

On the other hand, NPG can be tuned by surface modification. The deposition of admetals 

can improve the catalytic activity towards specific reactions. Also, admetals or a 

functionalization with molecules can enhance the selectivity and sensitivity towards the 

detection of analytes. Below, the important results from the main applications of NPG are 

summarized. Furthermore, modification can be employed to increase the stability of NPG 

and avoid coarsening of ligaments. This was shown for the deposition of TiO2 and PrOx 

particles on NPG.[102] Also, Pt results in a stabilization of NPG ligaments due to a lower 

surface mobility.[33] 

Catalysis. A very long time, gold was known to be inert towards most reactions and 

therefore not of interest for catalysis. However, the investigation of gold nanoparticles 

showed that low-coordinated gold sites exhibit an unexpected activity towards the 

dissociation of oxygen and CO oxidation at low temperatures with no apparent 

poisoning.[15] Since the oxidation of small organic molecules is of great interest for the 

chemical industry, NPG was demonstrated to show a high catalytic activity for oxidative 

coupling of primary alcohols to form their corresponding aldehydes and esters.[18,103] NPG 

is also of interest for electrocatalytic reactions. The electro-oxidation of small organic 

molecules is discussed in chapter 2.6. In this field, the modification with foreign metals 

has shown an improvement of the catalytic activity for certain reactions. For example, the 

catalytic activity towards the electro-oxidation of methanol was increased by a deposition 

of Pt[28,104] and by Pd[105] and the catalytic activity of NPG towards glucose oxidation was 

enhanced by the deposition of Pt[27] and Ni[29] adatoms. The decoration of NPG with TiO2 

yielded a photocatalyst for methanol oxidation with enhanced catalytic activity.[30] 

Sensing. The key factors that make NPG an interesting material for electrochemical 

sensors are the high surface area and the chemical flexibility of the material that allows 

modification with metals and molecules. The biocompatibility of NPG also enables its 

use as a biosensor. 

By employing NPG instead of flat gold, the electrocatalytic activity towards the detection 

of NADH,[106] H2O2,
[106] NO[107] and aniline[96] was substantially improved. The 
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modification by enzymes or proteins yielded sensors for the detection of ethanol, 

glucose[106] and H2O2
[108] with a good performance. The decoration with Pt yieled a non-

enzymatic glucose sensor with high electrocatalytic activity and good stability.[70] Also, 

in environmental monitoring, NPG was used to detect arsenic(III)[109] and, after the 

modification with a thin Ag layer by underpotential deposition, chloride.[26]  

Energy applications. NPG was investigated towards energy conversion and storage. 

Supercapacitors are a means to store electric energy. Due to its large surface area, NPG 

shows promising capacitive properties and was operated in aqueous solution and room 

temperature ionic liquid.[110] NPG can be used for energy conversion. It has been applied 

as a cathode material in a lithium-air battery substituting the common carbon cathode due 

to its good stability at high potentials combined with its large surface area.[111] The surface 

functionalization of NPG allowed the immobilization of photosystem I on NPG for the 

conversion of solar energy to electrical energy.[112] Another large field is electrocatalysis 

to convert chemical energy into an electric current, for example in fuel cells (chapter 2.6). 

Actuation. Actuators are devices that transform some kind of energy into mechanical 

work. In this context, the two terms stress and strain are of importance. The stress of a 

material is a measure of the internal forces that particles in a continuous medium have on 

one another and the strain is a measure for the deformation of the material, represented 

by the displacement of the particles to a reference state. In high surface-area materials, an 

induced change of the surface stress at the metal-electrolyte interface can result in a strain 

that leads to a deformation.[113,114] If the induced strain is reversible and tunable, the 

material can be used as an actuator. It could be shown that the application of a potential 

to a NPG cantilever results in its bending in the lower millimeter range.[115] Also, surface 

chemistry can be used to induce strain. It was demonstrated that the alternating exposure 

of CO and ozone resulted in adsorbate-induced changes in the surface stress that resulted 

in a reversible strain.[60]  
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2.3 Nanoporous gold as electrode  

The use of nanoporous gold as an electrode material offers many applications that are 

introduced in the previous chapter. But it also comes with challenges. Therefore, chapter 

2.3.1 deals with the differences between flat and nanoporous gold electrodes. Chapter 

2.3.2 gives a short introduction to the many advantages of microelectrodes and chapter 

2.3.3 gives an overview over different approaches to obtain NPG microelectrodes. 

Because the internal diffusion inside the NPG plays such a big role for its electrochemical 

behavior, a whole section is dedicated to it (chapter 2.5). 

2.3.1 Comparison of massive gold and nanoporous gold electrodes 

In electrochemical applications, NPG acts as a porous electrode. In contrast to flat 

electrodes that are well described,[116] the understanding of porous electrodes lags 

considerably behind,[117] especially, where mass transfer processes inside the porous 

network are of relevance. Since NPG is a bulk material, disk- and cylinder-shaped 

macroscopic electrodes can be easily obtained without a support. However, a high double 

layer capacitance, a noticeable IR-drop, the huge internal surface area and hindered 

diffusion due to the small pores cause a non-uniform accessibility of the surface area. 

This makes the interpretation of electrochemical measurements very difficult. In cyclic 

voltammograms (CVs) on macroscopic nanoporous electrodes, common scan rates, as 

high as 50 mV/s, lead to broadening and distortion of peaks as well as the shift of 

potentials to more positive potential for oxidation reactions and more negative potentials 

for reduction reactions. This can be observed in Fig. 5 that shows the CVs in 0.1 M H2SO4 

at a NPG electrode for two different scan rates as well as at a flat gold electrode.  
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Fig. 5: CVs in H2SO4 at a macroscopic NPG electrode with ν = 50 mV/s (1) and ν = 200 mV/s 

(2), and a flat gold microelectrode (rT = 25 µm) with ν = 100 mV/s (3). All currents are 

normalized by division by their scan rate for a better comparison. 

One approach in this work to minimize the drawbacks of macroscopic NPG electrodes is 

the use of NPG microelectrodes.  

2.3.2 Microelectrodes 

Microelectrodes are small electrodes with one dimension being smaller than the diffusion 

distance of the converted molecule in the time scale of the experiment. For aqueous 

solutions, this is achieved for dimensions below 50 µm.[118] These electrodes were 

introduced for physiological applications, but soon found applications in electroanalytical 

chemistry due to their unique voltammetric properties that were investigated in depth by 

Fleischmann and Wightman in the 1980’s.[119–121] The small size of a microelectrode is 

responsible for low currents and a hemispherical diffusion which result in: 

 low consumption of redox species 

 enhanced and well-defined mass transfer that can be described by analytical 

expressions 
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 a steady state for faradaic processes 

 possibility of fast measurements (capacitive currents decay after µs due to 

exponential dependence on the electrode area) 

 negligible IR drop. 

These characteristics of microelectrodes might compensate the aforementioned problems 

that are associated with macroscopic nanoporous electrodes. 

Different shapes of microelectrodes can be employed, such as cylinders, spherical shapes, 

bands and insulated disk microelectrodes. The expression for the steady-state current, i.e. 

the time-independent current at a disk-microelectrode is given by 

 T, 4 * Ti zFDc r    (3) 

with iT,∞ being the steady-state current in the bulk, z the number of transferred electrons 

per molecule, F the Faraday constant, D the diffusion coefficient of the redox active 

species, c* the bulk concentration of the redox active species and rT the electrode radius.  

Among many other applications that shall not be discussed here, these features of 

microelectrodes enable the use as probes in SECM experiments that are discussed in 

chapter 3.2. Additionally, microelectrodes were used in this work to fabricate NPG 

microelectrodes, which is discussed in the next chapter. 

2.3.3 Different approaches to nanoporous gold microelectrodes 

NPG microelectrodes have many applications in electroanalytical chemistry and are often 

used as a (bio-)sensor. They combine the enhanced mass transfer of microelectrodes and 

their small size (chapter 2.3.2) with the increased surface area which results in higher 

amperometric signals, and with the higher catalytic activity of NPG compared to flat gold 

surfaces (chapter 2.2). 

Different procedures to obtain NPG microelectrodes have been employed. Usually, the 

starting material is a flat gold microelectrode. Some procedures lead to the formation of 

gold ligaments (more or less regular), such as the anodization followed by 
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electrochemical reduction of a gold microelectrode in sulfuric acid[109], electrochemical 

alloying and dealloying with Zn in benzyl alcohol[122,123,107,56] and in ionic liquid.[124,125] 

The parameters during dealloying seem to be very important, since NPG obtained from 

the same solution can lead to very different morphologies. Much more variation can be 

found than for dealloying procedures that were discussed in chapter 2.1. Another 

approach is the deposition of gold on a silica bead template on top of a microelectrode 

followed by dissolution of the template[126]. This techniques produces very regular 

morphologies, with typical sizes of some hundred nanometers which classifies them as 

macroporous. 

a) b) c) 

Fig. 6: Different designs of NPG microelectrodes: a) gold disk microelectrode with NPG that 

was obtained by alloying and dealloying with Zn,[122] b) gold microwire that was obtained by 

alloying and dealloying with Zn and afterwards insulated[56] and c) templated macroporous gold 

on top of a gold disk microelectrode.[126] 

In this work, NPG microelectrodes were prepared by filling powdered NPG inside a 

cavity microelectrode. 

Cavity microelectrodes were developed for the investigation of solid-state, powdered 

materials and their electrochemical properties.[127–130] Usually composite electrodes are 

fabricated from powdered materials using a binder. The resulting electrode has 

dimensions of several mm and shares the disadvantages of macroscopic porous electrodes 

as mentioned in chapter 2.3.1. By filling the powered material without binder inside a 

cavity microelectrode, these disadvantageous can be circumvented. Cavity micro-

electrodes can be obtained by etching the gold wire of a gold microelectrode. The cavity 

depth can be adjusted by choosing adequate etching times[128,131] and cavity 

microelectrodes can be emptied and reused. The own experiments are described in 

chapter 5. 
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2.4 The formation of gold oxides 

A special interest in noble metal oxides arises from its function as oxygen supplier for the 

electrooxidation of small organic molecules, such as formic acid, formaldehyde, 

methanol, ethanol and sugars in aqueous solution.[132,39]  

The formation of oxides at Au and Pt electrodes has been studied in detail since the 1960’s 

and Conway et al.[39] published a review article in 1995, collecting early investigations 

and their own detailed work using cyclic voltammetry. The electrolytic oxidation of gold 

begins at 1.3 V vs. SHE and starts with the totally reversible electrosorption of OH. This 

is followed by the formation of a sub-monolayer of OH and/or O in a 2D arrangement up 

to the growth of one monolayer with increasing potential and time. It is not reasonable to 

give a stoichiometric formula of the 2D gold oxide but rather a surface lattice Au:O ratio. 

Burshtein et al.[133] found that the CV of gold in acidic solution exhibits a current 

minimum before the evolution of oxygen and charging curves suggest the formation of 

one monolayer of one O per Au atom. The formation of the 2D oxide film is limited to 

this one monolayer and it can be used to determine the surface area of gold electrodes.[134] 

This method is discussed in chapter 3.1. At higher potentials and at prolonged times, place 

exchange of Au and O leads to the further oxidation of the surface and the formation of 

3D bulk oxide in the form of Au2O3 or hydrated Au2O3.
[39]  

By choosing different switching potentials Eλ, the potential-dependent formation of gold 

oxide was investigated.[135–137,38] From the oxide reduction peaks of the resulting CVs, 

different oxides could be identified. In Fig. 7a, the CVs at a polycrystalline gold electrode 

in 1 mM HClO4 with different Eλ are shown and the cathodic scan shows three different 

peaks.[135] For very low Eλ, the peak OC1 occurs which can be attributed to the reversible 

reduction of OH. For higher Eλ, OC2 and OC3 are observed simultaneously, with OC2 

positioned at lower potentials than OC3. The lower potentials can be attributed to a higher 

stability of the oxide. In Fig. 7b, the oxide coverage of the three peaks is plotted vs. Eλ. 

The more stable oxide OC2 shows a limiting behavior at the sub-monolayer level whereas 

OC3 increases linearly with Eλ. The peaks OC2 and OC3 can only be differentiated for 

low electrolyte concentrations of weakly adsorbing ions, such as HClO4. 
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For Eλ positive of the onset of the oxygen evolution, the cathodic peaks shift to more 

negative potentials and the corresponding charge increases considerably. This can be 

associated with the reduction of a thick Au2O3 layer.[136,38] The influence of time on the 

growth of the oxide layer was investigated by holding Eλ at the Burshtein minimum 

during a CV scan for times between 0 and 300 s. The holding of the potential resulted in 

the formation of a thicker oxide layer which can be observed as an increase in the gold 

oxide reduction peak and its associated charge Q. An increase of Q by a factor of 1.5 after 

300 s compared to a zero holding time was found.[138] However, the peak position stays 

constant indicating that no bulk oxide formation occurs. 

More recent XPS investigations for anodically polarized gold surfaces in the region 

between the onset of the oxide layer formation and oxygen evolution could not confirm 

different oxidation states for Au. Instead, the peaks for all polarization potentials show 

the same qualitative changes. It was therefore concluded that Au(OH)3 or AuOOH is 

formed from the beginning of the oxide formation region.[43]  

In this work, electrochemically generated oxides on NPG are investigated by SECM 

(chapter 3.2). 

 

a) b) 

  

Fig. 7: a) CVs of gold in 1 mM HClO4 with different Eλ and b) oxide coverage, determined by 

integration of the oxide reduction peaks (OC1, OC2 and OC3) from CVs on gold in 0.1 M HClO4. 

Graphs are reproduced from Ref.[135]. 
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2.5 Transport in nanoporous gold 

The efficient transport of molecules and ions to the active sites of a material is crucial for 

heterogeneous (electro-)chemical reactions to balance the mass, charge and pH. 

Compared to flat electrodes, where diffusion to the electrode surface can be described by 

linear diffusion for large electrode surfaces and hemispherical diffusion for nano- and 

micrometer-sized electrode surfaces, the internal mass transfer in nanoporous media is 

more complex. In most cases, hindered diffusion compared to bulk diffusion can be 

observed due to the disturbance of diffusion by the solid fraction of the material. In 

addition, adsorption of compounds at the solid-liquid interface may retard transport 

similar to the principle of chromatography. Porous materials are classified by the IUPAC 

according to their pore size. They are called macroporous with pore sizes >50 nm, 

mesoporous with pore sizes between 2 and 50 nm or microporous with pore sizes <2 nm. 

If the mean free path of the diffusing molecules or ions is smaller than the pore size, 

normal diffusion according to Fick’s law occurs. This is usually the case for the liquid 

phase and the main factors influencing the internal mass transfer are the porosity and the 

tortuosity. The porosity of a material is defined as the fraction of pore volume to the total 

volume and has values between 0 (solid) and 1 (free solution).[139] Generally, the higher 

the porosity, the less hindered is the diffusion inside the porous structure. It can be 

determined by porosimetry or by the evaluation of SEM images.[140] However, the 

determination of porosity in a 3D porous structure from 2D images poses a problem.  

The tortuosity is a geometrical property that describes the prolongation of the path length 

through a porous material and is defined as τ = (Leff / Ls)
2,[139] where Leff is the actual path 

length and Ls is the path length of the direct path in the free solution. Hence, tortuosity is 

the result of the possibly complicated geometry of the porous material and cannot be 

easily assessed. Parameters that influence the tortuosity are the 3D structure of pores and 

the connectivity of the porous network. In Fig. 8, six different 2D representations of a 

nanoporous structure are depicted to show the impact of different characteristics on the 

porosity and tortuosity, such as pore size (Fig. 8 b), connectivity (Fig. 8 d) and the 3D 

structure of nanopores (Fig. 8 e). The NPG samples used in this work have an isotropic, 

random porous network with high connectivity and meandering pores. For such a 

morphology, tortuosity factors no higher than τ = 3 are expected.[141] The mass transfer 
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through a porous medium can be simulated using continuum models where the porosity 

and tortuosity are used to define the porous medium.[20] 

So far the assumption was made, that no adsorption of molecules or ions to the pore walls 

occurs upon collision. However, the temporary sticking of molecules and ions to the pore 

walls is likely and further hinders the diffusion (Fig. 8 f). 

a) b) c) 

 
  

d) e) f) 

   Fig. 8: Schematic illustrations of pore diffusion in porous structures with different geometries 

and properties; the shortest path of a molecule or ion to a specific point is indicated by the 

dotted black arrow, The path length in a free solution is indicated by the black arrow Ls, the 

blue color indicates the channels or pores that are filled with electrolyte; a) default structure 

resembling a 2D representation of NPG with a porosity close to 0.5; all structures will be 

described in comparison to this one. b) larger pore size and higher porosity, path is shorter; c) 

smaller pore size and lower porosity, path is longer; d) lower connectivity of pores resulting in 

higher tortuosity, indicated with red circles, longer path; e) linear channels, smaller tortuosity; 

shorter path; f) default structure, the adsorption of molecules on the pore wall is illustrated with 

red squares. 

 
The thickness of the electrochemical double layer (EDL) can also have an influence on 

mass transfer for very small pore sizes. The characteristic double layer thickness is called 

the Debye length (κ-1) and can be calculated for a z:z electrolyte according to the Gouy-

Chapman theory[118] with 
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 7 1/2(3.29*10 ) *zc    (4) 

where c* is the bulk concentration of the z:z electrolyte. The Debye length increases with 

decreasing electrolyte concentration. For a 1:1 electrolyte, e.g. KCl, with a concentration 

of c* = 0.1 M, the Debye length is 0.96 nm. Therefore, if the Debye length is larger than 

the pore radius, the EDL will overlap inside the pores and an electric field will span the 

whole pore. Then, the transport is influenced by migration and charged species with the 

same charge as the electric field cannot travel through the pore. A higher electrolyte 

concentration can be applied to reduce the Debye length. 

In experiments that evaluate the mass transfer, the parameters hindering diffusion cannot 

be investigated separately. Often, the influence of slow mass transfer can be indirectly 

observed as decreased current densities in catalytic reactions. A study with NPG with 

pore sizes of 4, 8 and 20 nm for the electrooxidation of glucose showed the highest current 

for 8 nm wide pores.[45]  

One approach to facilitate mass transfer in NPG is to build hierarchical structures with 

two pore sizes. It combines the advantage of high surface area due to small pores and an 

effective mass transfer via the connected larger pores. A hierarchical NPG structure was 

achieved by incomplete dealloying of a Ag-Au alloy followed by thermal annealing to 

generate large pores and finally complete dealloying to generate small pores.[77]  

In this work, mass transfer behavior in the NPG network is investigated by SECM 

(chapter 3.2). An effective diffusion coefficient can be determined that summarizes all 

effects on the mass transfer in the nanoporous structure. 

 

2.6 Electro-oxidation of small organic molecules on 

nanoporous gold 

The electro-oxidation of small organic molecules (e.g. formic acid, formaldehyde, 

methanol, ethanol and glycol) is of great interest for energy-related applications. 

Especially with the development of alkaline anion exchange membranes, new materials 

get into the focus of fuel cell research.[142] Also the electro-oxidation of glucose in 
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electrochemical biosensors for the determination of blood sugar is of technical 

importance.[143] NPG electrodes exhibit a high catalytic activity (Au shows the highest 

catalytic activity in alkaline medium)[35,36] and have the advantage of a large 

surface-to-volume ratio combined with a confined pore volume. Compared to flat 

electrodes, the probability of a molecule to collide with the electrode surface is much 

higher and therefore the probability of a chemical reaction is enhanced (Fig. 9). Also, 

gold does not suffer from poisoning due to a generally weak adsorption.[144]  

a) b) 

  

Fig. 9: Schematic of the interaction of a molecule with an a) flat electrode surface and b) porous 

electrode surface. 

The electro-oxidation of small organic molecules on an electrode is a heterogeneous 

reaction that involves the transport of the molecule to the electrode surface, the adsorption 

on the electrode surface, an electron transfer from the molecule to the electrode, 

desorption of the product and mass transfer into the solution. All of these steps are 

potentially rate-limiting. For nanoporous electrodes, mass transfer can be problematic (an 

overview over internal diffusion in a porous medium can be found in chapter 2.5). The 

kinetics for the oxidation of small organic molecules are often sluggish. In this case, the 

nanoporous structure offers the possibility of multiple collisions of the molecule with 

pore walls (chapter 2.2). Adsorption and desorption energies are influenced by the 

coordination number of Au atoms, but also by foreign atoms that can be either deposited 

(chapter 2.2) or remain as residual Ag atoms (chapter 2.7). 

The cyclic voltammogram (CV) of a nanoporous gold electrode in a methanol-containing 

alkaline solution is shown in Fig. 10. The voltammetric response shows some unique 

features that the oxidation of small organic molecules have in common. At positive 
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potentials, the oxidation of methanol occurs and the CV shows an anodic peak (AM1 in 

Fig. 10). The formation of a monolayer of surface oxides occurs in the same potential 

range (chapter 2.4) and methanol and OH- compete for the same surface sites. The current 

decreases when all surface sites are blocked. The current rises again with the evolution of 

oxygen. In the negative-going potential scan, a cathodic peak can be observed due to the 

reduction of surface oxides (CM1 in Fig. 10). Right after the peak, the current increases 

quickly and another anodic peak is formed. This peak can be attributed to the oxidation 

of methanol as well (AM2 in Fig. 10). After the reduction of surface oxides, surface sites 

become available for methanol oxidation and the potential is still positive enough for the 

reaction to occur. This example shows the influence of surface oxides on electrocatalytic 

reactions that were studied by SECM in chapter 5. 

 

Fig. 10: CV of a nanoporous gold electrode in a solution of 1 M KOH + 1 M methanol at a scan 

rate of 10 mV/s. The current I is normalized to electrochemically active surface area 

(AECSA = 161 cm2). AM1 can be assigned to the oxidation of methanol overlayed by the 

formation of surface oxide in the forward scan, CM1 can be assigned to the reduction of surface 

oxides and AM2 can be assigned to the further oxidation of methanol in the backward scan. 

Slightly modified graph taken from own publication.[145] 

In this work, NPG was investigated by X-ray photoelectron spectroscopy before and after 

the electrooxidation of methanol to study the changes in residual Ag induced by 

electrochemical cycling. 
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2.7 Residual silver in nanoporous gold 

NPG prepared by dealloying of an Ag-Au alloy always contains an amount of residual 

Ag due to the dealloying process. Generally, the residual Ag amount is 1-3 at.%. The bulk 

amount of residual Ag can be determined by EDX[15,58] in the solid state of the NPG 

(chapter 3.4) or after full dissolution of NPG in aqua regia by atomic absorption 

spectroscopy (AAS)[15,146,147] or inductively coupled plasma optical emission 

spectrometry (ICP-OES).[14,27] For purely potentiostatic dealloying procedures, the 

integration of the dissolution current of Ag can be used to estimate the residual Ag as 

well.[23] To evaluate the near-surface Ag, which is of special interest for catalysis, XPS 

has been used.[148,149,15] Also, information about the chemical state of the near-surface 

elements can be obtained with this technique. Chapter 3.3 is dedicated to XPS. The 

comparison of the amount of residual Ag as measured by XPS and EDX shows usually 

much higher values for XPS, indicating that it is to some extent enriched close to the 

surface.[15,58] 

Since Ag shows a high activity towards the dissociation of molecular oxygen in contrast 

to Au, its role for the catalytic activity of NPG was investigated. Density functional theory 

(DFT) calculations could demonstrate that with a higher number of Ag atoms on a gold 

surface the adsorption energy for O2 is more negative and the activation energy for the 

dissociation of O2 is decreased and concluded that small amounts of Ag at the surface are 

considered favorable.[19] Gas-phase catalysis could also prove a favorable influence of 

surface Ag on the activity for CO oxidation.[148,58] The influence on the electrocatalytic 

performance could so far not be attributed to specific amounts of residual Ag. 

Higher amounts of residual Ag can easily be obtained by a faster dealloying of the Ag-Au 

alloy by application of more positive potentials.[58] Then, Ag is dissolved faster and there 

is not enough time to uncover buried Ag atoms by surface diffusion of Au atoms. The 

resulting NPG exhibits not only higher amounts of residual Ag but also smaller ligament 

sizes. In catalytic reactions, a decrease in current density is observed over time which can 

be attributed to changes in the NPG. On the one hand, the ligaments undergo coarsening 

which can be observed by SEM[16] and on the other hand, Ag is enriched on the surface 

as proven by XPS.[15,58] This enrichment of one component of a solid solution at the 

surface is called surface segregation. The enrichment of Ag at the surface was already 
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observed for bimetallic Ag-Au systems, both experimentally[150] and theoretically[151]. 

The driving force for this process can be attributed to the lower free surface energy of Ag, 

especially in the presence of adsorbed oxygen.  

Although the residual amount of Ag can be tuned, e.g. by the choice of the dealloying 

potential, it cannot be tuned independent of the ligament size. This was shown recently 

for different dealloying routes.[46,58] Therefore, it is quite complicated to differentiate the 

effects of ligament size and amounts of residual Ag on the catalytic activity of NPG in an 

experiment. Furthermore, the ligament size does not only have an influence on the surface 

area but also smaller ligaments have a higher curvature and therefore different ratios of 

terraces to steps that also have an influence on the catalytic activity. 

Another open question is the chemical state of Ag. Since it is not a very noble metal, it is 

easily oxidized and forms Ag2O and AgO in air. Also, the dealloying conditions have an 

influence on the oxidation state of Ag. At high pH, AgO forms which precipitates at the 

surface.[84] At low pH, aqueous Ag complexes are stable and no precipitation takes place. 

In this work, open questions concerning the near-surface concentration and chemical state 

of residual Ag were addressed by X-ray photoelectron spectroscopy. 
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3 Characterization methods 

In this chapter, electrochemical, spectroscopic and microscopic techniques are introduced 

that were applied to study NPG in this work. The combination of these techniques is an 

approach towards a systematic investigation of NPG. Cyclic voltammetry is introduced 

as a basic tool to characterize electrochemical properties of NPG and flat gold 

microelectrodes and to determine electrochemically active surface areas (chapter 3.1). 

The principle of scanning electrochemical microscopy and its application to the study of 

porous systems is explained (chapter 3.2). X-ray photoelectron spectroscopy is introduced 

as a tool to investigate the elemental composition of NPG with focus on residual Ag 

(chapter 3.3) and scanning electron microscopy is applied to the investigation of the 

morphology of NPG (chapter 3.4). 

 

3.1 Cyclic voltammetry for the determination of the surface 

area 

Cyclic voltammetry is a standard electrochemical technique that plays an important role 

in the investigation of electron transfer processes.[152] However, the structure sensitivity 

of certain electrochemical reactions can be used to investigate the electrode material itself, 

e.g. identifying different crystal faces on single and polycrystalline electrodes.[153] Also, 

electrochemical processes that result in the formation of one monolayer of a species on 

the electrode surface, such as the chemisorption of oxygen[154], the underpotential 

deposition (UPD) of hydrogen[154] or several metals, such as Pb[155] can be used to 

determine the electrochemically active surface area (AECSA) of the electrode. The 

knowledge of the AECSA is important for the characterization of nanoporous materials, 

roughness factors of electrodes and to compare results for different electrodes. 

In cyclic voltammetry, usually a three electrode set-up consisting of a working, reference 

and auxiliary electrode is used. A linear potential ramp is applied to the working electrode 

up to a switching potential Eλ and then ramped back to the initial potential. The current is 

plotted against the potential of the working electrode. For a cyclic voltammogram (CV) 
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in 0.1 M sulfuric acid metallic electrodes show characteristic shapes due to the 

chemisorption of oxygen and/or hydrogen to the electrode surface. In Fig. 11, the CV of 

a gold electrode is shown. 

 Fig. 11: CV on gold in 0.1 M H2SO4. The double layer region, oxide formation and oxide 

reduction are indicated, as well as the region where oxygen and hydrogen evolution begins. 

The Burshtein minimum is indicates the current minimum before oxygen evolution and bulk 

oxide formation. The hatched area can be used for the determination of ECSA. The red line 

indicates the background which is used for the integration of the peak. 

The CV shows the characteristic regions of double layer charging and oxide formation 

and reduction in the electrochemical window between the evolution of oxygen at the 

positive potential limit and hydrogen at the negative potential limit due to the electrolysis 

of water. The oxide formation region shows three peaks which can be attributed to 

different crystal faces at the polycrystalline gold surface.[156] 

Generally, the use of hydrogen UPD peaks for the determination of AECSA of metals is the 

preferable method, because the formation of hydrogen UPD is strictly limited to one 

monolayer and therefore the error is rather small.[134] A prominent example is the 

hydrogen UPD at Pt electrodes. However, copper group metals (Cu, Ag and Au) do not 
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form hydrogen UPD. Instead, for Au (and Cu), the integration of the metal oxide 

reduction peak is used because the formation of this metal oxide is limited to a 2D layer 

for potentials negative of the oxygen evolution region. In contrast, Ag forms oxide 

multilayers and therefore the surface area can only be calculated from the double layer 

capacitance. The UPD of metals, such as Cu or Pb can be used for the determination of 

AECSA,[155,157] but it introduces foreign metals into the system that are often unwanted.   

For the determination of AECSA on Au, Eλ is chosen slightly positive of the Burshtein 

minimum before the current shows a steep increase due to the evolution of oxygen 

(cf. Fig. 11). This ensures the formation of a 2D oxide layer (chapter 2.4). By integrating 

the area of the oxide reduction peak (between E1 and E2) after substraction of the 

background (ibg), the gold oxide charge can be determined. It was found that an oxide 

layer that consists of one O per Au atom has a charge of Qox = 386 µC/cm2.[154,40,39] AECSA 

can then be calculated to be 
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The method can be used for flat as well as finely dispersed gold, because it can be assumed 

that the specific adsorption on the gold surface is the same.[134] This method was used to 

determine the surface area of the NPG electrodes in chapter 5.  

The capacitance ratio method is an alternative means to determine AECSA. Here, the EDL 

capacitance is determined by CV. A potential window where only capacitive currents 

occur is chosen, usually this is ±50 mV around the open circuit potential (OCP). CVs with 

different scan rates are run and the current is plotted against the scan rate. The slope of 

the resulting linear curve gives the EDL capacitance Cd of the electrode. By dividing this 

value by the literature value of the specific capacitance Csp of the EDL (for Au a value of 

40 µF cm-2[154] can be assumed), AECSA can be determined to  

 d
ECSA

sp

C
A

C
   (6) 

This method was used to determine the surface area of NPG electrodes in chapter 7.2. 
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3.2 Scanning electrochemical microscopy  

Scanning electrochemical microscopy (SECM) belongs to the family of scanning probe 

technique and was introduced by the Bard group in 1989.[158–160] In this technique, a 

microelectrode is scanned over a substrate to probe electrochemical processes (reactivity) 

and structural features (topography). Qualitative and quantitative investigations of 

surfaces with a high lateral resolution (micrometer and submicrometer range) can be 

conducted.[161–167] Already in 1986, Engstrom and coworkers published important work 

on microelectrodes for the investigation of redox processes at large surfaces.[168–170] The 

many advantages of microelectrodes, which make SECM possible, have already been 

presented in chapter 2.3.2. The scope of application of SECM is large and was 

summarized in several review articles. It covers the investigation of heterogeneous 

electron transfer in electrocatalytic reactions, such as oxygen reduction reaction, oxygen 

evolution reaction and the oxidation of small organic molecules,[163,171] the investigation 

of kinetic parameters for homogeneous reactions coupled with heterogeneous electron 

transfer,[163,172] microstructuring of surfaces,[163] the detection of single molecules,[172] 

processes at liquid-liquid interfaces[172,163] the investigation of living cells or other 

biological systems,[165,167,173] the study of adsorbates and reaction intermediates[163] and 

the investigation of transport processes through porous substrates and membranes.[166] 

The last two examples are of special interest for this work and will be discussed in detail 

below.  

The device used for SECM is called scanning electrochemical microscope (also 

abbreviated as SECM) and consists of a positioning system, a potentiostat, a three- 

electrode arrangement consisting of working (WE), reference (RE) and auxiliary 

electrodes (AE), a computer and the software to control the hardware. The position of the 

microelectrode can be manipulated in x-, y- and z-direction. For a submicrometer 

accuracy, piezo motors can be used.  

Generally, the steady-state current at the probe microelectrode is measured but the 

technique has different operation modes. In the feedback mode the effect of the substrate 

on the current response at the microelectrode is recorded. Conducting and insulating 

substrates can be investigated (chapter 3.2.1). This mode will be explained in detail, 

because it is the basis for the investigation of mass transfer in the nanoporous network 
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and the detection of surface oxides on NPG. In the generation-collection mode, a 

redoxactive species is electrogenerated at the substrate and detected at the microelectrode 

(substrate-generation/ tip-collection) or vice versa (tip-generation/ substrate-collection). 

This mode will be introduced shortly (chapter 3.2.3). Other modes, such as redox 

competition and direct mode will not be presented. Beside steady-state currents, current 

transients can be recorded at the microelectrode. This will be explored within the surface 

interrogation mode, a mode of SECM that was recently introduced (chapter 3.2.4). 

3.2.1 Feedback mode 

The feedback mode is the most common mode in SECM. A redox active species is 

reduced or oxidized at the probe microelectrode and the steady-state current response is 

measured. In the solution bulk (at a quasi-infinite distance), this current is given by eq. 

(3). In the following, the principles will be discussed for the oxidized form of a redox 

mediator that undergoes reduction at the microelectrode. 

Close to the substrate surface, the steady-state current at the microelectrode iT is affected 

by the concentration of reactants, electrochemical processes at the substrate, its 

topography and mass transfer properties. One electrochemical process at an extended 

conducting substrate is the back reaction of the redox mediator (Fig. 12).  

A concentration cell forms at an unbiased conducting substrate with a high concentration 

of the reduced form of the redox mediator (R) in the diffusion field of the microelectrode. 

Everywhere else in the solution, the concentration of the oxidized form of the redox 

 

Fig. 12: Schematic of the formation of a concentration cell on a conducting surface in a 

feedback mode experiment of SECM. 
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mediator (O) is high. The potential of the conducting substrate is determined by the large 

majority of O according to the Nernst equation. Therefore, it is positive enough to oxidize 

R. The back reaction to maintain charge neutrality at the substrate is delocalized and 

happens further away from the diffusion field of the microelectrode via electron transfer 

through the conducting substrate. The generated O diffuses to the microelectrode and a 

feedback loop is closed. The current at the microelectrode at a distance d is determined 

by the ability of the substrate to regenerate the redox mediator. Two limiting cases can be 

found. One is the diffusion-controlled current response for fast kinetics at the substrate 

(found at electrical conducting substrates) which can be described by an analytical 

expression. For comparability of currents between different microelectrodes, the 

steady-state current is normalized to the steady-state current in the bulk solution. A 

normalized distance L = d/rT is used, as well as a glass sheath radius rg that is normalized 

to the tip radius Rg = rg/rT. 
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The other limiting case is the current response controlled by hindered diffusion through 

the gap between substrate and microelectrode (found at a fully inactive or insulating 

sample that does not allow a back reaction of R). For this case, the analytical expression 

is  
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For substrates with limited kinetics for the regeneration of the redox mediator, a 

dimensionless rate constant κ = keff rT/D is used in the analytical expression of those 

curves. It can be found in this review article.[163]  

In Fig. 13, the distance-dependent current responses (usually called approach curves) for 

the two limiting cases and three examples of limited kinetics at the substrate are depicted.  

 

1, 3-5:

 

2:   

Fig. 13: Schematic approach curves for diffusion-controlled regeneration of the redox mediator 

(1), hindered diffusion (2), and kinetically limited mediator regeneration with κ = keff rT/D = 0.3 

(3), 1.0 (4) and 2.6 (5). 

This mode can be used for local measurements of electron transfer kinetics at various 

substrates. In case of 1st order kinetics and the knowledge of rT and D, keff can be 

calculated from the fitting of the approach curves according to the analytical expression.  

The feedback mode also allows the imaging of a sample. Here, the microelectrode is 

scanned in a constant distance (usually around 10 µm for a microelectrode with 

rT = 12.5 µm) over the substrate and the local current response is recorded and plotted 
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against the microelectrode position. Nanoelectrodes with a tip radius of some hundred 

nanometers can be employed to reach sub-µm resolution.[174,175] 

3.2.2 Approach curves on insulating porous samples and access to 

diffusion coefficients 

Apart from the investigation of electron transfer kinetics, SECM can be used to 

investigate mass transfer properties of porous or permeable samples. Due to the sub-µm 

resolution of SECM, it can be differentiated between the study of materials with 

micrometer-sized pores and the study of nanoporous or permeable materials. At materials 

with micrometer-sized pores, such as many biological and synthetic membranes, the local 

molecular flux over a single pore opening can be measured.[176–178] The study of 

nanoporous or permeable materials yields averaged information about the mass transfer 

properties. So far, SECM provided average information about oxygen permeability of gas 

diffusion electrodes[179], of biological tissue[180] and the diffusion behavior of small 

molecules in porous silicon[181]. 

Macpherson et al.[180] investigated the oxygen permeability of cartilage material by 

employing approach curves. A schematic curve that is obtained on approaching an 

insulating porous or permeable sample is depicted in Fig. 14. First, the curve follows the 

curve for hindered diffusion at an insulating flat sample, but closer to the surface the 

current decreases only slowly and a finite current that is unequal zero is detected at L = 0. 

This means that a current is measured although the diffusion from the side is almost totally 

hindered and no generation of the mediator occurs. The origin of this current is attributed 

to the diffusion through the bulk of the porous or permeable sample. Macpherson et al.[180] 

found that iT/iT,∞ at L = 0 is directly proportional to the effective diffusion coefficient Deff 

inside the sample divided by D. This ratio can be called the relative effective diffusion 

coefficient Deff,rel and be expressed as a percentage.  
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This method assumes, that the only changing parameter in the analytical expression for 

the steady-state current is the diffusion coefficient due to hindered diffusion inside the 

permeable sample. It is very straightforward and gives reproducible results.[180] For the 

determination of diffusion coefficients it is especially crucial that the arrangement of 

microelectrode to surface is perpendicular and that the diffusion from the sides is 

minimized. 

However, this method is only applicable if the redox mediator is not regenerated at the 

substrate because the feedback loop would provide an additional flux. Additionally, it has 

to be questioned whether pore diffusion would even take place because no concentration 

gradient is formed if the mediator is directly regenerated. 

 

                            3 - 

 

Fig. 14:  Schematic approach curves for diffusion-controlled regeneration of the redox mediator 

(1), hindered diffusion (2), and hindered diffusion at a porous electrode with contribution of pore 

diffusion (3). 
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To overcome this limitation, and enable the study of conducting samples in this way, a 

chemically irreversible redox mediator can be used. Such compounds have been 

investigated for distance-control in SECM. The irreversible redox mediator can be 

reduced or oxidized at the microelectrode to give a distance-dependent current response 

but the reaction is irreversible due to a follow-up reaction in solution. Therefore, a 

conducting surface shows an insulating behavior in the approach curve. In organic 

solutions, anthracene can be oxidized to form a radical cation which then quickly reacts 

further.[182] More interesting for this work are aqueous solutions. Here, ascorbic acid can 

be oxidized to form dehydroascorbic acid which is followed by hydrolysis.[183,184]  

 

 

(12) 

3.2.3 Generation-collection mode  

In the generation-collection mode, a redox species is electrogenerated at the probe 

microelectrode (tip) and collected at an extended substrate (tip generation/substrate 

collection, TG/SC) or vice versa (substrate-generation/tip-collection, SG/TC). In this 

mode, a bipotentiostat is used to apply suitable potentials at the probe microelectrode and 

the substrate. In Fig. 15, a TG/SC experiment is illustrated, where a species from solution 

is reduced at the probe microelectrode and this reduced form diffuses to the substrate 

where it is oxidized. It then diffuses back to the probe microelectrode and a feedback loop 

is closed. 
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Fig. 15: Schematic for the TG/SC mode of SECM at an extended substrate. A redoxactive 

species from solution is reduced at the probe, diffuses to the substrate and is oxidized. The 

diffusion of the oxidized species back to the probe microelectrode closes the feedback loop. 

Generation-collection experiments are for example used to investigate the oxygen 

reduction reaction (ORR). An example for the TG/SC mode is the screening of oxygen 

reduction catalyst arrays[185]. An example for the use of the SG/TC mode is the 

investigation of side products of the ORR, such as H2O2 or O2
●-.[186,187]  

3.2.4 Surface interrogation mode 

In 2008, the Bard group introduced a new in situ technique based on SECM for the 

interrogation of surfaces to investigate inner-sphere electrocatalytic reactions.[47] The 

basis of the experiments is a titration that uses the feedback mode of SECM. The scope 

of this technique is the investigation of in-situ quantification of adsorbates and the 

determination of kinetic parameters on conducting and semi-conductor surfaces. Digital 

simulation of the experiments were performed to validate the results. This new in-situ 

technique was first demonstrated for the investigation of adsorbed oxygen on gold and 

platinum electrodes in neutral media.[47] Soon after the technique was introduced it was 

termed surface interrogation mode of SECM (SI-SECM). Although the name implies that 

it is an additional mode of SECM and the experiments are based on the feedback mode, 

the position of the microelectrode is kept constant during the experiments. So, strictly 

speaking, this technique uses a SECM setup but is in itself not a scanning probe technique. 
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Principle. The measurement principle of SI-SECM is shown in Fig. 16. Two 

microelectrodes are brought into close proximity of each other and the potential control 

can be switched between both electrodes. The experiments consist of two steps: 

generation of adsorbates and detection of adsorbates by titration (Fig. 16). The redox 

mediator is stable during the generation step and does not take part in the reaction at the 

substrate. In the generation step, an adsorbate A is formed on the substrate electrode. This 

can be achieved by chemical,[52] electrochemical[47] or photoelectrochemical[53] means or 

by dosing a species to the solution that adsorbs to the surface.[48] In this work, adsorbates 

were electrochemically generated by applying a constant potential for a predetermined 

time (Fig. 16 a). During the generation of A, the probe microelectrode is held at OCP. 

After the generation is stopped, the substrate microelectrode is set to OCP. By setting the 

substrate potential to OCP, it is ensured that no charge can flow over the external circuit 

and thus the surface species cannot be changed by charge transfer to the electrode. 

However, adsorbate-adsorbate reactions or chemical reactions between adsorbates and 

solution constituents, such as dissolved oxygen, can still proceed. Therefore, a fast 

switching between generation and detection can be crucial for the quantification of 

adsorbates.[188] Once the generation of adsorbate is stopped, the substrate microelectrode 

is set to OCP. 
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a) 

 

b) 

 

c) 

 

d)  

Fig. 16: Schematic of the measurement principle of SI-SECM for a reducible adsorbate: a) 

generation of adsorbates by applying a potential program to the substrate microelectrode; b) 

formation of the titrant from a redox mediator in solution by applying a potential program to the 

probe microelectrode, chemical reaction between titrant and adsorbate and regeneration of the 

redox mediator; c) situation without adsorbates: the current response is determined by diffusion 

to the probe microelectrode; d) current transient for diffusion-controlled mediator recycling (1), 

hindered diffusion (2) and the reaction of the mediator with the adsorbate.  

 

The following detection step is a feedback experiment. The probe microelectrode serves 

as the generator of the titrant and at the same time as the detector for the titration. It is 

possible to titrate adsorbates either by a reduction or an oxidation reaction, depending on 

the adsorbate. Here, the method will be explained on the example of a reduction reaction 

of the adsorbate. In this case, the solution contains a redox mediator in its oxidized form. 

A reducing potential is applied to the probe microelectrode to form the titrant R from O 

and the current response is recorded. R reacts chemically with A which leads to the 
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removal of A from the surface (or the formation of a reaction product that cannot react 

with R again). In this reaction, R is oxidized to regenerate the initial form O. Thereby, the 

feedback loop is closed (Fig. 16b). The titration is complete once all adsorbates are 

consumed and the feedback loop cannot be maintained (Fig. 16c). To interpret the titration 

curve, the recorded current has to be a direct result of the chemical reaction between 

adsorbate and titrant. When investigating a conducting sample in a regular SECM 

feedback experiment a concentration cell forms and the redox mediator can be 

regenerated at the unbiased substrate (chapter 3.2.1). This regeneration of the redox 

mediator by electron transfer at the bare substrate has to be excluded. This is achieved by 

the use of a small substrate size where no concentration cell forms. 

The schematic plot in Fig. 16d shows the current response for this experiment as well as 

the limiting cases, diffusion-controlled mediator recycling and hindered diffusion. In the 

case of diffusion-controlled mediator recycling, the titrant is always regenerated at the 

substrate microelectrode (this can be achieved by applying a suitable potential). The 

resulting current response is determined by the regeneration of the redox mediator and a 

high current is achieved. In the case of hindered diffusion, the titrant cannot be 

regenerated at the substrate microelectrode due to the absence of adsorbate and the small 

substrate size. The redox mediator is depleted at the microelectrode and a concentration 

gradient forms. The current response is determined by the diffusion of the redox mediator 

through the small gap between the two microelectrodes. Due to the hindered diffusion, 

this diffusion-limited current is lower than iT,∞.  

The current response for a titration experiment is a current transient. As long as adsorbates 

are on the surface, a current according to diffusion-controlled mediator recycling is 

recorded. Once all adsorbates are consumed, the current quickly drops to the value of 

hindered diffusion resulting in a peak in the current transient. The current can be 

integrated with the hindered diffusion curve as the background to obtain the charge 

equivalent to the amount of adsorbates. Additionally, the width of the current peak gives 

information about the reaction kinetics between mediator and adsorbate and the 

occurrence of one or more peaks can reveal reaction mechanisms or the presence of 

different adsorbates.[47]  
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Applications. Until now, SI-SECM was used to investigate a range of different catalytic 

reactions on different substrates. The studies were conducted in the group of 

Bard[52,48,50,53,189,54,190,188] and Rodríguez-López.[191–193] Since the use of small substrates 

is required, electro- and photoelectrocatalysts can be deposited as a film on a 

microelectrode. However, the use of SI-SECM was recently expanded from metallic 

substrates in the form of microelectrodes to extended semiconductor surfaces[191] and 

nanoparticles at liquid-liquid interfaces.[194] The experiments were conducted to quantify 

surface species and to study reaction kinetics of the catalyst. Digital modelling has been 

a great help to verify and to understand the titration experiments.[47] Apart from a suitable 

substrate, the choice of a suitable mediator is crucial for the titration. Depending on the 

reaction under study, redox mediators that can oxidize and reduce the surface species are 

needed. A list of redox mediators used in SECM feedback experiments can be found in 

this recent review by Mauzeroll.[167] 

Advantages and limitation. The idea of a redox titration of surface species with a redox 

mediator in SECM was already employed in the Wittstock group in 2006-2008.[195,196] In 

these experiments, the immobilization of redox-active dendrimers and proteins was 

investigated with SECM. For the redox-active protein it was possible to determine a 

surface concentration Γ in mol/cm2 in a pulsed redox titration. 

 
Q

zFA
    (13) 

Where Q is the charge, z is the number of transferred electrons per molecule, F is the 

Faraday constant and A is the affected surface area. The affected surface area was 

estimated under consideration of the diffusion coefficient of the redox mediator D, the 

pulse time τp and the distance d of the microelectrode to the substrate (Fig. 17).[196]  
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Fig. 17: Schematic set-up for the titration of proteins on an extended surface. The affected area 

(orange) is determined by the estimated probe radius rT which canestimated from the diffusion 

coefficient D, the pulse time τp and the distance d of the microelectrode to the surface. 

This uncertainty of affected area has been totally overcome in SI-SECM by using a 

microelectrode with known radius as the substrate which results in a very well defined 

investigated area.  

SI-SECM also expands the applicability of a titration experiment using the feedback 

mode to conducting surfaces. Due to the formation of a concentration cell on an extended 

conducting surface (Fig. 12), the redox mediator would be regenerated at the surface as 

well as by the species under investigation and a titration is impossible. Of course, the use 

of microelectrodes requires a substrate material which can be fabricated into a 

microelectrode. This limitation is the reason why gold and platinum substrates were the 

only conducting materials that have been investigated so far. The fabrication of gold and 

platinum microelectrodes is a standard procedure and they are even commercially 

available.  

The possibility to quantify reaction intermediates and products makes SI-SECM 

especially interesting for the investigation of electrocatalytic materials. The advantage 

over common electrochemical methods to study electrocatalysts like CV and linear sweep 

voltammetry (LSV, e.g. in rotating disk experiments) is the decoupling of the formation 

of the adsorbate and its detection. In a CV or LSV a potential is applied to the 

electrocatalyst to detect adsorbates which were formed on its surface beforehand. By 

doing this, one might already change the electrocatalyst surface composition. In 

SI-SECM the detection of adsorbates is a chemical reaction between adsorbate and titrant 

while the electrocatalyst itself is at open-circuit potential. 
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In conclusion, the major advantage of SI-SECM arises from the small size of the 

substrate, most easily achieved by using a microelectrode as the substrate. Unfortunately, 

many interesting electrocatalysts are in the shape of a powder or are otherwise not easily 

fabricated into microelectrodes. The solution to this problem demonstrated in this work 

is the use of cavity microelectrodes that can be filled with a wide range of electrocatalyst 

powders and particles (chapter 2.3.3). The results are presented in chapter 5. 

 

3.3 X-ray photoelectron spectroscopy for the investigation 

of very dilute alloys 

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for chemical 

analysis (ESCA) is a standard tool to investigate surfaces under ultra-high vacuum 

conditions. The basis of the technique is the photoelectric effect. X-rays with a 

characteristic energy hν are used to irradiate a solid sample and the emitted photoelectrons 

are detected (Fig. 18). From the kinetic energy of the detected electrons (Ekin), their 

binding energy (EB) can be calculated under consideration of the work function of the 

spectrometer (ϕ).  

 
B kinE h E      (14) 

EB has characteristic values for all electrons emitted from a certain element. In XPS, the 

Kα radiation from Al (hν = 1486.6 eV) or Mg (hν = 1253.6 eV) is commonly used. These 

characteristic X-rays are overlaid by a continuous energy distribution, called 

Bremsstrahlung. For a higher resolution, the X-rays are monochromatized which results 

in a line width for the Ag 3d5/2 peak of 0.46 eV for the used spectrometer. The work 

function of the spectrometer used in this work amounts to ϕ = 4.59 eV. 
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a) b) c) 

   Fig. 18: Illustration of the principle of XPS: a) the X-ray photon irradiates the atoms and an 

electron close to the core is emitted as a photoelectron, b) the hole is filled by an electron with 

higher energy and c) the released energy is either emitted as X-rays or transferred to another 

electron, which is then emitted as an Auger electron. 

Generally, XPS can be employed to investigate the elemental composition of a material 

qualitatively and quantitatively. A spectrum is recorded in which the intensity of 

photoelectrons is plotted against their EB. The detection limit is around 0.1 at.% and the 

accuracy of the quantification is about 10 %. In this work, XPS was used to investigate 

NPG. It can be seen as a very dilute Ag-Au alloy due to residual Ag (chapter 2.7).  

The spectrum. The irradiation of a material leads to the emission of photoelectrons from 

core and valence band levels and gives rise to discrete peaks in the spectrum. The emitted 

core level photoelectrons are well-resolved in the spectrum and are considered for the 

chemical analysis. The nomenclature of photoelectron peaks refers to the quantum 

numbers of their energy levels and is nl (with n = {1, 2, 3, 4} being the principal quantum 

number and l = {s, p, d, f} being the orbital angular momentum quantum number), e.g. 

1s. The valence band electrons are closely-spaced and have low binding energies. They 

appear close to zero binding energy in the spectrum and cannot be resolved. In order to 

investigate valence band electrons, ultraviolet light can be used as irradiation source. The 

technique is called ultraviolet photoelectron spectroscopy (UPS).  

In addition to photoelectrons, Auger electrons appear in the XP spectrum. Their 

generation is a secondary process and usually involves three atomic levels. The Auger 

process takes place when the emission of a core photoelectron leaves a hole in the electron 

shell (Fig. 18b). An electron from a higher atomic level can fill the hole and the excess 

energy can be transferred to another electron which is hence emitted (or released as 
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X-rays) (Fig. 18c). The detected kinetic energy is independent of the X-ray source, but is 

determined by the energy difference of the two involved atomic levels. The Auger 

electron is named after the involved electron shells (defined by n = {K, L, M, N}), e.g. 

KLL. This Auger process that involves orbitals with n = 1 and 2 is typical for lighter 

atoms like carbon and oxygen due to the emission of photoelectrons from 1s and 

2s-orbitals. These Auger peaks occur in many spectra due to the contamination with 

adventitious carbon. The technique that uses Auger electrons for analysis is called Auger 

electron spectroscopy (AES). The excitation is usually done by an electron beam. In XPS, 

emission of photoelectrons and Auger electrons occur simultaneously and sometimes 

photoelectron peaks overlap with Auger electron peaks. In this case, the change of 

excitation energy leads to a shift of the kinetic energy of photoelectrons, whereas the 

kinetic energy of Auger electrons remains constant. Because modern spectrometers 

display the spectra already on the EB scale calculated according to eq. (14), the binding 

energy of the Auger electrons is corrected as if they were photoelectrons. Therefore, they 

appear shifted on the EB scale, whereas photoelectrons show a constant EB upon change 

of the excitation energy hν. 

Conventionally, increasing binding energy is plotted from right to left. The discrete peaks 

are observed on a background of inelastically scattered electrons. Emitted electrons can 

collide with atoms before leaving the surface and loose part of their kinetic energy in this 

process. The calculated binding energy of these ineleastically scattered photoelectrons is 

therefore lower than that of unscattered photoelectrons. They contribute to a continuous 

background on the left side of each peak. A survey spectrum of Au is shown in Fig. 19. 

For Au, the electrons from the levels 4s, 4p, 4d, 5s, 4f, 5p can be observed as well-defined 

peaks. The Au 4f peak is the most intense signal and is usually considered for further 

analysis of Au. Electrons with lower binding energies appear in the valence band peak 

close to zero. Electrons with higher binding energies cannot be excited by the used 

X-rays. Two Auger peaks are visible at high binding energies, belonging to NNV (n = 4 

and 5) and NNN (n = 4) transitions.  
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Fig. 19: XP spectrum of Au excited by monochromatized Al Kα radiation. 

Information depth. The soft X-rays used in XPS penetrate the material by several 

micrometers and cause photoemission. However, only photoelectrons that do not suffer 

energy loss on their way to the detector give rise to discrete peaks in the spectrum (Fig. 

20). Inelastic collisions with atoms are the events that are mostly responsible for 

photoelectrons losing part of their energy and therefore reduce the incident intensity of 

the photoelectrons from a depth zphoto. This loss of intensity follows an exponential decay 

similar to Beer’s law of molecular absorption. 

 

photoz

cos
photo 0(z )I I e  



   (15) 

Here, I0 is the incident intensity, I(z) is the exiting intensity, z is the sample depth, λ is the 

inelastic mean free path and θ is the emission angle of the photoelectrons with respect to 

the surface normal. 
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Fig. 20: Illustration of the set-up geometry in XPS. Photoelectrons that are emitted from a depth 

of maximum 3λ at an emission angle of θ = 0° to the surface normal reach the detector without 

kinetic energy loss (1). Photoelectrons from larger depth reach the detector with a reduced 

kinetic energy and contribute to the background (2). Photoelectrons that were generated at 

even larger depths lose all their kinetic energy before reaching the surface and do not reach 

the detector (3). At emission angles θ > 0°, the depth from which photoelectrons leave the 

surface without kinetic energy loss is lower than for θ = 0° (4). This can be exploited in angle-

resolved XPS to vary the information depth by tilting the sample. 

The inelastic mean free path λ of electrons is defined as the value where the signal 

intensity drops to 1/e (36.8%). It is equivalent to an absorption coefficient. The 

information depth (also called sampling depth) of XPS is defined as the depth where 95% 

of the signal comes from. It amounts roughly to 3λ at an emission angle of 0° to the surface 

normal.  Common values are between 3 to 10 nm, depending on the investigated material 

and the kinetic energy of the emitted electron. For the metals that were investigated in 

this work the information depth of electrons can be estimated. The samples were 

irradiated with Al Kα radiation of an energy of hν = 1486.6 eV. The Au 4f electrons have 

an EB = 84.0 eV resulting in EKin = 1398.0 eV according to eq. (14). The Ag 3d electrons 

have an EB = 368.2 eV resulting in EKin = 1113.8 eV. The mean free path λ of various 

elemental solids was calculated with the Penn algorithm for EKin between 50 eV and 

200 kV by Penn and Tanuma.[197] For Au 4f electrons, a value of λ = 1.74 nm was 

calculated resulting in an information depth of roughly 3λ ≈ 5.2 nm. For Ag 3d electrons, 
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λ = 1.54 nm was calculated resulting in an information depth of 3λ ≈ 4.6 nm. XPS is 

hence considered a surface sensitive technique.  

The information depth can be further reduced by changing the emission angle θ of the 

photoelectrons. Normally, the sample and detector are positioned parallel and the 

photoelectrons that reach the detector have an emission angle of θ = 0° (Fig. 20). The 

sample stage can be tilted up to almost 90°. This way, the photoelectrons reaching the 

detector were emitted from the surface at emission angles θ > 0° (Fig. 21). The way an 

electron has to travel through the material from a certain position to reach the detector is 

higher at higher emission angles. Therefore, only electrons from smaller depths can reach 

the detector without kinetic energy loss and the surface sensitivity is increased. By 

systematically varying the sample stage tilt, a destruction-free depth profiling is possible. 

 

Fig. 21: Set-up of an angle-resolved XPS experiment. The sample is tilted which allows only 

photoelectrons with emission angle θ > 0° to reach the detector without kinetic energy loss (1). 

Due to the prolonged way in the sample at higher angles, the information depth is reduced 

compared to photoelectrons with an emission angle of θ = 0° (2). 

In synchrotron-XPS experiments, the surface sensitivity can be increased by adjusting the 

irradiation energy to emit photoelectrons with specific Ekin. The mean free path λ is a 
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function of Ekin and shows a minimum at Ekin ≈ 120 eV for electrons in a Ag matrix and 

Ekin ≈ 110 eV for electrons in a Au matrix (Fig. 22).[197] Therefore, by choosing the 

corresponding irradiation energy according to eq. (14), a higher surface sensitivity than 

for Al Kα or Mg Kα can be reached. In Tab. 2, an overview of the information depths for 

different photon energies is provided.  

 

Fig. 22: Inelastic mean free path λ for electrons in a Ag (black dots) and Au matrix (blue dots) 

for Ekin up to 400 eV, according to the calculation of Penn and Tanuma et al.[197] 

 

Tab. 2: Calculated inelastic mean free path λ, according to Penn and Tanuma[197] and resulting 

information depths for Au 4f electrons irradiated with x-rays of different photon energy. 

photon energy / eV Ekin(Au 4f) / eV λ / nm information depth (3 λ) / nm 

1486.6 (Al Kα) 1398.0 1.74 5.22 

1253.6 (Mg Kα) 1165.0 1.52 4.56 

588.6 500 0.85 2.55 

248.6 110 0.46 1.38 
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Generally, apart from adjusting the photon energy, one could choose a photoelectron line 

close to Ekin ≈ 100 eV. However, for Al Kα, this condition is met for photoelectron lines 

with EB = 1387 eV. In this region, mostly Auger electron lines appear and the background 

is high. For Au, the detectable photoelectron line with the highest EB is Au 4s at 

EB = 762 eV (corresponding Ekin = 725 eV) and shows only a low intensity compared to 

the Au 4f line. Therefore, this method is not applicable for the studied materials.  

Spin orbit splitting. Photoelectrons that are emitted from p-, d- and f-orbitals exhibit two 

slightly different binding energies and the photoelectron peak is observed as a doublet. 

The interaction of electron spin (quantum number s = ½ for electrons) of the remaining 

unpaired electron and the angular momentum of the orbital (quantum number l) is 

expressed as the total angular momentum quantum number j = (l ± s) and can be either 

parallel or anti-parallel resulting in slightly different ionization energies of the emitted 

electron. The area ratio of the two doublet peaks is fixed and has values of 1:2 for 

p-orbitals, 2:3 for d-orbitals and 3:4 for f-orbitals. The nomenclature for photoelectron 

peaks is then nlj. This final state effect can be observed in the Au survey spectrum in Fig. 

19 especially for 4d peaks (4d5/2 and 4d3/2) and 4p peaks (4p3/2 and 4p1/2) which have a 

rather large spin orbit splitting. The spin orbit splitting for 5p is not resolved in the survey 

spectrum. Other final state effects can be due to interaction of photoelectrons with other 

electrons of the atoms which involves a partial and discrete energy loss or gain. These 

peaks are called satellites.  

Metal core level asymmetry. Conducting materials have unfilled one-electron levels in 

the conductance band which are available for shake-up events. In molecules, shake-up 

events lead to discrete peaks due to discrete energy levels. In metals, an asymmetric peak 

shape with a tail at the higher binding energy side of the metallic peak is obtained due to 

a continuous energy loss of emitted photoelectrons in shake-up events in the conductance 

band. A high density of states directly above the Fermi level leads to strong asymmetric 

peak shapes and also broader peaks (Fig. 23). The density of states can be experimentally 

investigated by recording spectra of the valence band. Ag and Au have only a low density 

of states right above the Fermi level and show only a small peak asymmetry.[198] 
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a) 

b) 

Fig. 23: Schematic of the influence of the density of states at the Fermi level EF (left) on the 

peak shape (right): a) low density of states results in symmetrical peaks and b) high density of 

states results in asymmetric peaks. 

 

Peak fitting. For the analysis of XP spectra, a peak fitting is usually required to determine 

the binding energy and peak area, especially of overlapping peaks. The first step is to 

define the baseline of the peak which is located on a background of inelastically-scattered 

photoelectrons. The simplest form of background is a straight line, but the peak area is 

very sensitive to the choice of the end points. For metals, a Shirley background is 

commonly used.[199] It is a stepped background which accounts for the increase in 

background at the higher binding energy side of the peak.  

The shape of the peak is determined by a Gaussian peak shape due to the spectrometer 

and a Lorentzian peak shape caused by the emission process. In the peak fitting, Gaussian 

and Lorentzian contributions are convoluted to create a third function that accounts for 
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the modification that both peak shapes have on one another. Metals can additionally show 

asymmetric peak shapes.  

A least square fitting routine is used to fit the peak position, height, width, shape and 

asymmetry.[200] The starting parameters should be chosen as accurate as possible to avoid 

the convergence of the algorithm to a local minimum instead of the global minimum. 

Constraints that are put on some parameters, such as peak position or width can help to 

reach a chemically reasonable fit. A high spectrometer resolution will improve the fitting 

of peaks due to sharper peaks and therefore smaller overlaps. A good strategy for a high 

quality fit is the use of well-defined reference samples, where peak positions can be 

accurately determined and then be used in the fit of the sample with unknown 

composition.  

Quantification. The mole fraction χi of an element i in a sample can be obtained by 

dividing the amount of element i by the total amount of all elements in the sample. 

 /i i in n     (16) 

The peak area in XPS is proportional to the amount of the element in the sample. It is 

however a function of several parameters which can be expressed as 

 cos( ) ( ) ( ) d
d

ij kin ij ij iI KT E L n d e d  


    (17) 

Here Iij is the peak area j from element i, K is an instrumental constant, T(Ekin) is the 

analyzer transmission function, Lij(γ) is the angular asymmetry factor for orbital j of 

element i, σij is the photoionization cross-section of peak j from element i, ni(d) is the 

amount of element i at a distance d from the surface, λ is the inelastic mean free path 

length and θ is the angle of the photoelectrons with respect to the surface normal. 

Usually, for quantification a homogeneous distribution of all elements is assumed. Then, 

eq. (17) can be integrated to give  

 ( ) ( ) cosij kin ij ij iI KT E L n      (18) 
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Equation (16) shows, that the concentration of an element i is commonly given as a 

relative value. Therefore, some parameters are constant and cancel when an elemental 

ratio or atomic percentage is calculated, such as K and θ. Lij has only a negligible 

difference for different orbital geometries and can therefore be seen as constant as well.  

 
  ( ) ( )

ij

i

kin kin ij

I
n

T E E 
   (19) 

Equation (19) shows the parameters that need to be known to quantify elements. Iij is 

obtained from the experiment by conducting a peak fitting of the involved peaks. The 

T(Ekin) of the analyzer is obtained by calibration with sputter-cleaned copper using the Cu 

2p3/2 and Cu 3p peaks at different pass energies. To obtain σij, empirical sensitivity factors 

(SFs) were determined by Wagner[201] for a large range of different compounds, 

theoretical SFs based on calculations of photoionization cross-sections were obtained by 

Scofield.[202] Both types of sensitivity factors also include λ(Ekin). The transmission 

function which is included in the original Wagner SFs is corrected by an energy 

compensation factor. With this, elements which are homogeneously distributed in a 

sample can be quantified. A major error in XPS quantification is due to inhomogeneity 

of samples. As discussed above, the depth from which the photoelectron escapes has a 

huge influence on the measured intensity. However, many samples of interest, e.g. 

catalysts do not show homogeneity and therefore the quantification has to use more 

complex models.[203]  

In the peak shape and especially in the inelastically scattered background, information 

about the depth distribution of elements is contained. If an element is only present at the 

surface as an overlayer, the inelastically scattered background at the higher binding 

energy side of the peak is very low. If instead, the element of interest is covered by a 

thicker overlayer of a different element, the inelastically scattered background is high. A 

theory was developed by Tougaard et al.[204,205] to account for the energy loss of 

photoelectrons which allows the quantification of information on in-depth concentration 

profiles. The theory is applicable to exponential depth profiles, interesting for segregation 

processes, sandwich and overlayer structures. However, the theory only gives information 

in z direction, structures with the same depth distribution but varying lateral distribution 

cannot be distinguished. Because the distribution of residual Ag in NPG cannot be put in 
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one of those categories and the structures are less defined than the described models, this 

approach was not used in this work. 

The photoionization cross-section depends on the used photon energy (Fig. 24). 

Therefore, when using different excitation sources, the right sensitivity factor has to be 

applied to quantify the elements in the sample.  

 

Fig. 24: Photoionization cross-sections σij for Ag (black dots) and Au (blue dots) for different 

photon energies hν according to Band et al.[206] The dotted lines are a guide to the eye. 

 

Binding energy shifts. The binding energy of an electron is influenced by the chemical 

environment of the atom. Chemical bonds between different elements have an influence 

on the electron density at the investigated atom. A chemical bond to a more 

electronegative element reduces the electron density and results in slightly higher binding 

energies of the core electrons. Their photoelectron peaks are typically shifted to higher 

binding energies in the spectrum compared to the pure element and is called a chemical 

shift. This allows a near-surface chemical state analysis of materials. The text book 

example for chemical shift is a hydrocarbon with several functional groups, including 

ester-, fluoro- and alkyl-groups that give distinct chemical shifts.  
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Also for the investigation of metallic samples and more specifically metal catalysts, a 

chemical state analysis can provide a lot of useful information. NPG catalysts often show 

thin oxide layers, due to the preparation process, operation in air, under oxidizing 

conditions or due to thermal or chemical pretreatments.[207] It is of importance to 

investigate the catalytically active surface states of the catalyst to understand reaction 

mechanisms and to improve the catalyst performance. Also, changes of the surface before 

and after catalysis are of interest. The chemical shift of the oxide peak compared to the 

pure metal peak is usually quite high, due to the large difference in electronegativity of 

oxygen and metal and the peaks can be separately quantified. NPG was investigated 

towards the surface states of near-surface Au and Ag regarding its catalytic activity. 

Depending on the dealloying procedure, as-dealloyed NPG samples show surface Ag 

oxide (Ag2O and AgO) as well as Au oxide (Au2O3), although gold is very noble and 

typically not easily oxidized.[208] Experiments with ozone treatments for the activation of 

NPG catalysts for CO oxidation show Ag as well as Au oxides in the spectra.[209] The 

binding energy shift for Au2O3 compared to elemental Au is between 

Δ = 1.25[149] - 1.9 eV,[210] depending on the thickness of the oxide layer. Higher shifts are 

observed for thicker layers. Spectra with Au0 as well as AuIII show only slightly 

overlaying peaks at low pass energies.  

Ag shows anomalous negative binding energy shifts for many Ag salts and oxides.[211,212] 

Apart from the chemical shift due to the oxidation state or valence electronic density, the 

binding energy as observed by XPS also depends on the initial state lattice potential, final 

state extra-atomic relaxation and work function.[213,214] Therefore, the binding energy shift 

ΔEB of an atom Q in a crystal of X compared to a crystal of Y can be expressed as 

 
B R( : , )

q
E Q X Y V E

r
        (20) 

with Δq/r as the difference in valence electronic density or oxidation state (chemical 

shift), ΔV as the difference in lattice potential, ΔER as the difference in extra- and intra-

atomic relaxation energy and Δϕ the work function. The last three terms are mostly 

dependent on the matrix of the atom and are therefore often called matrix effects. Ag2O 

has a binding energy shift of AgI compared to elemental Ag of Δ = -0.5 eV[212,215] due to 

strong matrix effects. The peak separation is only small but two peaks are still 
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distinguishable at low pass energies. On strongly oxidized samples, AgO can be found. 

Although it is a mixed oxide with AgI and AgIII, in the spectrum only one peak is 

observed. The reasons are the above mentioned influences which compensate the 

difference in ionic charge.[212] The binding energy shift is Δ = -0.8 eV[212,215] compared to 

elemental Ag. In all cases, a peak fitting is necessary in order to quantify overlapping 

peaks and to distinguish chemical states. 

Also alloyed metals show a binding energy shift compared to the pure metals.[214] The 

magnitude of the shift is governed by the atomic ratio of the atom in the alloy. The bonds 

are not as polarized as in metal oxides and the biggest influence on the binding energy 

have matrix effects. The difference in electronegativity of Ag (1.93) and Au (2.4) as well 

as Cu (1.9) and Au is about 0.5, according to the Pauling scale. Au atoms in an Ag matrix 

have slightly higher binding energies than pure gold. This is governed by matrix effect. 

The term for the chemical shift shows the predicted partial negative charge at the Au atom 

according to its electronegativity. Ag in an Au matrix shows negative binding energy 

shifts, as was already observed for Ag oxides. The reason here, as well, are the strong 

matrix effects. 

Apart from chemical bonds between different elements, chemical shifts can also be 

observed for under-coordinated atoms which is the case for surface atoms. The 

observation of surface states of atoms at terraces and steps is possible for measurements 

with increased surface sensitivity. In an angle-resolved XPS experiment, a peak 

belonging to surface states with an intensity dependent on the emission angle was 

identified for Au4f on a flat gold surface (Δ = -0.4 eV).[216] With increasing θ the Au 4f7/2 

peak first broadened and then developed a shoulder at the lower binding energy side of 

the peak. For Ag 3d, the binding energy shift is much smaller, showing only a slight peak 

broadening to the lower binding energy side at high angles.[216] 

In synchrotron-XPS, NPG was investigated with kinetic energies close to EKin = 100 eV 

and the Au 4f7/2 peak showed the chemical shift of under-coordinated surface 

atoms.[149,209] At the lower binding energy side of the Au0 peak, Au atoms at terraces 

(Δ = -0.17 eV) and steps (Δ = -0.38 eV) could be identified.  

This paragraph on chemical shift shows that many factors have an influence on the 

binding energy as measured in XPS. In NPG, the properties of the material lead to 
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overlaying effects in the spectra. A shift of binding energy results from the alloy character 

of the material. This effect is especially strong for Ag, because NPG is a very dilute Au-

rich Ag-Au alloy. Matrix effects lead to measurable negative binding energy shifts in the 

Ag 3d peaks. Additionally, Ag is easily oxidized and often thin oxide layers are found at 

the surface resulting in negative binding energy shifts as well. Also here, the major factors 

are matrix effects. On top, the distribution of Ag in NPG is not homogeneous[46,22] and 

Ag and Au atoms might have different chemical environment within the information 

depth of XPS resulting in slightly different binding energies. Pretreatments and chemical 

reactions on NPG may result in changes of the distribution of Ag, absolute concentration 

of Ag and oxidation states of the atoms. This makes peak fitting and the assignment of 

peaks complicated. However, Ag shows sharp peaks and, therefore, small changes can be 

detected more easily than for other elements.  

 

3.4 Scanning electron microscopy and energy-dispersive 

spectroscopy for the qualitative and quantitative 

analysis of nanoporous materials 

Scanning electron microscopy (SEM) is a widely used technique to analyze surfaces. An 

electron beam is focused on the surface of a sample by a set of lenses. The technique 

enables a wide range of magnifications, which is determined by the scan length, a high 

resolution down to the sub-nanometer range as well as an excellent depth of field that 

gives the images 3D information. The interaction of electrons with the atoms of the 

sample generates multiple signals that give different information about the sample and 

have different information depths (Fig. 25). The use of several detectors makes SEM a 

versatile technique that can be used to investigate the topography, phase distribution, 

compositional differences and morphology of a sample.[217] 
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For imaging, secondary electrons (SE) and backscattered electrons (BSE) are detected.  

 

The inelastic scattering of the incident electron beam with atoms of the sample can result 

in the emission of electrons from outer shells of the atoms. These emitted electrons are 

called SEs and an Everhart-Thornley detector is typically used to detect them. The 

detector is composed of a scintillator which is positively charged to attract electrons. The 

incoming electrons are then transformed into a light signal. The energy of the SEs are low 

(defined as < 50 eV), therefore their escape depth is only about 5 – 50 nm. SEs are mostly 

influenced by the surface properties of the sample and the intensity of detected SEs 

depends on the surface orientation. The resulting image gives information about the 

topography and morphology of the sample. This is of interest for the characterization of 

nanoporous materials. The SE signal of SEM is commonly used to evaluate the 

morphology of the samples. Due to the wide range of magnifications, information on 

macroscopic features, such as cracks caused by the dealloying as well as on homogeneity 

of the nanoporosity and feature sizes can be retrieved in one analysis. 

 
Fig. 25: Schematic representation and depth distribution of the sample electron interaction. 
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Backscattered electrons (BSE) are the incident electrons which change their trajectory 

after elastic scattering in the material. Typically, a solid state detector, which contains a 

p-n junction is used to detect BSEs. These electrons have a higher escape depth than SEs 

due to higher energies (> 50 eV) which also depends on the beam energy. Their intensity 

strongly depends on the material (on its atomic number Z). Higher Z result in an increase 

of the detected number of BSEs. Therefore, materials with higher Z appear brighter and 

the BSE signal can be used for a compositional analysis and the identification of different 

phases. 

Often SEMs are equipped with an X-ray spectrometer. The technique is called energy-

dispersive X-ray spectroscopy (EDX). When electrons are emitted from an atom, a hole 

is created in the electron shell. Electrons from higher shells fills the hole which can lead 

to the generation of characteristic X-rays. Those X-rays give qualitative and quantitative 

information about the elemental composition of a sample. Their energy depends on the 

different electron energy level of electron hole and the electron that fills it. It is 

characteristic for an element. The intensity provides quantitative information. The escape 

depth of characteristic X-rays is much higher (0.1 – 3 µm) than that of electrons with the 

same energy and gives compositional bulk information. EDX is commonly used to 

determine the bulk amount of residual Ag in NPG.[15,207] [148] In the process, Auger 

electron emission is a competing process to X-ray emission for filling a core hole. The 

escape depth of Auger electrons is only 1 – 3 nm and thus similar to that of photoelectrons. 

Auger electrons provide compositional information. They can be detected with an 

electron spectrometer. The corresponding technique is called Auger electron 

spectroscopy. 

The bombardment of a sample with electrons can lead to an accumulation of charge on 

the surface. This can be observed by increasingly bright areas in the image. It is therefore 

important that samples have an electric connection to the sample holder so that excess 

charge can be dissipated. It is a major problem for materials with low electric conductance 

where charge cannot flow freely. Although microelectrodes and nanoelectrodes have a 

conducting metal core which can be connected to the sample stage, the comparably thick 

insulating glass sheath can lead to accumulated charge. The coating of the sample with a 

thin layer of Au or C (preferably 2 – 10 nm) can inhibit the charging and increase the 

signal intensity of BSE due to a higher Z (in the case of Au). Another possibility to avoid 



Characterization methods 

 

61 

 

charging is the wetting of insulating samples with a room-temperature ionic liquids.[218] 

This was demonstrated for the imaging of Pt nanoelectrodes where the electrically 

connected nanowire could not avoid the charging of the much larger glass sheath.[219] The 

advantage over the coating with a thin gold layer is that the ionic liquid can be rinsed off 

after analysis and the sample can be reused or further characterized. However, both 

techniques have drawbacks when feature sizes in the nanometer range are under 

investigation. To ensure the conductivity of the glass sheath of a nano- or microelectrode, 

the whole electrode, including the conducting tip, is covered by either a thin Au film or 

ionic liquid. NPG can have ligament and pore diameters of about 10 nm. Even a 2 nm 

thick Au layer and large ionic liquid molecules that agglomerate on the surface would 

change the morphology. 
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4 Experimental 

4.1 Chemicals 

All chemicals that were used to conduct the experiments are listed in Tab. 3. For the 

preparation of aqueous solutions deionized water produced by Purelab® Classic (Elga 

LabWater, UK) was used. Chemicals were used without further purification. 

Tab. 3: List of chemicals used to conduct the experiments. 

Product Formula Supplier Grade 

hexaaminruthenium(III)chloride [Ru(NH3)6]Cl3 STREM 99 % 

hydrochloric acid 37 % HCl VWR 37 % 

nitric acid 65 % HNO3 Carl Roth ≥ 65 % 

sulfuric acid 96 % H2SO4 Sigma-Aldrich 95-97 % 

sodium dihydrogen phosphate 
dihydrate 

NaH2PO4·2H2O Merck 99 % 

di-sodium hydrogen phosphate 
dihydrate 

Na2HPO4·2H2O Merck p.a. 

ferrocene methanol C11H12FeO Sigma Aldrich 97 % 

L(+)-ascorbic acid C6H8O6 Carl Roth 99 % 

 

For the preparation of microelectrodes gold wires (50 µm, Goodfellow, 99.99+ %) and 

Ag epoxy glue (EPO-TEK®, John P. Kummer GmbH, Augsburg, Germany) were used. 
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4.2 Instrumentation 

Scanning electrochemical microscopy (SECM).  A custom-built SECM was used for 

the experiments. It consisted of a Märzhäuser three-axes positioning system (Märzhäuser 

Wetzlar, Wetzlar, Germany), a tilt table (Zaber Technologies, Vancouver, Canada) to 

mount the electrochemical cell.  Two Reference 600™ potentiostats (Gamry Instruments 

Inc., Warminster, PA, USA) were either used as independent potentiostats or connected 

via a bridge to be operated as a bipotentiostat. A three-electrode setup with a 

Ag│AgCl│3 M KCl reference electrode (RE) and a tungsten wire counter electrode (CE) 

and one or two microelectrodes as working electrodes (WE) were used to conduct the 

experiments. The in-house made software SECMx was used to control the hardware. 

Surface interrogation mode of scanning electrochemical microscopy (SI-SECM). 

The SECM that was described above was used with some modifications for this operation 

mode (Fig. 26). First, a two-microelectrode setup was implemented by designing an 

appropriate electrochemical cell. To realize two microelectrodes whose tips are facing 

each other and can be moved against each other, an electrochemical cell was constructed 

that allows the insertion of one microelectrode through the bottom of the cell. 
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Fig. 26: SI-SECM set-up with positioning system, a bipotentiostat, a computer, an analog 

switch between the two working electrodes and a reference and auxiliary electrode. 

The microelectrode was inserted into a fitting as used in high-performance liquid 

chromatography that was screwed into the bottom of the cell. The fitting applied a 

constant pressure along the microelectrode and sealed the opening without cracking the 

microelectrode and at the same time guaranteeing a perpendicular position of the 

microelectrode to the bottom of the electrochemical cell. The second microelectrode was 

mounted in a regular holder that was connected to the positioning system. After manually 

adjusting the two microelectrodes on top of each other, the exact alignment was done by 

a generation-collection experiment using the bipotentiostat. The reason for the use of this 

mode instead of the commonly used feedback mode for approach curves on gold surfaces 

is the small size of the substrate. The unbiased microelectrode cannot regenerate the redox 

mediator because no concentration cell is forming. A differentiation between electrode 

surface and glass sheath is not possible.  A potential of E = -0.78 V vs. Ag/AgCl was 

applied to the probe microelectrode to reduce [Ru(NH3)6]
3+ to [Ru(NH3)6]

2+. The 

potential of the substrate microelectrode was set E = -0.78 V vs. Ag/AgCl to oxidize 

[Ru(NH3)6]
2+ to [Ru(NH3)6]

3+.  
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 Images were recorded to find the position of the substrate microelectrode with the 

movable probe microelectrode. The current recorded at the probe shows a diffusion 

controlled current further away from the substrate microelectrode (Fig. 27a), a reduced 

current due to hindered diffusion on top of the glass sheath of the substrate microelectrode 

(Fig. 27b) and an increase in current on top of the NPG surface of the substrate due to the 

regeneration of the redox mediator by the substrate (Fig. 27c). After adjusting the position 

of the probe according to the image, line scans in x- and y-direction were used to refine 

a) b) c) 

   d) 

Fig. 27: Procedure for the alignment of two microelectrodes by tip-generation substrate-

collection mode of SECM: a) the microelectrodes are not aligned: diffusion controlled current 

at the probe but no current at the substrate; b) the probe electrode is on top of the glass sheath: 

lower current at the probe due to hindered diffusion and small current at the substrate, c) the 

microelectrodes are aligned: high currents at both electrodes due to closing of the feedback 

loop and d) current response in an x-line scan for the substrate (black) and the probe (blue). 
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the position (Fig. 27d). With this procedure that is described in literature[49] an alignment 

with an accuracy of approximately 1 µm was established. The alignment was deemed 

successful for collection efficiencies > 95 %.  

The collection efficiency (CE) was determined by running a CV in 10 mM [Ru(NH3)6]
3+ 

and 0.5 M phosphate buffer at the probe microelectrode while holding the substrate 

microelectrode at E = -0.45 V vs. Ag/AgCl (Fig. 28). Both current responses were 

recorded vs. the potential scan at the probe. The ratio of the currents at the probe Ip and 

at the substrate Is at Eλ was determined. 

 s p/CE I I   (21) 

 
Fig. 28: Determination of thw collection efficiency by running a CV at the probe microelectrode 

(black). An oxidizing potential is applied to the substrate microelectrode (blue). The collection 

efficiency is calculated as ip/is. 

For the actual experiment, one potentiostat was used to control the potential of the 

microelectrodes one at a time. To switch the potential control from one microelectrode to 

the other an analog switch (DG 412, Maxim Integrated Products, Sunnyvale, CA, USA) 

was constructed by Gerd Gertjegerdes. The switch is operated via SECMx. 
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Scanning electron microscopy (SEM). To characterize the morphology of NPG samples 

and to obtain additional information about filled NPG microelectrodes a SEM (Helios 

Nanolab 600i system, FEI Company, Hillsboro, OR, USA) was used. The device was 

equipped with a through-the-lens detector (TLD) to detect secondary electrons at 

acceleration voltages of 10 to 18 kV and a distance of ca. 4 mm. Macroscopic NPG 

samples were conductively connected to the sample holder by carbon adhesive discs. 

Microelectrodes were cut to a length of about 1 cm to avoid excessive vibration inside 

the chamber and fixed to the sample holder by using carbon adhesive discs for a solely 

mechanical support (Fig. 29. The electrical connection was obtained by winding the 

copper wire of the microelectrode around the sample holder. For the used microelectrodes 

with Au wires of a radius of rT = 25 µm, the electrical connection of the wire was enough 

to avoid the charging of the glass sheath. The stage was tilted to obtain micrographs of 

the microelectrode tip. The size distribution of gold ligaments and pores was extracted by 

the software ImageJ, version 1.50b (Wayne Rasband, National Institute of Health, USA). 

 

Fig. 29: Tilted sample SEM stage to allow the investigation of a microelectrode tip. The 

microelectrode wire is fixed to the sample holder to ensure a conductive connection between 

microelectrode and sample holder. 

X-ray photoelectron spectroscopy (XPS). XPS was performed using an ESCALAB 

250Xi instrument (Thermo Fisher Scientific, Waltham, MA, USA) which is equipped 

with a monochromatized X-ray source producing Al Kα radiation (hν = 1486.6 eV) from 

an Al anode. The two input lenses which transfer the incoming photoelectrons to the 

analyzer and retard them to enhance its energy resolution include a pair of motor-driven 

iris mechanisms to set the analyzed area and the angular acceptance of the lenses. A 
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magnetic immersion lens underneath the stage is used to focus the photoelectrons onto 

the aperture. The hemispherical energy analyzer has an energy range of 0 to 5000 eV and 

is used in the constant analyzer energy mode (CAE). For the highest resolution a pass 

energy of 10 eV was chosen in the experiments. The high resolution XP spectra in chapter 

7.5 were collected with a pass energy of 20 eV. XP Survey spectra were recorded with a 

pass energy of 200 eV. The detector consists of an array of six channel electron 

multipliers. A magnetic lens was used to deflect photoelectrons of θ ≠ 0 towards the 

detector to increase the measured intensity. The software Thermo Avantage v5.932 was 

used to control the hardware and to fit the spectra. Samples were conductively connected 

to the sample holder by conductive carbon tape or metal retainers. The instruments 

monoatomic Ar+ and Ar+ cluster ion sputter source was used to clean sample surfaces if 

necessary.  

A heating experiment with a temperature ramp was conducted on NPG. A posigrip sample 

holder with an integral heater and thermocouple for heating up to 600 K was used and the 

NPG was held by metal retainers. The temperature has to be adjusted manually and 

spectra were recorded at each selected temperature. At temperatures as high as 90 °C, the 

chamber pressure increases due to desorption of organic contaminants into the vacuum. 

At pressures higher than 4∙10-6 mbar, the spectrometer service shuts down and cannot be 

restarted until the pressure decreases again. Therefore, the temperature ramp needs to be 

adjusted in a way that high pressures are avoided. A fast heating of the sample is not 

possible. The flood gun was used for charge compensation by supplying the sample with 

low-energy electrons.  The residual gas analyzer (RGA, Hiden Analytical, Warrington, 

UK) was used to record mass spectra between acquiring the XP spectra.  

Soft-XPS was performed at the synchrotron facility BESSY II (Berlin, Germany) at the 

end-station of the beamline HE-SGM with the help of Dr. Weijia Wang and Dr. Alexei 

Nefedov (group of Prof. Dr. Christof Wöll at Karlsruhe Institute of Technology). The 

system uses a Scienta R3000 electron analyzer (Scienta Omicron GmbH, Taunusstein, 

Germany). The photon energies can be adjusted between 200 and 700 eV. The spectra 

were recorded in the CAE mode with pass energies of 100 eV for survey spectra and 

20 eV for high resolution spectra. The spectra were fitted with the software Thermo 

Avantage v5.932. A flood gun was used to avoid charging of the samples. 
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Confocal laser scanning microscopy. A confocal laser scanning microscope (CLSM, 

TCS SP2 AOBS, Leica Microsystems GmbH, Wetzlar, Germany) operated with the Leica 

Control Software (version 2.61) using a HeNe laser (633 nm) was used to evaluate the 

quality of microelectrodes and characterize the prepared cavity-microelectrodes and filled 

NPG-microelectrodes.  

Topography images and height profiles of cavity microelectrodes were obtained by 

recording a series of micrographs for different confocal planes. The focus plane just 

below the bottom of the cavity and the one just above the glass surface were the limits 

within the series of images was recorded. The distance between two focus planes varied 

between 1 and 2 µm, depending on the cavity depth. The software allows for the 

calculation of a topography image. For this purpose, the surface was identified as the 

center of mass (intensity) at each lateral position. The analysis used threshold values to 

reject spikes from the analysis. A height profile was extracted by selecting a line across 

the topography image. The height profile was used to determine the cavity depth and to 

check the quality of filled NPG-microelectrodes.  

Electrochemical experiments. Cyclic voltammograms (CVs) were measured with a 

Reference 600™ potentiostat (Gamry Instruments Inc., Warminster, PA, USA). The 

experiment was controlled either by the software SECMx or Gamry Framework. 

 

4.3 Sample preparation and characterization 

Nanoporous gold. Disk-shaped and cylindrical NPG samples prepared by potentiostatic 

dealloying were supplied by Dr. Matthias Graf (group of Prof. Dr. Jörg Weißmüller at 

Hamburg University of Technology) as well as disk-shaped Ag-Au alloys (Au28Ag72). 

The potentiostatic dealloying was done in 1 M HClO4 according to Parida et al.[59] using 

a potentiostat (Autolab PGStat10, Metrohm Autolab B.V., Utrecht, The Netherlands). A 

coiled Ag wire served as a counter electrode (CE) and a Ag/AgCl as reference electrode 

(RE). The dealloying was done with a stepped dealloying protocol (24 h at 1050 mV, 8 h 

at 1100 mV, 8 h at 1150 mV and 10 h at 1200 mV vs. Ag/AgCl). In the following, this 
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dealloying protocol will be referred to as standard dealloying protocol. For very small 

pore sizes, a one-step potential program (50 h at 1200 mV vs. Ag/AgCl) was used.  

The dealloying by free corrosion in concentrated HNO3 for 12 h of the supplied alloys 

was done in our laboratory. In order to obtain NPG particles for filling cavity 

microelectrodes, the material was ultrasonicated in distilled water for several minutes. 

For other experiments, the NPG was used as obtained.  

Microelectrodes and cavity microelectrodes. Microelectrodes were prepared by sealing 

a gold wire (rT = 25 µm) inside a borosilicate glass capillary after one end of the capillary 

was pulled into a tip by a single stage glass microelectrode puller (Narishige Co. Ltd., 

Tokyo, Japan). The sealed wire was polished with abrasive paper to expose the metal and 

afterwards it was polished to a mirror finish with alumina slurry with 0.3 µm and 0.05 µm 

particle size. The electrical connection of the gold wire was achieved by gluing a copper 

wire (r = 0.125 mm) with Ag-epoxy glue inside the capillary. The quality of the obtained 

microelectrodes was evaluated by CLSM and by CVs in 1 mM ferrocene methanol in 

0.1 M KCl and in 0.1 M H2SO4. Cavity-microelectrodes were obtained by a 

electrochemical etching procedure[131] in 1 M HCl at 1.35 V vs. RHE (reversible 

hydrogen electrode) for 50 to 300 s in quiescent solution giving cavity depths of 8 to 

34 µm. The cavity-microelectrodes were characterized by CLSM and SEM. The cavity 

microelectrodes were filled with NPG particles by tapping into a small amount of the 

powder sample. The process of filling was monitored with a microscope. Another kind of 

filled NPG microelectrodes used the simultaneous electrodeposition of gold and Ag from 

a cyanide solution into the cavity microelectrode. This procedure was performed by Dr. 

Matthias Graf (group of Prof. Dr. Jörg Weißmüller from Hamburg University of 

Technology).  

Gold substrates. For approach curve experiments on NPG, gold substrates were used as 

a holder for the NPG discs. They were prepared by cleaning glass slides with ethanol and 

water in an ultrasonic bath (Bandelin Sonorex, Berlin) and dried in an argon stream. In 

an evaporation chamber (Tectra GmbH, Frankfurt, Germany) a layer of 0.5 nm chromium 

and 200 nm gold was deposited. The thickness of the layers was monitored with a quartz 

crystal microbalance (Tectra GmbH, Frankfurt, Germany). The NPG was mounted on the 
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gold substrate with conductive carbon tape. The flat gold surface was used as a reference 

for approach curves to check their quality prior to approach curves on NPG. 

Electrochemically active surface area (AECSA). CVs were recorded for filled NPG 

microelectrodes in oxygen-free 0.1 M H2SO4 in a potential range of 0.23 V to 1.76 V 

vs. RHE at a scan rate of 100 mV/s until a stable CV was obtained. By integrating the 

oxide reduction peak in the cathodic scan after background (bg) subtraction and by 

dividing it by the scan rate ν the charge of the oxygen reduction can be determined. It can 

be considered that by choosing a positive potential limit directly prior to oxygen evolution 

(also known as Burshtein minimum) one monolayer of chemisorbed gold oxide (one O 

atom per Au atom) has formed and the charge of this monolayer is 386 µC cm-2 

(Qox).
[154,40,39] Therefore, AECSA can be obtained according to eq. (5). 
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5 Redox titration of gold oxides 

In chapter 3.2.4, the SI mode of SECM was introduced and its ability to probe 

chemisorbed oxides on metal electrodes by recording current transients. The formation of 

gold oxides and their impact on electrooxidation of small organic molecules in aqueous 

solution was discussed in chapter 2.4. In this chapter, the application of SI-SECM is 

demonstrated for NPG and is therefore extended to the use of powdered porous materials. 

This extends the applicability of this technique to the characterization of a wide range of 

important materials, such as catalyst powders. The work on the redox titration of gold 

oxides on NPG was published together with corresponding work on platinum oxides on 

carbon supported Pt nanoparticles including a proposed mechanism for the fast titration 

of surface species and a digital simulation.[220] My own contributions include all 

experiments on NPG and the SEM measurements and major parts of writing the 

manuscript.   

 

5.1 Characterization of nanoporous gold microelectrodes 

Because the SI-SECM mode can only be applied to conducting materials in the size of 

the probe microelectrode, NPG microelectrodes were prepared from gold cavity 

microelectrodes. The procedure for the preparation of gold microelectrodes is well 

established. They were used to prepare the cavity microelectrodes by an electrochemical 

etching procedure that was adopted from literature and is described in chapter 4.3. Before 

etching, the gold microelectrodes were polished to a mirror-finish and the cleanness of 

the surface was checked in a CV in 0.1 M H2SO4. The cavities were filled with NPG 

particles (chapter 4.3). The obtained NPG microelectrodes that were used for the redox 

titration of gold oxides are listed in Tab. 4 together with their most important 

characteristics. 
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Tab. 4: Cavity depths and electrochemical active surface areas of filled NPG microelectrodes. 

NPG 

microelectrode rs
a / µm ha / µm AECSA

b / mm2 Etching time / s 

NPG-ME11µm 25 11 0.375  50 

NPG-ME17µm 25 17 0.965 100 

NPG-ME34µm 25 34 0.545 300 
ars and h were determined by CLSM measurements. 

bAECSA was determined by CV in H2SO4. 

 

For the successful preparation of NPG microelectrodes, good quality cavity 

microelectrodes have to be prepared. It has to be ensured that the resulting cavity has a 

smooth bottom. The cavity depth can be adjusted by choosing different etching times. To 

ensure reproducible cavity depths and smooth cavity bottoms the gold microelectrode was 

polished to a mirror-finish and CVs in 0.1 M H2SO4 were recorded to check the cleanness 

of the electrode surface. Cavity electrodes with different cavity depths were obtained by 

adjusting the etching time. The resulting cavity microelectrodes were characterized by 

CLSM and SEM (Fig. 30). To determine the depth of the cavities, a series of images for 

different confocal planes was recorded. The resulting topography image in Fig. 30a was 

used to extract a profile of the cavity. Additionally, the profile in Fig. 30b shows the 

relatively smooth bottom of the cavity. An SEM image was recorded to proof the 

successful preparation of a cavity microelectrode. Because the microelectrode had to be 

cut to a length of 1.5 cm, SEM was only done once to check the CLSM images. 
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a) b) 

 

 

c) d) 

  

Fig. 30: Characterization of cavity microelectrodes: a) Topography image of a CLSM image 

series of NPG-ME34µm before filling (the line indicates the position for the height profile; b) 

extracted height profile from a); c) 3D reconstruction from CLSM series of images and d) SEM 

image of an empty cavity microelectrode, taken from own publication.[220] 

The results of the filling of the cavity microelectrodes are shown in Fig. 31. The 

characterization was done by CLSM, SEM and CV. The topography from CLSM image 

series in Fig. 31a, as well as the SEM image in Fig. 31b show that for this particular NPG 

microelectrode the NPG is protruding a few micrometers out of the microelectrode. This 

seemed to be no problem for the SI-SECM experiments. The enlarged SEM image of 

NPG in Fig. 31c shows that the nanoporosity was mostly recovered throughout the filling 

process. Only some spots at the bottom and left of the image show some damage and loss 

of nanoporosity. However, due to the filling of particles some bigger channels are 

available for mass transfer inside the cavity. The CV of the NPG microelectrode in 



Redox titration of gold oxides 

 

75 

 

0.1 M H2SO4 at a scan rate of 100 mV/s in Fig. 31d shows high currents and well-defined 

peaks for the chemisorption and desorption of oxygen at the gold surface. This 

demonstrates that the mass transfer inside the NPG in a cavity microelectrode is much 

better than for macroscopic samples and high scan rates can be used. The damage of some 

parts of the NPG has negligible negative influence on the performance of the 

microelectrode. 

a) b) 

  

c) d) 

 

 

Fig. 31: Characterization of the filled NPG-ME34µm: a) 3D reconstruction from an CLSM image 

series; b) SEM image; c) SEM image with higher magnification to show the nanoporosity, taken 

from own publication[220] and d) CV in 0.1 M H2SO4 at 100 mV/s. 
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5.2 Detection of electrochemically generated gold oxides at 

nanoporous gold microelectrodes of different depth 

The detection of electrochemically generated gold oxides with SI-SECM is a two-step 

procedure. In the first step the gold oxides were generated in a solution of 0.5 M 

phosphate buffer (pH = 6.5) and 10 mM [Ru(NH3)6]Cl3 (the redox mediator in its inactive 

form is already present during the gold oxide generation step) by applying a two-step 

potential program (all potentials are vs. RHE). First, a cleaning potential step of 10 s at 

0.62 V was used to reduce the gold surface and remove any present adsorbates. In a 

second potential step an oxidizing potential was applied for 120 s to generate a certain 

amount of gold oxide. Generation potentials between 1.28 V and 2.18 V with increments 

of 100 mV were chosen according to the CV in blank 0.5 M phosphate buffer solution 

with 1.28 V being slightly below the onset of oxide formation and 2.18 V being slightly 

higher than the onset of oxygen evolution (Fig. 32). After the generation step the potential 

control was switched to the interrogator microelectrode and the NPG microelectrode was 

set to OCP. 

 

Fig. 32: CV at NPG-ME in 0.5 M phosphate buffer with a scan rate of 100 mV/s. The potentials 

used in the SI-SECM experiments were chosen according to this CV and are marked with 

diamonds (♦).The figure is taken from the own publication.[220] 
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Although gold oxides are rather stable, it was shown in literature that after switching the 

electrode to OCP, the gold oxide slowly dissolves.[137] Therefore, a digital switch was 

installed to switch the potential control from one electrode to the other in less than 1 ms 

to ensure reproducibility. 

The interrogation step was carried out by a chronoamperometric measurement to obtain 

current transients for the indirect reduction of gold oxides by a redox mediator. Gold 

oxides on flat gold microelectrodes were determined by CV.[47] In the case of NPG 

microelectrodes, the time that is provided by a CV run was not sufficient for the titration 

of the large surface area. The limiting factors are the potential range which is determined 

by the onset of hydrogen evolution for the used redox mediator and the dependence of 

the current on the scan rate. Very slow scan rates result in low currents that were too low 

for a good identification of voltammetric features. 

A potential of 0.18 V was applied to the microelectrode for 100 s. Within this time frame 

the interrogation step was completed and the current dropped to the value of the 

background current (ibg). The background current is determined by the hindered diffusion 

of redox mediator through the gap between the microelectrodes. Before each experiment 

a titration curve without the oxide generation step is performed to record a background 

curve. Its value depends on the quality of the positioning and the quality and Rg value of 

the microelectrodes. The background current typically had values between −5 and -

−11 nA. 

In Fig. 33, the titration curves for the three different NPG microelectrodes from Tab. 4 in 

the order of increasing AECSA are shown. 



Redox titration of gold oxides 

 

78 

 

 

Fig. 33: Titration curves for three NPG microelectrodes of different cavity depths in the order 

of increasing AECSA: a) NPG-ME11µm, b) NPG-ME34µm and c) NPG-ME17µm. The generation 

potentials of 1.28 V (2), 1.58 V (3), 1.88 V (4) and 2.18 V (5) were applied for 120 s. The 

titration curve that was recorded without prior generation step was used as the background for 

the integration (1). The figure is extracted from the own publication.[220] 

 

The results of the titration experiments will be discussed qualitatively and quantitatively. 

The qualitative interpretation of the results will be discussed on three different levels: 

 shape of an individual titration curve, 

 change of the titration curve with increasing generation potential, 

 comparison between different NPG-microelectrodes. 

The shape of the individual titration curves has characteristic features (see for example 

Fig. 33a, curve 4). After an initial drop, the current reaches a more or less constant value 

of about -100 nA which is maintained for a certain time. This current plateau is followed 

by a current peak before it eventually decays to the current ibg determined by hindered 

diffusion inside the gap of the two microelectrodes (Fig. 33a, b, c, curve 1). The final 
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increase in current and formation of a current peak suggests a second oxide species with 

different kinetics. The peak size however is relatively constant independent of the applied 

generation potential which indicates a limitation in its layer growth. Also, since it is 

reduced only after most of the oxide has reacted with the mediator, it can be assumed that 

it has a higher stability than the first oxide. The finding of a second oxide species with a 

higher stability but a limited growth is in accordance to a CV study of the formation of 

gold oxides in literature.[135]  

With increasing the generation potential the detection time increases and therefore the 

area below the curve increases (see for example Fig. 33a, curves 2-5). The current peak 

at the end of the titration remains mostly unchanged as well as the steep current decay. 

Mostly the current plateau is extended and differs a little in shape for each generation 

potential. Whereas for very low potentials the current peak occurs almost directly after 

the initial current drop (Fig. 33a, b, c, curve 2), curve 3 in Fig. 33a shows a less steep 

initial current drop and small current plateau, curve 4 in Fig. 33a shows a steep initial 

current drop and an extended current plateau and curve 5 in Fig. 33a also shows a steep 

initial current drop and an extended current plateau with a broad peak. 

With increasing AECSA (which was realized by using deeper cavity microelectrodes) the 

detection time increases. Nevertheless, the steep final current decay is the same for all 

investigated NPG microelectrodes showing that the titration is as effective for shallow as 

for deeper microelectrodes. This suggests a titration mechanism which does not solely 

depend on the diffusion of mediator inside the porous network. In this case, titration time 

should increase with increased cavity depth. Control experiments for different distances 

between the microelectrodes were conducted to investigate the effect of longer diffusion 

paths and a titration mechanism was proposed which is presented in chapter 5.3. 

Also the unique features of the titration curves (change in steepness of the intial current 

decay for all curves, the current peak in curve 5 around 10 s and the final current peak in 

all curves) are reproduced by all NPG microelectrodes in independent experiments. This 

indicates that the shape is probably due to the kinetics of the oxide reduction for different 

generation potentials and not random current fluctuation during the titration. For the 

titration of oxides on a flat gold surface in a cathodic CV scan, a second, sharp peak was 

observed at lower cathodic potentials.[47] It was observed for generation potentials of 
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1.5 V vs. NHE and higher. A COMSOL simulation (made by colleague) with two oxide 

species with different kinetics and successive reduction could reproduce the existence of 

a current peak in the titration curve.[220]  

In order to quantify the amount of surface oxide the titration curves can be integrated to 

give a charge QSI. It was obtained with the following integration limits and under the 

consideration of the background current ibg.  

 

100 100

SI n bg

0 0

d d
t t

Q i t i t
 

     (22) 

From QSI, the surface area ASI can be calculated by dividing it by the charge of one 

monolayer of gold oxide (chapter 3.1, Qox). This value gives the surface area that was 

covered by surface oxide. 

 
SI SI ox/A Q Q   (23) 

For a better comparison between different NPG microelectrodes, the surface coverage θox 

can be calculated  

 
ox SI ECSA/A A    (24) 

The oxide coverage for all three NPG microelectrodes as well as reported values for a flat 

gold microelectrode[47] were plotted against the generation potential (Fig. 34).  
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Fig. 34: Potential-dependent oxide coverage obtained by integration of titration curves in 

Fig. 33. The plot shows the results for three NPG microelectrodes: NPG-ME11µm (■), NPG-

ME34µm (●), NPG-ME17µm (▲) and reported values[47] (x) for a flat gold microelectrode 

(rs = 25 µm) in 1 mM [Ru(NH3)6](ClO4)3 in 0.3 M phosphate buffer (pH 7). The figure is taken 

from the own publication.[220] 

 

The quantification of the titration curves shows a linear increase of oxide coverage with 

increasing generation potential for the investigated NPG microelectrodes of different 

depths and for the most part a very good agreement of their results. A small plateau can 

be seen at 1.68 V, especially for NPG-ME17µm. In the range of this potential value the 

formation of one ML of gold oxide as determined by CV is expected and the growth of 

gold oxide is expected to occur as a quasi-2D layer. At 2.2 V the oxide coverage shows a 

little jump to higher values. This coincides well with the formation of bulk oxide that 

starts with the evolution of oxygen. The comparison with literature values for a flat gold 

microelectrode[47] shows a good agreement between the curves for 1.2 – 1.4 V and higher 

potentials than 2.0 V. For potentials in the range of 1.4 – 2.0 V the values for flat gold 

differ from the values of NPG. One reason might be the shorter generation time of 30 s 

used for the flat gold electrodes (120 s were used in this work).[47] It was shown in 

literature that apart from the applied potential, also the time at an oxide generating 

potential has an influence on the amount of oxide formed.[138] In this work, longer times 

were chosen to ensure that the whole internal surface is covered by oxide. 
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Fig. 34 shows that the coverage, being a relative number, is independent of the amount 

of material filled into the cavity. However, the calculated surface area ASI (which is the 

amount of surface oxide expressed as a surface area) is dependent on the filling of the 

cavity microelectrode. Therefore, if ASI is plotted against AECSA, it can be observed that 

the NPG microelectrode with the largest surface area AECSA gives the largest ASI (Fig. 35). 

Here, the determination of ASI was done for a generation potential of 1.68 V. According 

to the CV, this potential should result in one monolayer of gold oxide. The dotted line is 

the equality line ASI = AECSA. It can be concluded that the titration curves in SI-SECM 

result in slightly higher values for the amount of surface oxides than predicted from the 

CV. A possible reason is the time of 120 s that was chosen for the generation of surface 

oxides as was shown in the literature and discussed before.[138] Furthermore, the plot 

shows clearly that the amount of surface oxide depends solely on the filling of the cavity 

microelectrode and not on the cavity depth. 

 

Fig. 35: Surface ASI from titration experiments for NPG microelectrodes of different depths 

plotted against AECSA determined by CV in 0.1 M H2SO4. The figure is taken from the own 

publication.[220] 
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5.3 Detection of electrochemically generated gold oxides at 

nanoporous gold microelectrodes with different working 

distances 

The previous experiments showed that the cavity depth has neither an impact on the shape 

of titration curves nor on the detected amount of surface oxides. This is not straight 

forward, since we would expect that longer diffusion paths of the mediator inside the 

porous sample affect the qualitative appearance of the titration curve and maybe even the 

quantitative detection of surface oxides due to badly accessible sites in deep cavities. 

Another way to vary the diffusion path is to vary the working distance between the two 

microelectrodes. Titration curves for NPG-ME34µm with three different working distances 

(d = 3 µm, 8 µm and 15 µm) are displayed in Fig. 36. It has to be noted that with 

increasing working distance the collection efficiency dropped from 95 % (d = 3 µm) to 

75 % (d = 8 µm) and to 64 % (d = 15 µm).  

When comparing the titration curves for different working distances four changes are 

noticeable with increasing working distance:  

 the background current is increased, 

 the overall current is decreased, 

 the detection time is increased and 

 the features of the titration curve are smoothed and broadened. 
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Fig. 36: Titration curves for NPG-ME34µm. The distance between the probe microelectrode and 

the NPG microelectrode was adjusted to a) 3 µm (CE = 95 %), b) 8 µm (CE = 75 %) and c) 

15 µm (CE = 64 %). The generation potentials of 1.28 V (2), 1.58 V (3), 1.88 V (4) and 2.18 V 

(5) were applied for 120 s. The titration curve that was recorded without prior generation step 

was used as the background for the integration (1). The figure is taken from the own 

publication.[220] 

An increase in background current can be attributed to the larger gap between the two 

microelectrodes and therefore less hindered diffusion to the probe microelectrode. As 

mentioned earlier, the collection efficiency is lowered for increased working distances. 

This leads to an overall decrease in current signal. The prolonged detection time as well 

as the smoothed features of the titration curve are a direct result of a longer diffusion path 

lengths. However, when plotting the detected oxide coverage against the generation 

potential corrected for the decreased collection efficiency according to eq. (25), a good 

agreement is found for all the titration experiments.  
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The plateau that was observed before for the potential range of a quasi-2D layer formation 

is visible in these experiments as well and is even more pronounced for increased working 

distances. 

 

Fig. 37: Potential-dependent coverage of surface oxides at NPG-ME34µm for three different 

working distances: d = 3 µm (■), d = 8 µm (●) and d = 15 µm (▲). Coverages are corrected by 

the collection efficiency, The figure is extracted from the own publication.[220] 

These experiments confirm that a longer diffusion path (realized by changing the distance 

between the microelectrodes) has an influence on the qualitative appearance of the 

titration curves. Since this influence was not found for different cavity depths, an 

explanation of the titration mechanism is required (Fig. 38). Normally, it can be expected 

that a mechanism depicted in Fig. 38a and b occurs. The mediator diffuses to each surface 

site and a chemical reaction removes the adsorbate from the outer and inner surface. Since 

NPG has a high electronic conductivity and interconnected pores, it can be seen as a 

vertically extended surface whose potential is determined by the ratio of the reduced form 

R and oxidized form O of the redox mediator at the surface and probably by the surface 

oxide. As in SECM feedback experiments on conducting surfaces, as described in chapter 

3.2.1, R is oxidized at the surface because the potential of the surface is determined by 

the overall majority of O. This can happen, once the adsorbates are removed from the 

outer surface and clean surface is accessible. The back reaction, the reduction of O, will 

occur somewhere in the porous system generating the titrant R that can then chemically 

react with the surface oxide (Fig. 38c). Another possibility is the direct electron transfer 
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of the electron to the adsorbate which was released into the NPG after the oxidation of 

the titrant at the surface (Fig. 38d).  

 

 Fig. 38: Different contributions to the titration of a surface oxide A: titration of A at the outer 

surface by diffusion of the redox mediator R and chemical reaction of R + A (a), titration of A at 

the inner surface by diffusion of R into the pore and chemical reaction of R + A (b), titration of 

A at the inner surface by redox reaction of R at the outer surface, electron transfer to reduce 

the oxidized form of the mediator O inside the pore and subsequent chemical reaction of R + 

A and (c) direct electron transfer to A, The figure is extracted from the own publication and 

slightly modified.[220] 

Most likely, a combination of all four possible titration mechanisms takes place, resulting 

in a fast and efficient titration of surface species which is not limited by long diffusion 

paths through the nanoporous network.  

Overall, it could be shown that the in-situ quantification of surface oxides, as developed 

for flat surfaces, is also applicable to porous materials filled into cavity microelectrodes. 

The conducted experiments might be the basis for the study of adsorption phenomena on 

porous electrocatalysts with SI-SECM. The quantification of surface oxides is in 

agreement with results from literature and the qualitative evaluation of the titration curves 

for different cavity microelectrodes, together with digital simulations could confirm the 

existence of two different oxide species with different kinetics and stability. In the future, 

this tool could be applied to the investigation of reaction intermediates and adsorbates 

during electrocatalytic reactions, such as the oxidation of small organic molecules and 

elucidate structure property-relationships for NPG with different morphologies. 

For the systematic investigation of nanoporous materials, such as NPG, SI-SECM can 

provide new insights into the surface chemistry.  
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6 Investigation of diffusion behavior in the nano-

porous gold network 

The diffusion of small organic molecules through NPG is of great interest for catalytic 

applications. Prominent examples are the oxidation of glucose[221], methanol[33,34] and 

ethanol. Studies have shown that there is a maximum in the increased surface vs. catalytic 

activity curve. The reason is the accessibility of reactants to all surface sites.[45] For a high 

catalytic activity, not only a fast reaction at the surface is important, but also an effective 

transport of educts and products.  

In chapter 3.2.2, SECM approach curves are introduced as a tool to investigate porous 

materials. In this chapter, approach curves are used to study the diffusion of a small 

organic molecule, ascorbic acid, inside the porous network of NPG. The experiments 

were conducted in 10 mM L-ascorbic acid in 0.1 M H2SO4. 

Ascorbic acid was selected because it can be irreversibly oxidized at the probe 

microelectrode which allows the study of diffusion without any influence by a re-

reduction at the surface. 

Several experiments were conducted to proof the applicability of approach curves on 

NPG and guarantee the reproducibility and evaluate the error margin. Furthermore, 

different morphologies of macroscopic NPG disks were investigated regarding the 

hindered diffusion of ascorbic acid.  

The samples as well as the SEM characterization in this chapter were provided by M. Graf 

in J. Weissmüller’s group at Hamburg University of Technology. 

 

6.1 Reproducibility of the approach curves 

Approach curves were conducted on a NPG sample that was dealloyed by a standard 

dealloying procedure as described in chapter 4.3. The macroscopic NPG disk was glued 

to a flat gold substrate (chapter 4.3). Approach curves were always conducted first on 
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gold to ensure the quality of the microelectrode and its vertical alignment. The setup was 

termed successful, if the negative feedback on flat gold yielded a normalized current of 

iT/iT,∞ around 0.1. 

To determine the exact touching point of the microelectrode to the surface, it is necessary 

to stop the approach curve three to four points after the current shows a plateau. 

On flat surface, no damage is expected when the microelectrode is moved about 2 µm 

into the surface. The movement of the motors is very slow. On NPG, it is possible to 

indent the surface and damage the nanoporous structure. However, indentation 

experiments have shown that NPG has a mechanical flexibility that allows the structure 

to relax, if the indentation is not too strong. For NPG with a ligament size of 50 nm, a 

yield strength (a measure for the stress that can be applied to a material before it changes 

shape) of 145 MPa was found in a nanoindentation experiment.[222] For comparison, pure 

gold has a macroscopic yield strength of 200 MPa.[223] 

a) b) 

 

 

Fig. 39: Approach curves on flat gold and consecutive approach curves on the same spot of 

NPG: a) gold (o), NPG A1 (●, o) and NPG A2 (●, o) and b) enlarged section. 



Investigation of diffusion behavior in the nano-porous gold network 

 

89 

 

Since the irreversible indentation of NPG along with the destruction of nanopores by the 

microelectrode might distort the results of the experiments, control experiments were 

conducted to show that the nanopores were not damaged. Consecutive approach curves 

on the same spot were conducted on two different samples (NPG A1 and NPG A2). The 

results are displayed in Fig. 39 and the resulting relative Deff,rel are summarized in Tab. 5. 

 

Tab. 5: Determined relative Deff,rel from approach curves in Fig. 39. 

 NPG A1 NPG A2 

 
1st 

curve 
2nd 

curve 
mean 
value 

standard 
deviation 

1st 
curve 

2nd 
curve 

mean 
value 

standard 
deviation 

D
eff,rel

 / % 79.4 79.3 79.35 0.05 74.1 74.2 74.15 0.05 

 

The results on both NPG A1 and NPG A2 show that the consecutive approach on the 

same spot leads to very reproducible results with standard deviations of σ = 0.05. No 

damage is apparent. 

Furthermore, the variation between different spots on the same sample has to be 

evaluated. Although the morphology of NPG is very homogeneous on the nanoscale, 

macroscopic cracks and defects are visible in SEM images and might affect the results 

(Fig. 40).  

 

Fig. 40: SEM image of NPG in a low magnification. Macroscopic cracks can be observed. The 

image was provided by M. Graf in J. Weissmüller’s group at Hamburg University of Technology.  
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In Fig. 41 three approach curves on different spots on the same sample are shown. The 

three measurements show a good reproducibility for different spots of the same sample 

with only a small variation of resulting relative Deff,rel. A standard deviation of σ = 1.3 

was determined.  

Tab. 6: Determined relative Deff from approach curves in Fig. 41. 

 

NPG B1 NPG B2 NPG B3 

mean 
value 

standard 
deviation 

D
eff,rel

 / % 64.4 67.1 67.3 66.3 1.3 

 

The two experiments show that differences larger than 2 % in the resulting Deff,rel can be 

assigned to actual differences in the effective diffusion coefficients of ascorbic acid inside 

the porous electrode.  

a) b) 

 

 

Fig. 41: Approach curves on flat gold and approach curves on different spots on the same NPG 

sample: a) gold (o), NPG B1 (o), NPG B2 (o) and NPG B3 (o) and b) enlarged section. 
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Ascorbic acid is known to form complexes with rather low stability with many metal ions, 

including gold.[224,225] After the use of the microelectrodes for extended experiments for 

several days, a recess of the gold wire of about 2-3 µm could be observed. This might be 

due to a facilitated dissolution of gold by complexation of ascorbic acid. After the finding, 

the microelectrode was changed each day to ensure reproducibility.  

 

6.2 Determination of relative effective diffusion coefficient 

for different morphologies 

Values of Deff,rel of ascorbic acid were determined for NPG samples with different pore 

diameters. Three different procedures were employed to obtain them. A standard 

dealloying procedure resulted in NPGstandard, a fast dealloying procedure resulted in 

NPGfast and the thermal annealing for 16 h at 300 °C of NPGstandard resulted in NPGanneal. 

An overview over the sample properties are given in Tab. 7. The details of the dealloying 

can be found in chapter 4.3. SEM images of the samples were provided by M. Graf and 

are shown in Fig. 42. A manual evaluation of pore diameters with ImageJ was done by 

the author of this thesis. 

 

Tab. 7: Properties of NPG samples. 

 NPGstandard NPGfast NPGanneal 

pore size / nm 6 ± 1 3 ± 1 56 ± 15 

χAg (EDX) / at.% 4.69 11.11 5.80 

D
eff

/D / % 61 50 67 
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a) b) c) 

   Fig. 42: SEM images of NPG prepared by: a) a standard dealloying protocol (NPGstandard), b) a 

fast dealloying protocol (NPGfast) and c) thermal annealing of a standard dealloyed sample 

(NPGanneal). The images were taken by M. Graf in J. Weissmüller’s group at Hamburg University 

of Technology. 

In Fig. 43 the approach curves on the above mentioned NPG samples are shown. The 

determined relative Deff,rel are summarized in Tab. 7. They are in the range of 50 to 67 % 

indicating that mass transfer inside the porous network is at least half as fast compared to 

the bulk. A distinct difference in the values is found for different morphologies and they 

increase with increasing pore diameter.  

As discussed in chapter 2.5, the mass transfer in NPG is mainly determined by porosity 

and tortuosity. The porosity of a NPG sample can be estimated based on the parent alloy 

composition, the amount of residual Ag and the macroscopic shrinkage of the sample.[97] 

The theoretical value for porosity is 75 %, according to the parent alloy Ag75Au25. The 

fraction of residual Ag for NPGstandard amounts to 4.69 at.% (Tab. 7) which results in a 

porosity of 73.8 %. The shrinkage of the sample for this gentle dealloying procedure is 

lower than 5 % in length (13.8 % shrinkage of the volume). This results in a porosity of 

64.2 %. The fraction of residual Ag of 11.11 at.% in NPGfast results in a porosity of 

72.2 %. Assuming a shrinkage of up to 10 % in length (27.6 % shrinkage of the volume) 

for this harsh dealloying, the porosity amounts to 52.7 %. NPGanneal was prepared 

analogous to NPGstandard which results in a porosity of 64.1 %. Further shrinkage during 

the annealing process is not expected. A systematic study on the shrinkage of NPG during 

dealloying can be found elsewhere.[59] 
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The tortuosity may be determined from 3D reconstructions of electron tomography 

images in TEM by measuring the real path length in the 3D network.[226] However, those 

reconstructions do not exist of these samples. Therefore, the tortuosity τ can be 

determined according to the Bruggeman relation where the tortuosity depends on the 

porosity ε. 

 
1

2   (26) 

The applicability for porous electrodes was validated.[227] 

According to the determined porosities, tortuosities of τ = 1.25 for NPGstandard, τ = 1.38 

for NPGfast and τ = 1.25 for NPGanneal can be calculated. These values are rather small and 

in accordance with the well-connected, open pore system in NPG. According to the 

calculation of porosity and tortuosity, NPGfast yields the lowest effective diffusion 

 

Fig. 43: Approach curves on flat gold (o) and NPG samples with different morphologies: 

NPGstandard (o), NPGfast (o) and NPGanneal (o), the black line is the curve fit according to eq. (27) 
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coefficient, whereas NPGstandard and NPGanneal should yield the same diffusion 

coefficients. The results are in agreement with the experiments on NPGfast and NPGstandard. 

However, it can be assumed and was shown in the experiments that for NPGanneal that has 

pore sizes 11 times higher than NPGstandard a smaller hindrance of the mass transfer occurs. 

One explanation might be the sticking to the pore walls which is less likely for bigger 

pores. The SEM image also shows that large areas of the surface lost their nanoporous 

character in the annealing process and many pores on the surface have disappeared. The 

crack in the middle of the image reveals the underlying structure where the nanopores are 

preserved. Digital simulations done by Luis Balboa could show that a layer with smaller 

porosity of a thickness smaller than 50 nm have no significant influence on the mass 

transfer properties of the material. It has been demonstrated earlier that thin layers of 

smaller porosity on top of a sample are below these 50 nm.[23] 

Additionally, the approach curves were fitted according to an analytical approximation 

by R. Cornut and C. Lefrou.[228] For gold, the analytical expression for an insulating 

sample was chosen (eq. (10)). An analytical expression for passivating porous films was 

evolved in the group of Mauzeroll in 2015.[229]  

 
, ( , , , ) ( , ) (1 ) ( , )ins por ins ins

T g T g T gi L R B i L B R i L R          (27) 

This equation is based on the current response for an insulating sample in eq. (10), but is 

modified to include the mediator flux through the porous layer. The equation is a linear 

composition of the two limiting cases of porosity. For porosities approaching 0, the 

expression is identical with the original expression for insulating samples. For porosities 

approaching 1, the expression is adjusted by addition of the normalized thickness B of the 

sample to the normalized distance L. This equation was established to determine the 

porosity and layer thickness of passivating porous films. However, the tortuosity is not 

taken into account. 

In this work, the main focus lies in the determination of diffusion coefficients. A curve 

fit with this analytical expression was performed to demonstrate that NPG behaves like 

an insulating porous sample when studied with the irreversible redox mediator ascorbic 

acid. More interesting than determining porosity and sample thickness would be a factor 

taking the pore diameter and tortuosity into account. However, finding an analytical 
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expression that covers all this is out of the scope of this work. In Tab. 8, the fitted 

parameters are given for the three NPG samples. 

 

Tab. 8: Parameters for the curve fit according to eq. (27). 

 
Normalized layer 
thickness B 

Layer 
thickness 
d / µm 

Porosity ε 

NPGstandard 8.4 211 0.61 

NPGfast 10.0 250 0.50 

NPGanneal 11.3 283 0.67 

 

The sample thickness is very similar for all NPG samples and has a value of 150 ± 10 µm. 

According to the equation, the fits for NPGstandard and NPGanneal would in theory give the 

same result because sample thickness and porosity are very similar. The fit shows a 

deviation from the calculated values for sample thickness. This deviation is probably due 

to the missing of a tortuosity factor which is compensated by higher sample thickness. 

However, the NPG samples behave like inactive porous layers according to the analytical 

expression.  

In chapter 2.5, the influence of the EDL was mentioned which might have an influence 

on mass transfer of charged molecules or ions. For the used solution of 0.1 M H2SO4, the 

Debye length is about 1 nm. NPGfast has pores in this range and therefore, an influence is 

generally possible. However, the first dissociation step of ascorbic acid has a pKa = 4.1. 

According to the Henderson-Hasselbalch equation (eq. (28)) for an ascorbic acid solution 

of 10 mM at a pH of 1, the fraction of ascorbate is 0.001. Therefore, the predominant 

species in solution is the neutral ascorbic acid and the double layer should have a 

negligible effect on the mass transfer.  
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  (28) 
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7 Investigation of residual Ag with X-ray 

photoelectron spectroscopy 

In chapter 3.3, XPS was introduced as a tool to investigate the composition and chemical 

environment of dilute alloys. A quantitative compositional analysis can be made within 

the irradiated sample area (spot size of 600 µm in diameter) and information depth by 

integrating photoelectron peaks. This gives information for a cylindrical volume of 

roughly 0.28 mm x 10 nm. One limitation for quantitative XPS analysis is the requirement 

of assuming a priori a model for the spatial distribution of elements and binding energy 

states, e.g. assuming a homogeneous mixture of all elements (eq. (16)). In this chapter, 

the focus is on the concentration, distribution and chemical state of residual Ag in NPG 

and their changes during catalysis and thermal annealing. In chapter 7.1, it will be shown 

that a calibration of the binding energy for different Ag-Au alloy compositions can be 

used to identify the local Ag concentration in the alloy. Chapter 7.3 presents the XPS 

results for changes during catalysis. The results were published together with the 

electrochemical study of NPG catalysts.[145] My own contributions include all XPS 

experiments and the parts of the manuscript which concern the results and discussion of 

the XPS experiments.  Chapter 7.4 presents the XPS results for changes during thermal 

annealing and chapter 7.5 presents results on the investigation of residual Ag at different 

information depths.  

 

7.1 Calibration of binding energy  

In very recent studies it has been found that the dealloying process of a Ag-Au alloy 

results in the formation of Ag-rich regions.[46,22] High resolution transmission electron 

microscopy (HR-TEM) results show that these regions are a remnant of the master alloy 

with concentrations of Ag as high or lower as in the master alloy. In XPS, the 

quantification of elemental concentrations is very difficult for inhomogeneous samples 

and errors can be rather high. When comparing EDX and XPS elemental concentrations, 

the values deviate considerably, with EDX giving much smaller values than XPS.[149,209] 

In catalysis, the near-surface regions of the catalyst material are of importance and 
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therefore averaged bulk compositions can be very misleading in the interpretation of 

results. Even though the quantification of inhomogeneous samples in XPS has to be done 

with care, it is important to investigate the composition of the upper-most layers. 

The chemical environment of metals in Ag-Au alloys leads to binding energy shifts of the 

metallic photoelectron peak compared to the pure metal. The more dilute a metal is in the 

alloy, the more prominent is this chemical shift. If the peak is shifted to higher or lower 

binding energies depends on the second metal. Tyson et al. have found this dependence 

of binding energy shift on the composition of Ag-Au alloys and attribute these shifts to a 

charge redistribution in the material.[230] The Agx-Au(100-x) alloys were prepared by M. 

Graf in J. Weissmüller’s group at the Hamburg University of Technology. The 

electrodeposition of Au and Ag was carried out in a solution containing x mM KAg(CN)2, 

(100-x) mM KAu(CN)2 and 250 mM Na2CO3 according to Ji et al.[55] 

XP spectra were recorded after sputtering the samples with monoatomic Ar+ and Arn
+ 

clusters until the survey spectrum indicated the removal of all adventitious carbon 

contaminations (Fig. 44a). The composition of the alloys were obtained by quantifying 

fitted Au 4f and Ag 3d peaks in high resolution spectra with pass energies of 10 eV. As 

an example, the spectra for an Ag70Au30 alloy are shown in Fig. 44b and c. The binding 

energy for Ag 3d5/2 peak was determined from the peak fit as well. Because Ag-Au alloys 

are a solid solution and the atoms are homogeneously distributed in the material, the 

quantification of Ag and Au concentrations is valid. The peak width (FWHM) of the 

Ag 3d peak was determined to be 0.53 eV and 0.61 eV for the Au 4f peak.  

In Fig. 45 the determined binding energies for six Agx-Au(100-x) alloys with x = 2 – 87 at.% 

and a pure Ag sample are plotted against the determined concentration of Ag. 
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a) 

 

Fig. 44: XP spectra of a sputtered Ag62.5Au37.5 alloy, a) survey with assigned peaks of Ag and 

Au, b) Au 4f and c) Ag 3d high resolution spectra with original data points (black dots) and peak 

fit with background (dotted black line), single components (orange line) and envelope (blue 

line). 
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Fig. 45: Binding energies determined by XPS for reference samples of Ag-Au alloys with 

different compositions between 2 and 87 at.% Ag as well as a pure Ag sample. The measured 

peak shifts of the Ag 3d5/2 peak are shown (blue squares) as well as literature values[230] for 

binding energy shifts for Ag 3d5/2 peaks in different Ag-Au alloys (orange circles). The figure is 

extracted from the own publication.[145]  

The calibration of binding energy is in accordance with literature values.[230] The results 

can be used to estimate the local composition of Ag in NPG where the distribution of Ag 

is not homogeneous. The evaluation of Ag concentration by the binding energy shift gives 

a local concentration because it is determined by the chemical bonds of an element and 

therefore by its direct neighbors.   

 

7.2 Analysis of residual Ag for NPG prepared by different 

dealloying protocols 

Three NPG samples were prepared by M. Graf in J. Weißmüller’s group at Hamburg 

University of Technology. The samples were investigated towards their use as an 

electrocatalyst for methanol electro-oxidation in alkaline media. To obtain different NPG 

samples, three well-known dealloying procedures were used. Potentiostatic dealloying in 

1 M HClO4 according to Parida et al.[59] yielded sample NPG-A, potentiostatic dealloying 
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in 5 M HNO3 according to Wittstock et al.[231] yielded sample NPG-B and free corrosion 

under open circuit conditions according to Rouya et al.[157] yielded sample NPG-C. The 

properties of these samples were investigated before and after 10 CV cycles of methanol 

electrooxidation in 1 M methanol + 1 M KOH. For this purpose, one half the sample 

underwent the experiment, while the other half was kept in the as-dealloyed state for a 

later comparison.  The results are presented in Tab. 9. My own contribution to this study 

are the XPS analysis of the samples. To understand the results, reference will be made to 

other experiments conducted by M. Graf in J. Weißmüller’s group at TUHH and J. 

Carstens at the Central Laboratory for Analytical Chemistry at TUHH, if necessary. 
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Tab. 9: Properties for the three different NPG samples and pure gold: LB – bulk ligament size, LS 

– surface ligament size, xAg-EDX – Ag content determined with EDX, xAg-XPS – Ag content 

determiend with XPS, C – electrode capacitance, AECSA -  electrochemically active surface area, 

Am – mass specific AECSA, Ip – peak current for methanol electrooxidation by CV, Ep – peak 

potential for methanol electrooxidation by CV, cHCHO  - formaldehyde and cHCOO
−

 - formate 

concentration after the 1st and 10th CV. Normal numbers refer to as dealloyed states and italic 

numbers refer to measurements after 10 CV cycles in 1 M methanol + 1 M KOH. The table is 

extracted from the own publication.[145]  

 NPG-A NPG-B NPG-C Au 

LB / nm 
28 
34 

51 
46 

69 
67 

— 
— 

LS / nm 
8 

16 
9 
26 

58 
58 

— 

xAg-EDX / at.% 
3.6 
4.7 

0.1 
0.2 

0.8 
0.3 

— 
— 

axAg-XPS / at.% 
15.0 
14.4 

16.1 
9.1 

6.7 
7.2 

— 
— 

C / mF 48.6 32.2 6.4 0.2 

AECSA / cm2 1216.2 805.0 161.0 5.2 

Am / m2g−1 7.2 4.7 1.0 0.003 

IP/AECSA / μAcm−2 
(1st) 42.0 

(10th) 38.4 
101.1 
92.3 

119.4 
109.8 

73.8 
— 

EP / mV 
(1st) 550 

(10th) 504 
532 
507 

420 
403 

280 
280 

cHCHO / μM 75.2 303.4 87.9 236.4 

cHCOO
− / μM 2613.0 4095.9 938.4 1288.3 

amy contribution to the study 

Generally, the analysis of the as-dealloyed samples with SEM show that NPG-A has the 

smallest ligament sizes in the bulk as well as on the surface, followed by NPG-B and 

NPG-C. The difference between surface and bulk is relatively large for the 

potentiostatically dealloyed samples (NPG-A and NPG-B), whereas NPG-C which was 

dealloyed by free corrosion, has only small differences in ligament size. The determined 

electrode capacitance c and electrode surface area AECSA show a dependence on the 

ligament size. Smaller ligaments result in higher values of c and AECSA.  

XPS analysis of the NPG samples was performed on the surface of the disk-shaped 

sample to determine the amount and the distribution of residual Ag as a function of the 
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total amount of Ag and Au. Therefore, high resolution spectra of Ag 3d and Au 4f were 

recorded and quantified after peak fitting.  

The comparison of the composition of NPG measured by EDX and XPS in Tab. 9 shows 

that the values by EDX (ranging from 0.1 – 3.6 at.% Ag) are several times lower than by 

XPS (ranging from 7.2 – 14.4 at.% Ag). The reason for this discrepancy is the different 

information depth of the techniques. Whereas XPS is surface sensitive and a sample depth 

of about 5 nm is probed in NPG, EDX has an information depth of several micrometer 

and yields bulk information. XPS is commonly used in literature to evaluate the near-

surface composition of NPG. To determine the bulk content of residual Ag, EDX, but 

also AAS and ICP-OES are used. AAS and ICP-OES require the dissolution of the entire 

sample. The same discrepancy between XPS and EDX concentration values was reported 

for both techniques.[15,148] It has been demonstrated recently that electrochemical 

dealloying leads to the formation of smaller ligaments at the outer surface of the 

specimen[23] and that smaller ligaments tend to have higher contents of residual Ag.[46] 

This might be the explanation for the discrepancy between XPS and EDX values. 

Generally, it has to be taken into account, that for a heterogeneous element distribution 

the determined composition in XPS is not very accurate. In this study, the analysis of the 

cross-section with XPS was not practical. In order to achieve voltammetric signals with 

defined peaks for the methanol oxidation, the thickness of the NPG disks was adjusted to 

150 µm. The cross-section of these disks and the resulting XPS intensities are too small 

for the analysis of residual Ag in the order of a few at.%. 

In Fig. 46 the high resolution XP spectra of Au 4f7/5 in the as dealloyed states for NPG-A, 

NPG-B and NPG-C are shown. The grey line indicates the binding energy for a pure gold 

sample that was measured as a reference. 
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Fig. 46: XP high resolution spectra of Au 4f7/2 with normalized intensities of three different NPG 

samples in the as-dealloyed state: NPG-A (A), NPG-B (B) and NPG-C (C). Plotted are the 

experimental data points (dots), the envelope (blue line), and background (dotted line). The 

theoretical binding energies of Au 4f7/2 for pure Au is indicated with a grey line, labeled Au(0).   

No substantial difference of the binding energy or peak shape can be found for the three 

different NPG samples. Also, the comparison of NPG with pure Au shows hardly any 

difference in the XP spectra. This suggests that the information depth of 5.19 nm[197] is 

too high and therefore the fraction of surface atoms too small to resolve low coordinated 

surface atoms. In XPS measurements at a synchrotron facility with a higher surface 

sensitivity due to lower X-ray energy, peaks belonging to low-coordinated surface atoms 

could be identified at lower binding energies compared to bulk gold.[209] 
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In Fig. 47 the high resolution XP spectra of Ag 3d5/2 for as dealloyed states of NPG-A, 

NPG-B and NPG-C are shown. 

 

Fig. 47: XP high resolution spectra of Ag 3d5/2 with normalized intensities of three different NPG 

samples in the as-dealloyed state: NPG-A (A), NPG-B (B) and NPG-C (C). The experimental 

data points are plotted as dots, the envelope as a blue line, single components as orange, 

green and grey lines and the background as dotted line. The theoretical binding energies of Ag 

3d5/2 for pure Ag and Ag2O are indicated with grey lines, labeled Ag(0) and Ag(I), respectively. 

The figure is taken from the own publication.[145] 

In contrast to the Au 4f7/2 spectra, the Ag 3d5/2 spectra show distinct differences compared 

to pure Ag. The potentiostatically dealloyed samples NPG-A and NPG-B have very 

similar spectra. In both spectra, two components could be fitted at 368.0 eV and 368.5 eV. 
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This could be done with little uncertainty due to the well observable shoulder in the XPS 

peak. The EB values are lower than for pure Ag. The grey bars indicate the binding energy 

for a reference sample of pure Ag in the oxidation state 0 at 368.2 eV, labeled as Ag(0) 

and the literature value for Ag2O at 368.7 eV,[215] labeled as Ag(I). The peak separation 

between Ag(0) in pure Ag and pure Ag2O is the same as for the two Ag components. 

Therefore, the two components in the spectra of NPG were assigned to Ag(0) at 368.0 eV 

and Ag(I), probably Ag2O, at 368.5 eV.  

The peak width of Ag(0) in the Ag 3d5/2 spectra (0.54 eV at a pass energy of 10 eV) of 

the NPG samples is only slightly higher than for a pure Ag sample (0.53 eV at a pass 

energy of 10 eV) suggesting that the variation of chemical environment of the Ag atoms 

is small. According to the calibration of binding energies in the previous chapter, a 

binding energy of 368.0 eV corresponds to a local Ag concentration of about 50 at.%. 

This value is much higher than the found total Ag concentrations of 6.7 – 15.0 at.% from 

quantifying XPS peak intensities of Au 4f and Ag 3d. But regardless of the overall surface 

concentration which is different for all samples, a peak with a binding energy of 368.0 eV 

can be found for all samples. This suggests an inhomogeneous distribution of the residual 

Ag. 

Although the master Ag-Au alloy is a solid solution and exhibits a homogeneous 

distribution of Ag and Au, recent studies by EDX mapping and TEM found that the 

residual Ag in as-dealloyed NPG is not distributed homogeneously but occurs in Ag-rich 

regions.[22,46] Kinetic Monte Carlo simulation reproduced the dealloying process and 

identified the Ag-rich regions as remnants of the master alloy that were encapsulated by 

Au during dealloying.[46] A thermal treatment for four hours led to a homogenization of 

the residual Ag as determined by TEM. These results support the findings by XPS. 

However, the question of the exact position of Ag-rich regions, whether they are located 

at the surface or covered by a thin layer of gold cannot be answered by any of these 

techniques. 

The Ag 3d5/2 spectrum of NPG-C shows an additional component at 368.7 eV. The 

component was added into the fit after fixing the peak positions and peak width of the 

two other peaks at 368.0 eV and 368.5 eV according to the other NPG samples. However, 

without well-separated peaks, the fit with three components is only a suggestion. It is also 
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possible that a broadening of the peaks occurs due to a less distinct chemical environment 

of Ag atoms. These results indicate that the formation of Ag-rich regions is less 

pronounced in samples prepared by free corrosion. Unfortunately, no elemental mapping 

by EDX exist for samples obtained by free corrosion. 

The quantification of the spectra yields concentrations of the different Ag components 

belonging to metallic Ag(0) and oxidized Ag(I) relative to the total amount of Ag. The 

results are presented in Fig. 48.  

NPG-A and NPG-B show similar concentrations of Ag(I) in the as-dealloyed state of 

30.0 at.% and 24.8 at.% of the total amount of Ag. NPG-C shows a significantly higher 

fractions of Ag(I) between 58.2 at.% and 70.1 at.%, depending on the two extreme cases 

in which the third component is completely assigned to either Ag(0) or Ag(I). According 

to the calibration of Ag binding energies it can be assumed that the third component 

cannot belong completely to Ag(0), since the binding energy is too low. This result could 

indicate that the free corrosion in concentrated nitric acid signifies harsher dealloying 

conditions than potentiostatic control in diluted acids which leads to a higher amount of 

 

Fig. 48: Composition of NPG samples prepared with different dealloying protocols and before 

and after 10 CV cycles in 1 M methanol and 1 M KOH. The analysis was performed by 

quantifying Ag 3d5/2 and Au 4f7/2 peaks from high resolution XP spectra. Elemental fractions of 

Ag and Au are relative to the total Ag-Au amount. The figure is taken from the own 

publication.[145] 
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oxidized Ag. Also, NPG-C shows a less defined distribution of residual Ag compared to 

NPG-A and NPG-B. 

 

7.3 Changes of nanoporous gold during methanol 

electrooxidation 

The second half of the NPG samples NPG-A, NPG-B and NPG-C were investigated after 

10 CV cycles in 1 M methanol + 1 M KOH. For the electrooxidation of methanol, the 

peak potential and peak current were determined in CVs. The results in Tab. 9 show that 

the peak current normalized by the electrochemically active surface area ip/AECSA increase 

in the order NPG-A < NPG-B < NPG-C, although NPG-A showed the highest AECSA. An 

explanation for this unexpected behavior could be the insufficient supply of methanol 

within the small pores.  

The influence of the electrooxidation of methanol on the morphology of the sample can 

be observed when comparing ligament sizes before and after catalysis. NPG-A and 

NPG-B show significant coarsening of the bulk ligaments and especially the surface 

ligaments. The latter are increased by a factor of 2.0 for NPG-A and a factor of 2.9 for 

NPG-B. The ligament sizes of bulk and surface of NPG-C stay constant. However, after 

10 CV cycles the peak currents drop for all samples by about -9 % and peak potential are 

shifted to less anodic potentials. 

The XPS analysis of NPG-A, NPG-B and NPG-C after 10 CV cycles in 

methanol-containing solution is shown in Fig. 49. In the high resolution spectra of 

Ag 3d5/2 a difference was observed compared to the as-dealloyed states. The spectra of 

Au 4f7/2 show no difference and are not shown here. The changes in Ag are more 

pronounced for NPG-A and NPG-B which is in accordance with morphological changes 

observed in SEM. Here, the peaks are less well-separated and were each fitted with three 

components according to the procedure for the as-dealloyed NPG-C. The overall amount 

of Ag of the total amount of Ag + Au at the surface stays constant for NPG-A and NPG-C 

(Fig. 48). These results are not surprising since it can be expected that in strongly alkaline 
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media, Ag cannot dissolve upon a possible oxidation but merely precipitates as a hardly 

soluble hydroxide and would therefore be detected by XPS.  

 

Fig. 49: XP high resolution spectra of Ag 3d5/2 with normalized intensities of three different NPG 

samples after 10 CV cycles in 1 M methanol in 1 M KOH: NPG-A (A), NPG-B (B) and NPG-C 

(C). The experimental data points are plotted as dots, the envelope as a blue line, single 

components as orange, green and grey lines and the background as a dotted line. The 

theoretical binding energies of Ag 3d5/2 for pure Ag and Ag2O are indicated with grey lines, 

labeled Ag(0) and Ag(I), respectively. The figure is taken from the own publication.[145]   

However, the amount of Ag detected by XPS in NPG-B is decreased by a factor of 2.3. 

Considering that NPG-B showed the most dramatic changes in ligament size (by a factor 
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of 2.9), it is possible that due to the surface diffusion of Au and Ag, a larger portion of 

Ag is covered by Au and therefore out of reach of the XPS information depth. It was 

demonstrated by Krekeler et al.[46] that the coarsening of NPG by thermal annealing leads 

to a redistribution of Ag and Au and the dissolution of Ag-rich regions. It is therefore 

reasonable that a coarsening of NPG due to an electrochemical reaction also leads to the 

redistribution of residual Ag. The decrease in the Ag fraction detected by XPS in NPG-B 

after the electrooxidation of methanol might suggest that the Ag-rich regions in the as-

dealloyed samples are close to the surface. The assumption of near-surface Ag-rich 

regions is also in accordance with the higher Ag concentrations from XPS compared to 

EDX for all investigated samples. 

 

7.4 Changes of nanoporous gold during thermal annealing 

As discussed in the previous chapter, dealloying of NPG leads to the encapsulation of 

Ag-rich regions. It was demonstrated by kinetic Monte Carlo simulations and EDX 

mapping that after thermal annealing in air for 30 min at 300 °C, Ag is redistributed and 

forms a homogeneous composition.[46] It was shown that XPS can detect EB shifts that 

are related to different alloy compositions.[230] In this work, a calibration of EB was used 

to estimate the local Ag concentration. It was found to be around 50 at.% which is in 

agreement with the results from EDX mapping for as-dealloyed samples. 

To further study the distribution of residual Ag under thermal treatment, an XPS analysis 

of NPG was performed during the thermal annealing in the analysis chamber of the 

spectrometer. In this way, XP spectra can be detected on-line during the annealing 

process. A manual temperature ramp was used to reach a final temperature of 300 °C and 

a residual gas analyzer (RGA) was used to monitor the desorption of surface species into 

the gas phase. The spectra were analyzed regarding the residual amount of Ag (xAg) of 

the total amount of Ag and Au and the binding energy (EB) of the of the Ag 3d5/2 peak. In 

this study, a cylindrical NPG sample (NPG300) was used to study its cross-section. For 

this purpose, the cylinder was cleaved and both the cross-section of broken ligaments and 

the surface of intact ligaments were exposed to the analysis. 
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The Ag 3d5/2 spectra in Fig. 50 were taken at increasing temperatures. The exact 

temperatures for each spectrum are provided in the figure caption. The as-dealloyed state 

of NPG300 shows two distinct components assigned to Ag(0) (368.12 eV) and to an oxide 

species Agox (367.36 eV). Due to the rather large shift of -0.76 eV, the peak can be 

assigned to Ag(II) (AgO).[215] While the ratio Ag(0):Agox remains constant with 

increasing temperature, the  Agox component shifts to higher EB, reaching 367.64 eV at 

80 °C. At this temperature, two components can still be distinguished. This EB shift of 

0.48 eV can be assigned to Ag(I) oxide (Ag2O), hence a decomposition of this thin oxide 

layer takes place.[215] At higher temperatures, no distinction between Ag(I) and Ag(0) can 

be made and the peaks are fitted with one Ag component. However, the initially broad 

peak width of this one component peak indicates different chemical environments of Ag.  
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Fig. 50: Ag 3d5/2 XP spectra during different stages of the thermal annealing of a NPG cylinder 

(NPG300). A) as dealloyed, B) at 53 min and 40 °C, C) at 92 min and 60 °C, D) at 129 min and 

80 °C, E) at 160 min and 100 °C, F) at 189 min and 120 °C, C) at 468 min and 300 °C.  The 

experimental data points are plotted as dots, the envelope as a blue line, single components 

as orange and green lines and the background as a dotted line. The solid grey vertical line 

indicates Ag(0) at EB = 368.12 eV, the dotted vertical line indicates the shift of the Ag(I) 

component (A-D) and the Ag peak (E-F).  



Investigation of residual Ag with X-ray photoelectron spectroscopy 

 

112 

 

 

 

Fig. 51: Residual gas analysis spectra during thermal annealing experiment at different times 

of the experiment at NPG300: A) 90 °C, B) 110 °C, C) 130 °C, D) 170 °C and E) 270 °C. The 

pressure p was normalized by 1.45∙10-6 torr, which is the highest p that was measured. For a 

better overview, spectra A and B were magnified by a factor of 2 and spectra D and E by a 

factor of 5. 

A residual gas analysis (RGA) was performed at five points (T = 90, 110, 130, 170 and 

270 °C) during the XPS experiment (Fig. 51). The assignment of signals to the molecules 

and their fragments was carried out according to the NIST Chemistry WebBook.[232] 

Generally, the signals can be assigned to H2 (m/z = 2), H2O (m/z = 18, 17 and 16), O2 

(m/z = 32 and 16), CO2 (m/z = 44, 28, 16 and 12) and CO (m/z = 28, 16, 12). This is in 

agreement with the desorption of carbon contaminants and adsorbed water at the surface. 

The signal at m/z = 40 can be assigned to Ar. Due to the set-up, the sample stage is not 
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grounded during heating and a charge compensation by flood gun and Ar+ gun is 

necessary. With increasing temperature, the intensity of signals increases and has a 

maximum at 130 °C. Here the ratio of CO2:H2O reaches the highest value. At higher 

temperatures (T = 170 and 270 °C) only trace amounts can be detected, indicating that 

around at 130 °C most adsorbates and contaminants are desorbed from the surface. Due 

to the absence of a signal at m/z = 14, the signal at m/z = 28 can be mostly assigned to the 

fragment CO+ instead of N2.  

In Fig. 52, the temperature ramp, as well as certain parameters of the Ag 3d spectra are 

plotted against the time of the experiment. The analysis of the spectra yields the FWHM 

and EB of the Ag(0) component (Fig. 52b and c). The quantification of Ag 3d and Au 4f 

peaks gives the amount of residual Ag xAg (Fig. 52d). The completed desorption of surface 

contaminants above 130 °C is indicated by the grey line. 

 



Investigation of residual Ag with X-ray photoelectron spectroscopy 

 

114 

 

 

Fig. 52: Temperature program (A) and extracted data from the Ag 3d5/2 spectra: EB for the peak 

components Ag(0) (▲), Agox (▼) and single Ag component (♦) in (B). The vertical bars indicate 

the FWHM of each component. The amount of residual Ag xAg as determined by quantification 

of the Ag 3d and Au 4f peaks is presented in (C). The grey line indicates the time where the 

major part of surface contaminants are desorbed from the surface according to the RGA 

results. 

The results from the spectra show a simultaneous change in all three analyzed parameters 

around 160 min, which corresponds to a temperature of 100°C. Due to the merging of 

Ag(0) and Ag(I) peak at this point, the FWHM jumps up to higher values, indicating that 

Ag(I) is still present. With increasing temperature, the FWHM decreases and reaches a 

value of 0.82 eV, which is similar to the starting value of 0.84 eV. This indicates a rather 

clearly defined chemical environment. The final EB is slightly lower than the initial value 

of the metallic component. The EB of the Ag(0) component shows a jump from 368.1 eV 

to lower values before reaching 368.0 eV in an asymptotic behavior. The overall shift is 

small, but due to the sharp peaks detectable. It corresponds to a drop of the local Ag 
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concentration from around 70 to 40 at.% according to the calibration of EB and therefore 

a partial dissolution of the Ag-rich regions. The peak intensities yield an overall Ag 

concentration of 5.6 at.% for the as-dealloyed NPG. The overall Ag concentration shows 

an increase up to 12.5 at.% at 240 °C and stays constant afterwards. The most drastic 

changes happen between 100 and 200 °C. The rise in overall residual Ag indicates an 

enrichment at the NPG surface. However, the actual numbers of the determination of the 

Ag concentration have to be taken with care. On the one hand, the quantification assumes 

a homogeneous distribution of elements which is not the case for NPG, as already 

discussed in chapter 7.3. On the other hand, the removal of contaminants from the surface 

increases the information depth of the analysis and contaminants may not have been 

equally distributed on the whole surface but might have been accumulated on the less 

noble Ag atoms, in case they were present at the surface. Despite these limitations of the 

XPS analysis on inhomogeneous samples, a clear trend to higher concentrations is visible.  

The decrease of FWHM and increase of EB at 200 °C to values close to the initial values 

of Ag(0) indicate that Ag(I) has decomposed. The decomposition of thicker Ag oxide 

films have been investigated by XPS and show slightly higher decomposition 

temperatures which might be due to higher oxide layer thickness.[233] 

SEM images of NPG300 before and after the thermal annealing on the surface are 

presented in Fig. 53. The porous structure is preserved, as has been shown in 

literature.[46,77,234] The as-dealloyed sample has an average ligament size of 

LB = (31.8 ± 8.4) nm. After the thermal annealing the nanoporous structure has coarsened 

and a ligament size of LB = (73.6 ± 25.7) nm can be found. The increase of ligament size 

is also apparent by eye. The dark brown color changed to a golden brown. The coarsening 

process involves the movement of many surface atoms, which enable a severe 

transformation of composition of the NPG. Although the increase of near-surface Ag from 

5.6 at.% to 12.5 at.% seems immense, the coarsening can enable this process. The 

variation of ligament sizes is much larger after the coarsening. The elemental analysis 

with EDX showed values of 5.4 ± 0.6 at.% residual Ag before annealing and 

4.2 ± 0.8 at.% after annealing. The values are constant within the uncertainty range of 

EDX experiments and they are in agreement with the XPS values before annealing. The 

XPS analysis in this study was performed on the cross-section of a NPG cylinder which 

was obtained by cleaving the sample in half. Therefore, the measurement of residual Ag 
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on a newly exposed surface contained broken ligaments. In contrast to the XPS analysis 

on the outer surface, where a Ag-rich skin layer needs to be considered, similar results 

are expected for XPS and EDX on the cross-section of NPG.  

a) b) 

LB = 31.8 ± 8.4 nm LB = 73.6 ± 25.7 nm 

Fig. 53: SEM images of NPG300 before (a) and after (b) thermal annealing in the XPS. 

All in all, it can be concluded from the XPS data that the heating of NPG under ultra-high 

vacuum conditions leads to a decomposition of Ag oxide and the segregation of Ag to the 

surface. The local concentration of Ag is reduced which indicates an overall 

homogenization of Ag and a beginning dissolution of Ag-rich regions. This is in 

agreement with the dissolution of Ag-rich regions as investigated before.[46] If the 

desorption of contaminants from the surface facilitates the changes in the NPG or if solely 

the increase in temperature leads to the changes cannot be concluded from these data.  

The experiments have shown that the change in NPG composition starts at 100 °C. 

However, the influence of elevated temperature and time at high temperature cannot be 

distinguished. Therefore, experiments were conducted on another NPG cylinder prepared 

in the same way (NPG100) in which the sample was quickly heated to 100 °C and held 

there for 550 min (Fig. 54a). The same fast change in overall Ag concentration can be 

found during the ramping of the temperature.  
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Fig. 54: a) Temperature program (A) of NPG100 and xAg as determined by quantification of Ag 

3d and Au4f peaks (B). b) xAg for the samples NPG 100 and NPG300 at room temperature 

(blue bars), at 100 °C (green bars) and 60 min after reaching 100 °C (orange bars). 

In Fig. 54b, the bar diagram shows the Ag concentrations at three points for samples 

NPG100 and NPG300: at room temperature, at 100 °C and at the end of the experiment 

where a constant concentration is reached. The Ag content xAg of NPG100 increases 

quickly with increasing temperature from 7.9 to 9.7 at.% at 100 °C after 40 min of 

experiment. This is an increase of 23 %. For NPG300, which was slowly heated (Fig. 52), 

the increase of xAg at 100 °C after 160 min amounts to 23 % as well. After reaching 

100 °C, xAg of NPG100 increases only little to reach a constant value. The total increase 

in xAg from the start to the end of the experiment amounts to 34 % (from 7.9 to 10.4 at.%). 

For NPG300, a constant value of 12.4 at.% is reached during the heating to 300 °C. This 

is an overall increase of 125.2 % (from 5.6 to 12.4 at.%).  

In Fig. 55, the SEM images of NPG100 in the as-dealloyed state and after the heating 

experiment are depicted. The evaluation of ligament size shows that virtually no 

coarsening happened during the heating to 100 °C for over 600 min. 
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a) b) 

LB = 39.0 ± 9.6 nm LB = 37.3 ± 9.1 nm 

Fig. 55: SEM images of the cross-section of NPG100 before (a) and after (b) thermal annealing 

in the XPS. 

These results suggest that the major compositional changes as observed at NPG300 are 

most likely due to the coarsening of the ligaments. Nevertheless, also without coarsening, 

an increase in near-surface Ag could be observed at NPG100. The RGA analysis in Fig. 

51 showed only little desorption of surface species from the sample below 130 °C. It is 

unclear whether a temperature of 100 °C is just too low for the coarsening to occur or 

whether a thin layer of contaminants further hinders the surface diffusion and resulting 

coarsening of NPG. The driving force of this surface segregation during thermal 

annealing is probably the lower surface free energy of Ag.[85] That segregation of Ag 

within the first few nm of the surface occurs in Ag-Au alloys has been investigated 

before.[84,85] The regular solution model suggests a composition-dependent ratio between 

χAg,bulk/χAg,surface = 0.4 for a bulk composition of χAg,bulk = 10 at.%. The predicted 

segregation is higher for small χAg as can be observed for NPG. 

A simple model to simulate the distribution of Ag in NPG was developed to illustrate the 

effect of Ag distribution on the quantification in XPS (Fig. 56). The basis of this model 

is the existence of Ag-rich islands within the gold ligament with a local Ag concentration 

of 50 at.%. A monolayer of carbon contaminations of a thickness of 0.29 nm was included 

in the model (Fig. 56, thick black line). The location of the Ag-rich island was chosen to 

be at the surface (0.29 nm below the surface Fig. 56a), near the surface (2.0 nm below the 

surface, Fig. 56b) and in the middle of the ligament (4.9 nm below the surface Fig. 56c). 
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Fig. 56: Simulation models for the distribution of Ag in NPG. In NPG, Ag is present in Ag-rich 

islands with a local Ag concentration of 50 at.% at the surface which can be simplified to the 

models on the left with different position of the Ag-rich islands (a – at the surface, b – near the 

surface, c – buried in the ligament). On the right, the models were further simplified to calculate 

the total χAg,total and χAg,XPS und consideration of the intensity loss in XPS in a simple layer 

model. An average χAg of 20 at.% per layer was used. The thick black line at 0 nm indicates 

one monolayer of carbon contaminations (0.29 nm). The hatched area indicates the information 

depth of XPS (5.2 nm for Au 4f electrons in Au). The bar diagram (g) shows the total amount 

of residual Ag in the sample (χAg,total, orange) and the residual Ag as determined by XPS 

(χAg,XPS, blue).  
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For an easier calculation, these islands were transformed into layers with a local Ag 

concentration of 20 at.% (Fig. 56a, b and c). The total amount of Ag is kept at 5.4 at.% in 

all cases. The construction of the layers is presented in Tab. 10. For each atomic layer 

within the gold ligament, the total number of Ag and Au atoms is determined. The total 

amount of Ag is then calculated by a simple addition of all Ag atoms divided by the total 

number of atoms in all layers (1.3∙1015 atoms per layer). The decay of photoelectron 

intensity within a solid follows Beer’s law of molecular absorption (eq. (15)). For λ, the 

value for Au 4f electrons irradiated with Al Kα radiation was used, λ = 1.81 nm.[197]  To 

determine χAg as in XPS this loss of intensity was taken into account. In the schemes in 

Fig. 56, the information depth of XPS is indicated as the hatched area. The results for the 

determined real χAg and χAg as quantified by XPS for the three chosen structures are 

depicted in Fig. 56g.  

 

Tab. 10: Parameters for the calculation of χAg,total and χAg,XPS. The atomic distance between two 

layers was determined with the lattice parameter of Au (0.408 nm). The three simulations are in 

accordance with Fig. 56. 

  

 

 

 

 

 

 

 

 

 

atomic layer χAg χAu χC z / nm 

a)     

1 0.0 0.0 1 0 

2-17 0.2 0.8 0 0.29 – 4.61 

18-106 0.01 0.99 0 4.90 – 30.23 

b)     

1 0.0 0.0 1 0 

2-7 0.01 0.99 0 0.29 – 6.34 

8-23 0.2 0.8 0 6.63 – 9.23 

23-106 0.01 0.99 0 9.52 – 30.23 

c)     

1 0.0 0.0 1 0 

2-17 0.01 0.99 0 0.29 – 4.61 

18-33 0.2 0.8 0 4.90 – 9.23 

34-106 0.01 0.99 0 9.52 – 30.23 
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Major differences for χAg,XPS depending on the distribution of Ag within NPG were 

determined. Values as high as χAg,XPS = 17.3 at.% are detected at a real Ag concentration 

of χAg,total = 5.4 at.%. With increasing depth of the Ag layer, χAg,XPS drops to 1.9 at.% 

which is below χAg,total. This simple simulation shows, how the presence of Ag in Ag-rich 

islands which are located somewhere in the sample will influence the XPS analysis. It 

confirms that the discrepancy between EDX and XPS results and the results of these 

heating experiments in which χAg increases by 125.2 % are due to an enrichment of Ag at 

the surface.  

 

7.5 Investigation of residual Ag with different photon 

energies 

In the two previous chapters, it has been demonstrated that electrocatalysis and thermal 

annealing lead to a compositional change in nanoporous gold that can be followed by 

XPS. A comparison between XPS (information depth ≈ 5 nm for Al Kα irradiation) and 

EDX (information depth ≈ 3 µm) could demonstrate that the residual Ag is enriched in 

the near-surface region. However, an analysis of the upper 5 nm of an Au ligament with 

an average diameter of ca. 20 nm cannot really be considered surface sensitive. Therefore, 

further measurements were conducted at the synchrotron facility BESSY II with photon 

energies between 200 eV and 700 eV (more details can be found in chapter 4.2). Due to 

the signal-to-noise ratio that was experienced during the analysis, a pass energy of 20 eV 

was chosen in contrast to the formerly acquired spectra at 10 eV with Al Kα radiation. 

Therefore, the peak widths in the spectra is larger, making a chemical state analysis for 

Ag impossible.  

Photon energies were chosen yielding Ekin of the resulting photoelectrons of Au 4f and 

Ag 3d of 145 eV, 211 eV and 311 eV (Tab. 11). The inelastic mean free path λ depends 

on Ekin of the photoelectrons and shows a minimum around 110 eV[197] (Fig. 22). 

Therefore, different information depths could be adjusted (Tab. 11). For the quantification 

of residual Ag according to eq. (19), the sensitivity factors for the used photon energy 

were applied. Complimentary experiments with Al Kα radiation were performed at the 

ESCALAB spectrometer with pass energies of 20 eV. 
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Tab. 11: Used photon energies (hv) and resulting Ekin, λ,[197] information depth (3λ) and 

photoionization cross-section σij of the photoelectrons in the matrix of the pure element (Au or 

Ag).[206] 

Au hν / eV Ekin(Au 4f) / eV λ / nm 3 λ / nm σij / barns/atom 

 234 145 0.47 1.41 2.47∙106 

 300 211 0.53 1.60 3.08∙106 

 400 311 0.63 1.89 2.69∙106 

Ag hν / eV Ekin(Ag 3d) / eV λ / nm 3 λ / nm σij / barns/atom 

 518 145 0.53 1.59 1.80∙106 

 584 211 0.57 1.71 1.59∙106 

 684 311 0.67 2.01 1.11∙106 

 

The calculation yields values for λ in the matrix of a pure element. In the case of NPG, 

the information depth of a certain analysis lies in between the two values for Au and Ag 

matrices according to the elemental ratio and elemental distribution in the sample. 

However, the differences in information depth are only small and the values do not 

deviate by more than 0.2 nm for the two elements. Here, the values of λ were weighed 

according to the XPS quantification.  

 Ag Au Ag Ag Au Ag(1 )   (29) 

The range of the information depth is between 6 and 8 atomic layers, taking a value of 

0.288 nm as the atomic distance in the fcc lattice.[82]  

NPG samples of different geometry and with different treatments after dealloying were 

investigated. An overview is provided in Tab. 12.  
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Tab. 12: Overview over the used samples in this study, including the ligament size determined 

from the SEM image. 

Sample Sample geometry Treatment LB / nm 

NPG_C_M cylindrical without 

support 

100 CV cycles in a solution of 

1 M MeOH + 1 M KOH 

between -0.5 V and 1.3 V 

34.2 ± 8.3 

NPG_C_0 cylindrical without 

support 

100 CV cycles in a solution of 

1 M KOH between -0.5 V and 

1.3 V 

34.9 ± 8.9 

NPG_A_M cylindrical without 

support 

5 min at 0.55 V vs. Hg/HgO in 

1 M MeOH + 1 M KOH 

42.3 ± 12.0 

NPG_A_0 cylindrical without 

support 

5 min at 0.55 V vs. Hg/HgO in 

1 M KOH 

36.1 ± 9.2 

NPG_T cylindrical without 

support 

thermal annealing at 300 °C for 

10 min 

481.6 ± 120.1 

NPG_P cylindrical without 

support 

partial dealloying, stopped at 

χAg,bulk = 30 at.% 

8.0 ± 1.7 

NPG_F thin film on glass 

support 

as dealloyed 10.2 ± 2.0 

NPG_F_T thin film on glass 

support 

thermal annealing at 300 °C for 

5 min 

12.3 ± 2.6 

 

In Fig. 57, SEM images of the studied samples, provided by M. Graf, are depicted and 

the ligament size was determined from these images using image J by the author of this 

thesis. The results are summarized in Tab. 12. All samples that underwent an 

electrochemical treatment show similar ligament sizes which are in agreement with 

previous results as presented in chapter 7.3. NPG_T has large ligament sizes due to the 

thermal annealing, whereas NPG_P shows very small ligament sizes due to the abortion 

of the dealloying process and large amounts of residual Ag. The thin film samples NPG_F 

and NPG_F_T show smaller ligament sizes than the monolithic samples. The thermal 

annealing for 5 min in NPG_F_T resulted in slightly larger ligament sizes. 
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Fig. 57: SEM images of the cross-section (cylinders) and top-view (thin films) of the studied 

NPG samples: A) NPG_C_M, B) NPG_C_0, C) NPG_A_M, D) NPG_A_0, E) NPG_T, F) 

NPG_P, G) NPG_F and H) NPG_F_T. 

In Fig. 58, fitted XP spectra of NPG_C_M sample at different Ekin are depicted. For both 

Au 4f and Ag 3d, one component was found and fitted. Due to the lower resolution and 

broader peaks at 20 eV pass energy compared to the previously shown Ag 3d spectra at 

10 eV, a distinction between Ag(0) and Ag(I) is not possible. The spectra recorded at 

Ekin = 145 eV (Fig. 58A and B) show a rather high signal to noise ratio because the 

intensity of photoelectrons of this small information depth of ≈ 1.4 nm is very low (Tab. 

11). Generally, the photoionization cross-section of Ag 3d in the used photon energy 
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range is roughly two times lower than for Au 4f resulting in higher intensities and better 

signal-to-noise ratio for Au 4f spectra.  

It can be observed that the peak area ratio between Au 4f and Ag 3d increases with 

increasing photon energy (increasing information depth) yielding decreasing amounts of 

residual Ag in the quantification. This trend can be found for all investigated samples. 

The results of the quantification of residual Ag by EDX and XPS are summarized in Tab. 

13.  
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Fig. 58: Exemplary XP spectra of Au 4f and Ag 3d for NPG recorded at Ekin = 145 eV 

(hν = 234 eV; A and B), 211 eV (hν = 300 eV; C and D) and 311 eV (hν = 400 eV; E and F). 

The inset in F shows the enlarged Ag 3d spectrum. The scale bars for Au 4f and Ag 3d are the 

same for the same Ekin. The experimental data points are plotted as dots, the envelope as a 

blue line, the two doublet peaks as an orange line and the background as a dotted line. 
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Tab. 13: Residual Ag for different Ekin and different resulting information depth in XPS and EDX 

results. 

 EDX / 

at.% 

XPS / at.% 

Ekin  a145 eV a211 eV a311 eV b1113 eV 

information 

depth 

3 µm 1.41 nm 1.59 nm 1.89 nm 4.62 nm 

NPG_C_M 6.62 45.8 38.0 14.6 13.71 

NPG_C_0 2.63 71.5 51.3 25.1 17.91 

NPG_A_M 3.95 60.4 42.3 23.4 16.18 

NPG_A_0 0.00 47.4 36.2 13.8 10.07 

NPG_T 4.13 68.9 48.6 23.5 18.05 

NPG_P 30.05 89.6 50.7 25.9 52.02 

NPG_F 15.45 77.4 67.3 40.1 31.97 

NPG_F_T 0.00 75.3 59.9 23.3 28.97 

aexperiments were conducted at the synchrotron facility BESSY II. 
bexperiments were conducted with the ESCALAB spectrometer in Oldenburg. 

 

In Fig. 59, the XPS results of the quantification of residual Ag are depicted. A 

normalization by the amount of residual Ag in the bulk as determined by EDX was done 

for a better comparison between the samples (Fig. 59c). For NPG_A_0 and NPG_F_T a 

value of 1 at.% was assumed for the normalization. The normalization with EDX values 

leads to very high values for some of the samples. The accuracy of the EDX results for 

small elemental concentrations and their comparability with the XPS results has to be 

taken with care. An Ag enrichment at the surface of 20 times and more seems rather hard 

to believe. However, this uncertainty might lead to a vertical shift of the values, the trend 

within one sample remains constant. 
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 Fig. 59: Surface content of Ag and Au in various NPG preparations. The content is given for 

Ag (a) and Au (b), as well as a relative atomic fraction χAg and χAu with respect to the bulk 

atomic fraction as determined by EDX χAg,bulk (c). For χAg/χAg,bulk all values are >1 and show 

enrichment at the surface. Correspondingly, for χAu/χAu,bulk all values are <1. 

 

The general trend of high values for χAg close to the surface and the decrease towards the 

sample bulk is observable for all samples. This enrichment of Ag on the surface was also 

found by Manzhos et al.[84] for a flat Ag15-Au85 alloy. At an information depth of 

3λ ≈ 0.5 nm in that study, no Au was found in the XPS measurement, whereas at 

3λ ≈ 2 nm, the value was again close to the bulk value. Similar results were found for the 
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partially dealloyed sample NPG_P. The bulk value of χAg = 30 at.% (as determined by 

EDX) was exceeded by almost 300 % at 3λ = 1.41 nm (as determined by XPS) but was 

found already at 3λ = 1.89 nm. The increase in χAg at 3λ = 4.9 nm can be explained by a 

high Ag oxide layer that was found during the analysis with Al Kα radiation. These 

experiments were conducted two weeks after the experiments at BESSY II. The high χAg 

and storage in air probably led to a further enrichment of Ag at the surface. For all other 

samples that exhibited smaller values of residual Ag in the bulk, a more severe enrichment 

was found. The experiments with Al Kα radiation show a further slight decrease of χAg at 

this higher information depth. The study by Nelson et al.[85] using ion scattering 

spectroscopy to probe the surface composition of Au-Ag alloys observed a severe Ag 

segregation. They found that the lower the total χAg, the larger the segregation to the 

surface. The same trend can be found for the experiments on NPG. The sample with the 

largest value of χAg yields the smallest value for enrichment at the surface (Fig. 59). These 

studies as well as the results presented in the previous chapters are in agreement with a 

general segregation of Ag within the first atomic layers of the material. 
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8 Conclusion and outlook 

For the investigation of structure-property relationships in NPG, techniques to 

characterize nanoporous materials are necessary. In this work, NPG was investigated 

towards the formation of surface oxides, the transport of ascorbic acid in the nanopores 

and the amount and distribution of residual silver during electrochemical cycling and 

thermal annealing. To accomplish this, scanning electrochemical microscopy, X-ray 

photoelectron spectroscopy, scanning electron microscopy and cyclic voltammetry were 

used.  

The surface interrogation mode of SECM was employed to investigate surface oxides at 

NPG in-situ. Therefore, NPG microelectrodes were prepared from cavity microelectrodes 

and characterized. Due to the irregular particle size of the NPG powder that was prepared 

by ultrasonification of a NPG monolith, the filling of the cavity was not reproducible. 

This uncertainty of the amount of NPG that is filled in each cavity was circumvented by 

determining the electrochemically active surface area by quantification of gold oxides in 

a CV. The ligament size of the nanoporous gold can be determined by scanning electron 

microscopy. Only recently, the surface interrogation mode of SECM was introduced for 

the study of adsorbates at flat microelectrodes. In this work, it was shown that 

electrogenerated surface oxides on a nanoporous inner and outer surface can be quantified 

down to a depth of 30 µm. The results are in agreement with literature results on gold 

oxides in general and the quantification of gold oxides by SI-SECM on a flat gold 

electrode. Furthermore, from the shape of the titration curves, it could be inferred that 

two oxide species with different kinetics are present on the surface. These results were 

supported by digital simulations. Experiments on cavity electrodes with different depths 

and therefore longer diffusion path lengths could show no apparent influence of mediator 

diffusion through the nanoporous network. Control experiments with varied distances 

between the two microelectrodes could show this influence of diffusion path length. This 

finding led to the formulation of the hypothesis that electron transfer through the NPG 

facilitates the reaction mechanism. The concept of delocalized regeneration of a redox 

mediator is well established for extended conducting surfaces in SECM feedback 

experiments. The titrant is oxidized only at the outer surface and the electrons are 
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transferred to a mediator inside the pores or the surface oxide directly. Digital simulations 

could support this hypothesis.  

Future experiments could involve the analysis of surface oxides at different generation 

potentials by XPS. This involves the transfer of either the NPG microelectrode or the 

retrieved powder into the XPS chamber. The XPS analysis of NPG inside a cavity 

microelectrode is generally possible and has the advantage of a quick transfer after the 

experiment. It has the disadvantage of using shorter microelectrodes which poses some 

practical difficulties in the SECM experiments. A special microelectrode holder to 

elongate the microelectrode for further electrochemical experiments seems feasible.  

Another possible route for future experiments is the investigation of catalytically relevant 

reactions and their potential dependent intermediates such as the electrooxidation of small 

organic molecules, such as methanol, ethanol or glucose. A suitable redox mediator is the 

key for the quantification of different adsorbates. It is rather unlikely to find a selective 

redox mediator that only reacts with specific adsorbates. However, the results in this study 

show that due to different reaction rates of the mediator with different adsorbates, a 

distinction is possible in the titration curves. The assignment of certain compounds to 

features in the titration curve is not possible with SI-SECM and needs complimentary 

techniques, such as spectroscopy. 

The transport of a small organic molecule inside the nanoporous network was investigated 

with SECM approach curves. In this method, a microelectrode is approached to a surface 

and the diffusion controlled current is measured at each distance from the surface. To 

avoid the regeneration of the redox mediator at the NPG and therefore a positive feedback, 

ascorbic acid was used as an aqueous irreversible redox mediator. It can be seen as a 

model for a small organic molecule. Close to a flat sample surface, the diffusion to the 

microelectrode tip is hindered due to the small distance between the sample surface and 

glass insulation of the microelectrode. During the approach to a porous surface, the mass 

transfer through the porous network adds another component to the diffusion from the 

sides. The current directly at the surface is increased according to the mass transfer 

characteristics of the porous medium. It could be shown that this technique gives 

reproducible results for different spots of a NPG sample and that the approach curves do 

not damage the NPG surface by indentation. Effective relative diffusion coefficients were 
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found for NPG of different morphology which are in agreement with their morphology 

as obtained by SEM. A curve-fit by a model that was recently developed for the 

evaluation of the thickness of a porous layer was applied. The curve shape of the 

experiment can be reproduced, however, the model only takes into account the porosity 

and layer thickness, but not the tortuosity. In the case of nanoporous gold, the porosity is 

determined by the ratio of elements in the starting alloy and the amount of residual Ag 

and varies only slightly for different dealloying procedures for the same starting alloy. 

The hindrance of mass transfer in this bicontinuous network of pores and ligaments 

cannot be explained without the consideration of tortuosity.  

The major limitation of this technique for the determination of relative effective diffusion 

coefficients so far is the uncertainty of the arrangement of the microelectrode to the 

porous surface at the end of the approach curve. The alignment can only be checked 

within the uncertainty range of the evaluation of an approach curve on a flat gold 

electrode. One cannot be sure of the exact distance of the microelectrode tip to the surface 

at the touching point of the microelectrode. To minimize this uncertainty the experiments 

on different NPG samples with different morphologies were conducted in the same cell 

with the same procedure of fixing the sample to the cell. In this way, the comparison 

between these samples is greatly enhanced compared to separated set-ups. 

To circumvent the uncertainty of sample to microelectrode geometry on different samples 

in future experiments, NPG of different morphologies could be prepared in-situ by 

coarsening. This can be achieved by either a thermal treatment of the NPG or by the 

application of a suitable potential program, possibly in the presence of halide ions. These 

experiments require a special cell design in which a temperature program can be applied 

or the NPG can be connected to an external circuit to apply potentials. To apply a 

potential, a stable electrical connection to a free standing nanoporous gold disk is 

necessary that can withstand the application of high potentials and acidic environments. 

A great help for future experiments would be the simulation of approach curves on NPG 

to evaluate the error margin of the experiments and to make a prognosis on the transport 

behavior for certain sample morphologies. First simulations could already show that a tilt 

of the microelectrode to the sample surface of 5° has no major influence on the resulting 

relative effective diffusion coefficients. 
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The amount and distribution of residual Ag were investigated with XPS. While the 

quantification of nonhomogeneous elemental distributions is complicated and resulting 

elemental concentrations have to be taken with care, the binding energy gives information 

about the local concentration of Ag in an Ag-Au alloy. A local composition of Ag atoms 

can be estimated by calibration of the binding energy with Ag-Au alloys of different 

element ratios. For NPG, prepared by three different dealloying procedures, a local 

composition of residual Ag of about 50 at.% was found, whereas in quantification from 

peak intensities, concentrations of 7 – 15 at.% were found. This finding supports the 

occurrence of silver-rich regions that were found by EDX mapping and Monte Carlo 

simulation.[46,22]  

The spectra of as-dealloyed NPG show two peak components which can be assigned to 

Ag(0) and Ag2O. NPG which was prepared by potentiostatic dealloying exhibits only low 

amounts of surface oxides, whereas a higher fraction of oxide was found for samples 

prepared by free corrosion. This is an indication of the harsh dealloying conditions in 

concentrated nitric acid. The performance of methanol electro-oxidation resulted in 

different extents of coarsening of the microstructures, depending on their initial ligament 

size and amount of residual Ag. The influence of these two parameters cannot be 

distinguished at the moment. All NPG samples show broad, less defined peaks after 

electrocatalysis which indicates a redistribution of Ag with a bigger variation of chemical 

environment compared to the silver-rich regions in the as-dealloyed NPG. The ratio of 

Ag(0) to Ag(I) shifts in favor of Ag(I) indicating a higher oxide coverage after 

electrocatalysis accompanied by higher local concentration of Ag(0) at the surface 

according to their EB.  

The residual amount of silver was further studied during the thermal annealing in the XPS 

analysis chamber. A temperature ramp was employed and spectra were measured at each 

adjusted temperature between RT and 300 °C. The as-dealloyed sample shows two Ag 

components that could be assigned to Ag(0) and AgO. The heating led to major changes 

in the peak shape as well as peak position starting already at a temperature of 40 °C with 

the shift of the Agox component to higher EB. The shift of the Agox component to higher 

EB indicates a gradual decomposition of AgO to Ag2O. Compared to the study of 

decomposition of thick oxide films, the temperatures found in this study are rather low. 

Reasons for this behavior might be very thin oxide layers and feature size of NPG. At 
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100 °C, a distinction between different components is not possible. However, the 

decrease of the peak width at an EB which can be assigned to Ag(0) suggests the 

disappearance of other oxidation states at higher temperatures. A rest gas analysis 

confirmed that the largest part of surface species were desorbed at 130 °C. During 

annealing, the quantification showed an increase in residual Ag concentration from 5.6 to 

12.5 at.% and EB shifts to lower values indicating a lower local concentration of Ag. From 

these results it can be concluded that a redistribution of Ag occurs during the thermal 

annealing. The Ag-rich islands dissolve and Ag segregates to the surface. The SEM 

analysis of the as-dealloyed and the annealed sample show major coarsening of the NPG. 

This process, which involves the surface diffusion of many atoms enables the 

redistribution of Ag inside the NPG. A simple model consisting of atomic layers 

containing Ag and Au atoms could show this major increase of Ag in the XPS analysis 

due to its distribution within the Au ligament.  

To realize a higher surface sensitivity in the XPS analysis, synchrotron radiation between 

234 eV and 684 eV was used. The measurement was performed at three different photon 

energies for each Ag and Au and the resulting information depths were between 1.4 nm 

and 1.9 nm which can be translated into 6 to 8 atomic layers from the surface. Samples 

with different amounts of residual Ag and different treatments (temperature and 

electrochemical cycling) were prepared and analyzed. The results show an enrichment of 

Ag within the first 1.4 nm of the samples that decreases almost linearly towards 1.9 nm 

depth. This behavior is almost independent of ligament size, residual Ag and treatment. 

An additional XPS analysis with Al Kα radiation showed a further decrease of χAg. This 

is in agreement with literature on segregation in Ag-Au alloys. 

The dependence of information depth on the kinetic energy of the photoelectrons is not 

linear and shows a minimum around 100 eV. To further lower the information depth at a 

material in future experiments, it might be possible to deposit a thin film of a foreign 

metal that does not overlap with Au or Ag in the XP spectra. By doing so, the information 

depth for NPG will be altered to lower values.  

Future experiments involving XPS could concern the investigation of adsorbates at the 

NPG surface. However, reaction intermediates of organic molecules are not easy to 

investigate since adsorbed water and adventitious carbon are also omnipresent at the 
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surface and C 1s and O 1s peaks are rather broad. The investigation of surface 

modification made by foreign metals to either increase the catalytic activity or to improve 

the stability of NPG could be investigated by XPS. The analysis of metals is generally 

easier than organic compounds on a background of carbon contaminations.  Here, it could 

be of interest to investigate the sample before and after an electrocatalytic reaction as was 

done for electro-oxidation of methanol in this work.  

Generally, a characterization of different morphologies of NPG with the 

above-mentioned techniques followed by a comparison of their performance in gas phase 

catalysis, liquid phase catalysis and electrocatalytic reactions would be of interest. It is 

especially of interest regarding the significance of Ag and oxides in the top layers of NPG 

for catalytic reactions. 
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9 Appendix 

9.1 Abbreviations 

A adsorbate  

AAS atomic absorption spectroscopy 

AE auxiliary electrode 

AES Auger electron spectroscopy 

BSE backscattered electrons 

CAE constant analyzer energy 

CLSM confocal laser scanning microscopy 

CV cyclic voltammetry, cyclic voltammogram 

DFT density functional theory 

EDL electrochemical double layer 

EDX energy dispersive x-ray spectroscopy 

ESCA electron spectroscopy for chemical analysis 

FWHM full width half maximum 

HR-TEM high resolution transmission electron microscopy 

ICP-OES inductively coupled plasma optical emission spectroscopy 

LSV linear sweep voltammetry, linear sweep voltammogram 

ME microelectrode 

NHE normal hydrogen electrode 

NPG nanoporous gold 

O oxidized form a redox mediator 

OCP open-circuit potential 

ORR oxygen reduction reaction 

R reduced form of a redox mediator 

RE reference electrode 

RGA residual gas analyzer 

RHE reversible hydrogen electrode 

SE secondary electrons 
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SECM scanning electrochemical microscopy, scanning electrochemical 

microscope 

SEM scanning electron microscopy 

SG/TC substrate-generation/tip-collection 

SI surface interrogation  

TEM transmission electron microscopy 

TG/SC tip-generation/substrate-collection 

TLD through-the-lens detector 

UPD underpotential deposition 

UPS ultraviolet photoelectron spectroscopy 

UV ultraviolet 

WE working electrode 

XPS X-ray photoelectron spectroscopy 

  

  

  

9.2 Symbols 

ins

Ti  
steady-state current of a microelectrode close to an insulating substrate 

cond

Ti  
steady-state current of a microelectrode close to a conducting substrate 

AECSA electrochemically active surface area 

Aint area obtained by integrating the gold oxide reduction peak in a CV 

Am mass specific AECSAr 

ASI area obtained by integration of a titration curve 

B layer thickness 

c* bulk concentration 

Cd electrical double layer capacitance of an electrode 

d distance 

D diffusion coefficient 

Deff effective diffusion coefficient 

Deff,rel relative effective diffusion coefficient 

E0 standard electrode potential 

E potential 
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EB binding energy 

Ekin kinetic energy 

Eλ switching potential 

F Faraday constant 

hc cavity depth of cavity microelectrode 

hv photon energy 

I intensity 

I current 

ibg background current of the titration experiment 

in current of a titration curve n at a specific potential 

ip steady-state current at the probe 

is steady-state current at the substrate 

iT steady-state current 

iT,∞ steady-state current in the bulk 

j total angular momentum quantum number 

K instrumental constant in XPS 

L normalized distance 

l orbital angular momentum quantum number 

L(γ) angular asymmetry factor 

LB bulk ligament size 

Leff actual path length of a diffusing molecule 

Ls surface ligament size 

Ls direct path length of a diffusing molecule in free solution 

n mole fraction 

n principal quantum number 

q/r valence electronic density 

Qox charge of one monolayer of oxygen on gold 

QSI charge calculated from the integration of a titration curve 

r radius 

Rg normalized microelectrode radius 

rs radius of the substrate microelectrode 

rT radius of the probe microelectrode 

s spin quantum number 
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SF sensitivity factor 

t time 

T temperature 

T(Ekin) transmission function of the spectrometer  

V lattice potential 

xAg fraction of Ag atoms 

z number of transferred electrons 

Z atomic number 

zphoto depth of escaping photoelectrons 

ΔER difference in extra- and intra-atomic relaxation energy 

ε porosity 

θ take-off angle of electrons 

θox oxide coverage 

κ-1 Debye length 

λ inelastic mean free path of electrons 

ν scan rate 

σ photo ionization cross-section 

τ tortuosity 

ϕ work function of the spectrometer 
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