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ABSTRACT 
 

The vast potential of cobalt and nickel nanocrystal composite 

glasses in terms of magnetic and optical application possibilities has 

generated a high scientific interest for the synthesis and study of these 

materials. As the composite properties are strongly dependent on the 

nanocrystal size homogeneity and the crystal structure, understanding 

the kinetics of nucleation and growth in dependence of system critical 

parameters is highly beneficial for material tailorability with regards to 

the specific applications. Therefore, the present cumulative thesis was 

designed to resolve the possibility for a controlled synthesis of Co and 

Ni nanocrystal populations with the focus held on the glass 

compositional influence on size and allotrope evolution. For the 

synthesis of Co and Ni nanocrystals within the glass matrices, a 

hydrogen gas-flow treatment was used, where a redox reaction 

between H2 and Ni2+ or Co2+ at temperatures ~ 1.1–1.3Tg induced the 

formation of a crystal containing reduced layer at the glass surface. 

The first investigation was performed in order of setting the 

basic methodology and identifying the accuracy of the most 

convenient direct visualization tool, transmission electron microscopy 

(TEM). Therefore, a comparison of 2-dimensional TEM and 3-

dimensional X-ray microscopy (XRM) was conducted for determining 

the depth-dependent Ni nanocrystal size distributions and nanocrystal 

number densities of a 4.8 mol% NiO containing borosilicate glass with 

crystal sizes above the XRM detection limit (~ 50 nm). A significantly 

higher statistical accuracy of XRM data was supposed due to the up 
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to 60 times larger sample volumes, allowing to use XRM results as a 

reference. While TEM and XRM nanocrystal size distributions were 

found to well agree, TEM crystal number densities and Ni volume 

fractions were revealed to be strongly overestimated with an extent 

increasing with decreasing distance to the glass surface. The incorrect 

glass volume assumption of the TEM wedge specimen, responsible 

for the erroneous crystal number densities, was corrected by the 

mathematical addition of the “inverse” wedge volume, which was 

demonstrated to significantly improve Ni volume fraction accuracy.  

Analyses of the influence of glass composition on the 

evolution of nanocrystal populations were performed for three ~ 0.4 

mol% NiO containing borosilicate glasses of different B-to-Si ratios. 

Therefore, depth-dependent crystal size distributions were determined 

using TEM montages of samples annealed in H2 for 35, 300 and 1080 

min at 1.1Tg. While the glass with a B-to-Si ratio of 0.092 exhibited 

narrow and homogeneous nanocrystal size distributions with depth 

and time, the two glasses of lower boron oxide content showed broad 

size distributions and increasing mean nanocrystal sizes with depth. 

The origin of this difference was explored using X-ray absorption 

spectroscopy (XAS) and superconducting quantum interference 

device (SQUID), where the results indicate deviations in the redox 

reaction efficiency. The observed accelerated formation of Ni metal 

species in the glass of higher boron oxide content is thereby 

suggested to govern a higher nucleation rate leading to a large 

number of small nanocrystals. This effect could be ascribed to partially 

reduced Ni2+ in the base glass due to a lower glass basicity, and to a 

higher glass transition temperature.  
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Time and temperature dependent Co allotrope formation was 

studied by X-ray diffraction (XRD) and TEM using two different glass 

compositions, a borosilicate- and an aluminosilicate glass with an 

amount of ~ 9.8 and ~ 1.7 mol% CoO, respectively. Thereby, the 

recently discovered metastable ε-Co allotrope was first time detected 

within glassy matrices and was found to persist above 500 °C, which 

is significantly above the usual ε-to-α-Co transformation at ~ 300 °C. 

Relative Co allotrope fractions with hydrogen treatment time, 

determined from Rietveld analyses, indicate that ε-Co is the allotrope 

first precipitating in both glasses and successively transforms into α- 

and β-Co. This finding agrees with the Ostwald-Volmer rule of stages, 

which states that the phase initially forming exhibits the lowest density 

change between the crystal and the surrounding medium. From the 

gradient of Co fraction evolution with lg(t), the cobalt transformation 

sequence is deduced to follow ε → α → β.  

To determine the so far unknown thermal expansion 

coefficient (CTE) of ɛ-Co, high-temperature XRD (HTXRD) analyses 

of the previously prepared borosilicate- and aluminosilicate glass 

samples were performed using °2θ peak shifts with temperature. 

While cobalt nanocrystals can freely expand above Tg due to the liquid 

character of the glass matrix, the strain induced to the as-formed 

crystals upon cooling was revealed by comparison to the CTE of the 

glasses derived from optical dilatometry. The strain correction of the 

lattice constants below Tg was performed via co-precipitated β-Co and 

a separately measured β-Co nanopowder of similar size, which were 

used as internal- and external reference, respectively. The thus 
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calculated CTE in the range of 298–873 K of ɛ-Co is slightly larger 

(10.1 ppm∙K-1) compared to that of β-Co (9.4 ppm∙K-1). 
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1 Introduction 
 

1.1 Cobalt and nickel metal nanocrystal composite 
glasses  

 
Composite materials comprise two or more materials that 

have different physical- or chemical characteristics, thus exhibiting 

superior or even new properties compared to the single material, such 

as reinforced concrete, composite wood or the well-known glass fiber 

reinforced plastics and carbon fiber reinforced polymers [1, 2]. 

Especially glass containing composites find use in a variety of 

applications [3]. Although the material class of “metal nanocluster 

composite glasses” (MNCG) is a rather new one [4], the production of 

nanocrystals embedded in a glass matrix has already been “invented” 

in the fourth century. Thereby, noble metal ions such as gold were 

reduced by means of an ion-pair redox reaction using stannic cations 

as a reducing agent [5]. At that time, the so-called “gold ruby glass”, 

besides glasses containing silver- and copper nanocrystals, were only 

produced for decorative applications [5–8]. The distinctive coloration 

of the nanocrystal bearing glasses, such as ruby red for Au or yellow 

for Ag, arises due to an energy absorption by the nanocrystal valence 

electrons at the resonant frequency [5, 9, 10]. The resulting oscillation 

of the electron cloud, called “surface plasmon resonance” (SPR), is 

only observed at a metal-dielectric interface [11, 12]. Along with the 

understanding of this effect came new application possibilities of 

MNCG such as optical switches, biosensors and single electron 

transistors [4, 13, 14]. With the advancement of transition metal 
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introduction like Co and Ni, MNCG gained increasing interest 

attributed to the outstanding magnetic and catalytic properties of the 

nanocrystals [15–18]. While transition metals rapidly oxidize in air, 

embedded in a matrix material like glass, they are protected against 

oxygen corrosion. Furthermore, small nanocrystals are highly 

unstable under ambient conditions as they suffer from agglomeration 

without utilization of a sufficient capping agent [18, 19]. For medical 

applications like magnetic resonance imaging, nanometer sized 

superparamagnetic transition metals are well suited but also highly 

toxic. Again, encapsulation within a stabilizing silica matrix was 

demonstrated to be successful [17, 20]. Therefore, nanocrystals of Co 

and Ni within a glassy matrix are promising candidates for several next 

generation technologies like new magnetic data storage devices, 

optoelectronic devices, or magnetic resonance contrast media [11, 13, 

17, 20]. 
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1.2 Synthesis of MNCG - The gas-flow treatment 
 

In order to obtain nanocrystal formation within the glass 

volume, the preparation of MNCG is almost exclusively performed via 

redox reactions. Noble metal ion reduction in glasses can easily be 

achieved by the oxidation of other metal ions in the melt, exhibiting a 

lower oxidation potential, like Sn2+  Sn4+, Sb3+  Sb5+ or Fe2+  Fe3+ 

[5, 6, 8, 21]. Furthermore, noble metal cluster formation was reported 

to be attainable simply by thermal treatment [5, 22]. In contrast, 

transition metal nanocrystals cannot be synthesized by the oxidation 

of metal ions due to their high oxidation potential [6]. Also, a reduction 

of iron ions using carbon monoxide as reducing agent was reported 

as unsuccessful [23]. To achieve the formation of transition metal 

nanocrystals, more advanced techniques, like laser irradiation, ion 

irradiation or thermal annealing in a controlled atmosphere, are 

necessary [24]. Using ion irradiation, the metal nanocrystals are either 

introduced via ion implantation and subsequent formation of clusters, 

or via ion beam induced nucleation of metal-doped glasses [4]. 

Drawbacks of the ion implantation method are an inhomogeneous 

distribution of the elements within the implanted surface volume and 

the thus resulting different size distributions. Therefore, an effective 

control over the cluster growth is not given [24, 25]. Besides the 

expensive high voltage ion production, the cluster stability is critically 

dependent on the glass structure [4]. On the other hand, metal doping 

of glasses by ion-exchange reactions provide high dopant 

concentrations and good size homogeneities, which is controlled by 

precise ion- or laser irradiation [24].  
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A further possibility of a controlled nucleation and growth is 

the thermal treatment in a reducing atmosphere like hydrogen. The 

thermal annealing in H2 atmosphere, here referred to as “hydrogen 

gas-flow treatment”, has successfully been utilized for many different 

metal oxides [26–29]. The hydrogen molecules effectively permeate 

through the glass structure at elevated temperatures and reduce the 

doped metal oxides up to a certain depth. The hydrogen gas-flow 

treatment can be used for the nucleation and growth of metal 

nanocrystals in a single treatment step, which provides an easy and 

cost-efficient production of MNCG on a large scale.  

While the hydrogen gas-flow treatment was shown to work 

well for all metal incorporation techniques, the drawbacks of surface 

doping such as ion-exchange reactions are evident, as the 

concentration with depths always exhibits a gradient and the 

accessible depths are limited. For a homogeneous and easy to control 

preparation of MNCG, classical glass synthesis techniques are 

desirable [30, 31]. Therefore, the target metal species can be 

introduced to the powder mixture in the form of a metal oxide before 

batch glass melting. While it was assumed, that the final transition 

metal concentration is strongly limited [30], high concentrations (20–

26 wt% NiO) were successfully incorporated into different silicate 

glasses [32].  
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1.3 The need for tailoring material properties 
 

The properties of metal nanocrystal composite glasses 

strongly depend on both, mean crystal size and crystal structure. For 

example, the wavelength of surface plasmon resonance absorption 

increases with decreasing crystal size below a certain threshold [14, 

33]. Besides the optical properties, also the magnetic properties of the 

metal nanocrystals are sensitive to size variation. Due to the high 

demand of even greater storage capacity on decreasing medium size, 

high number density nanocrystal composites shift more and more to 

the focus of attention concerning magnetic storage devices. On the 

other hand, superparamagnetic nanocrystals absorb much more 

power in alternating current and are therefore in great demand for 

several health applications, such as the destruction of tumor tissues 

via hyperthermia [17]. However, there is a lower size minimum, below 

which the ferromagnetic properties transform to superparamagnetic, 

which is unsuitable for storage devices. Therefore, high number 

densities and a narrow size distribution with a precise control over 

mean crystal size is desired.  

Yet, studies concerning the crystal size distribution with 

varying synthesis parameters are rare. For example, in hydrogen gas-

flow treatment derived Ag-MNCG, the sample crystal size distributions 

were studied as a function of time and treatment temperature [12, 34]. 

Other studies only report on the mean crystal size variation 

determined by transmission electron microscopy (TEM) or calculated 

as an approximation from magnetic measurements [30, 35, 36]. 
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A description of one mean crystal sizes or one size distribution 

over the whole sample can lead to highly erroneous conclusion due to 

the often reported strong variations in nanocrystal size with increasing 

distance from the sample surface [25, 28, 30, 33]. Therefore, the size 

distribution close to the sample surface can be rather narrow with a 

small mean crystal size, while the size distribution farther away from 

the surface can shift strongly towards larger mean sizes. However, a 

detailed study on the depth dependence of the size distributions is still 

lacking. 

In the case of Cu and Ag, a periodic precipitation, i.e., a 

distribution of the crystals in planes parallel to the surface, called 

“Liesegang-like layer evolution” was found [28, 37, 38]. A simulation-

based approach for studying the mechanism of the Liesegang-like 

layer evolution versus continuous distribution was conducted by 

Redkov et al. (2013), who also reported an increase of crystal size 

with depth for both formation modes [37]. So far, no Liesegang-like 

layers were reported for transition metal nanocrystal formation in 

glasses.  

While all studies appear to be in agreement about the origin 

of this depth-dependent size inhomogeneity, no attempts have been 

conducted in order to derive a homogeneous crystal size distribution.  

Another important parameter of the final composite properties 

is the metal crystal structure, especially with regards to the magnetic 

applicability. For example, the so-called magnetocrystalline anisotropy 

is proportional to the magnetic coercivity, which is a critical parameter 

for hard- and soft magnetic applications [39]. With targeted variation 

of the magnetocrystalline structure by incorporation of doping 
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elements, it was possible to tailor the final magnetic properties [40]. 

Yet, great differences in magnetic properties can even be observed 

for metal allotropes along with the changes of the metal crystal 

structure, such as in the case of Co [41]. The final MNCG properties 

can thus critically depend on the precipitated metal allotrope and 

therefore, a targeted formation of a specific crystal structure seems 

desirable. However, a research on the parameters of allotrope 

formation in glassy matrices and the resulting stability fields has not 

yet been conducted. 
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1.4 Objectives for this thesis 
 

In order of being capable to produce Ni- or Co- MNCG for 

specific applications, tailoring of crystal populations, i.e., crystal size 

distributions and crystal number densities, as well as the crystal 

structure is crucial. In this sense, the aim of the present study is to 

shed some light on possible means of controlled crystal nucleation and 

growth with distance to the sample surface. 

Therefore, a precise control over crystal size distribution is 

aimed by utilizing classical glass synthesis technique as described in 

chapter 1.2, i.e., via introduction of the target metal oxide to the batch 

to derive a homogeneous distribution of the metal species in the glass 

matrix. Due to the promising results of thermal annealing in reducing 

atmosphere for a large variety of different metal oxides and in terms 

of the easy to control single step treatment, the hydrogen gas-flow 

treatment was selected as the method of choice for the present thesis. 

For a possible tailoring of crystal populations with distance to 

the surface, first a possible means of crystal analyzation needs to be 

set. Therefore, the focus was placed on direct visualization of the 

crystals via microscopic methods, that have the advantage of quasi 

assumption- or model free results, as the size is directly determined 

from the micrograph. The main question to solve was the statistical 

significance of counted crystals with corresponding sizes as well as 

the accordance of crystal number densities when lacking the depth 

information of 2-dimensional data in comparison to 3-dimensional 

data. 
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While classical tempering parameters, such as temperature, 

time and hydrogen partial pressure were excessively explored in the 

past [30, 33, 42, 43], showing no positive amendment towards 

homogeneous crystal size distributions, studies on the impact of glass 

composition are rare. A first hint of the importance of the mixture of 

glass ingredients was described by Bastress [26], who showed the 

strong dependence of glass composition on the onset temperature of 

nanocrystal formation. Especially glass basicity in terms of boron 

oxide addition triggered significant changes in the reduction onset 

temperature of Bi2O3, Sb2O3 and PbO in sodium-disilicate glasses, 

that showed a maximum that was not possible to explain by mere 

increase of glass transition temperature (Tg) with increasing glass 

polymerization [26]. Furthermore, the oxidation states of different 

metal ions like Fe or Mn were shown to shift to higher states with 

increasing glass basicity. In specific, transition metals often exhibit 

different oxidation states dependent on the glass composition [44, 45]. 

As the formation of metal species was suggested to be the rate limiting 

factor of the crystal formation at lower temperatures [31], an increase 

of the redox rate can be assumed to lead to higher metal 

concentrations and thus to a higher nucleation rate. Therefore, one 

goal within this thesis was the research of the effect of glass basicity 

on the homogeneity of crystal size distribution with distance to the 

sample surface. 

In addition to crystal size, the tailorability of crystal structure 

for enhanced magnetic performance is of high interest and was 

therefore targeted in this thesis. The magnetic properties of cobalt 

strongly depend on the crystal structure, i.e., α-, β- and ε-Co [41], 
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which is desirable to control for potential applications in new materials. 

According to the Ostwald rule of stages, the least stable crystal 

structure is the first crystallizing from a melt, which is due to the 

corresponding proximity in free energy of crystal and melt [46, 47]. As 

ε-Co exhibits the highest free energy of all allotropes [48], it can be 

assumed that the initial crystal formation in the glass matrix prefers 

the metastable ε-Co phase. Furthermore, nanocrystals in non-

equilibrium state can be stabilized when embedded within a matrix [49, 

50]. Studies of this effect show that the formation of a metastable 

phase is the product of competition between driving force and 

interfacial free energy. The interfacial free energy between glass and 

metastable crystal is significantly lower compared to a stable crystal 

[51]. This resembles that the high energy state of the glass matrix 

facilitates the persistence of the least stable crystal phase at ambient 

and elevated temperatures. In order to verify this hypothesis, the aim 

of this thesis was a time-temperature study of two different glass 

compositions to derive the stability fields of Co allotropes with regards 

to the formation kinetics. 

As possible applications may also involve the coefficient of 

thermal expansion (CTE) of the specific Co allotropes, identifying the 

still unknown expansion of ε-Co was deemed a valuable addition to 

this work. As glasses exhibit liquid behavior above the transition 

temperature, it is assumed that a crystal within a glassy matrix can 

“freely” expand above Tg due to the displacement of the glass 

molecules. On the other hand, the thermal expansion of Co crystals in 

a glassy matrix needs to be impeded upon heating below Tg if 

CTE(Co) is greater than CTE(glass) or needs to be stressed below Tg 
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if CTE(Co) is less than CTE(glass). To qualify this assumption, the last 

objective of this thesis was to determine the lattice constants of β-and 

ε-Co crystals with temperature in two glass matrices. 
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2 Theoretical basics and state of research  
 

2.1 Tarnishing model 
 

The so-called “tarnishing reactions” were originally described 

as a general term for the formation of a product layer by the reaction 

between a solid surface and either a gas, or a liquid [52]. The growth 

of this diffusion controlled product layer or “film of tarnish” (Fig. 2-1) 

was mathematically described to follow a square root of time behavior 

[53]. 

 

 
Fig. 2-1: Depiction of the tarnishing reaction between a solid and a gas or 

liquid. The gas or liquid diffuses into the solid forming a product layer or “film 

of tarnish”. 
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The first attempts to reduce metal ion containing glasses using 

hydrogen gas-flow treatment were reported in the mid-20th century by 

Bastress, who recognized a grey coloration of the glass surface for 

borosilicate glasses containing Sb2O3, PbO, Bi2O3 or Ag2O [26]. Later, 

Hensler applied hydrogen for two patents concerning surface 

reduction of silver containing glasses [54, 55]. The hydrogen reduction 

process of glasses was then mathematically first described by Barton 

and Morain in 1970, who originally intended to quantify hydrogen 

diffusion in different silicate glasses by optical determination of the 

layer thickness. Therefore, they applied 50–700 ppm of Ag in silicate 

glasses for different treatment times, temperatures and hydrogen 

partial pressures [56]. They described the hydrogen permeation to 

follow the function 

 

𝐾𝐾𝐻𝐻2 =   
𝑑𝑑𝑙𝑙
2 ∙ 𝐶𝐶𝐴𝐴𝐴𝐴+

4 ∙ 𝑝𝑝𝐻𝐻2  ∙ 𝑡𝑡
       2-1 

 

where dl is the thickness of the reduced layer, 𝐶𝐶𝐴𝐴𝐴𝐴+ is the concentration 

of silver ions and 𝑝𝑝𝐻𝐻2 and t are hydrogen partial pressure and time, 

respectively. In the following years, many studies utilizing hydrogen 

gas were conducted for glasses containing different metal oxides [12, 

23, 25, 57]. Thereby, the tarnishing model was used to gain insights 

to the reaction kinetics by determining the impacts on the evolution of 

layer thickness dl by variation of different parameters. Several gas-

flow reactions were described to be consistent with the tarnishing 

model [28, 31, 33, 58, 59]. 
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The tarnishing model describes the reaction to be mainly 

dependent on hydrogen permeability, that itself is a function of 

temperature T. However, already in 1982, Shelby and Vitko showed, 

that the activation energy for H2 permeation in iron containing soda-

lime-silicate glasses was greater than anticipated [43]. They argued 

that the H2 permeability coefficients of Barton and Morain (1970) were 

considerably greater than those they obtained. Also, Tuzzolo et al. 

reported, that there was no linear relationship observable between the 

layer formation and t or t1/2 for glasses containing As and Sb [29]. 

Finally, nucleation and growth of the metal nanocrystals during 

tarnishing was described to be the product of a multi-step process 

rather than the simple dependence predicted by the tarnishing model 

[60]. They suggested 4 reaction steps, i.e., 1) hydrogen diffusion into 

the glass, 2) redox reaction between hydrogen and the metal species, 

3) diffusion of the metal atoms and 4) the subsequent growth of the 

metal nuclei.  
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2.2 Hydrogen permeation 
 

Hydrogen permeability increases with the total amount of 

network former, as it is impeded by network modifying ions. 

Additionally, it was hypothesized that the polarizability of the non-

bridging oxygen that decreases with the amount of small highly 

charged ions like Mg2+, has an impact on hydrogen mobility. It was 

suggested that the higher the polarizability, the higher the hydrogen 

permeation [56]. Yet, the true origins of hydrogen impedance is still an 

ongoing discussion [61]. The H2 permeation into the glass sample is 

defined as 

 

𝐾𝐾𝐻𝐻2 =  𝐷𝐷𝐻𝐻2  ∙  𝑆𝑆𝐻𝐻2         2-2 

 

where 𝐷𝐷𝐻𝐻2 is the hydrogen diffusion constant (m2∙s-1) and 𝑆𝑆𝐻𝐻2 is 

hydrogen solubility (mol∙m-3∙Pa-1) [62]. The hydrogen diffusion was 

suggested to be the rate determining step as the same surface 

tarnishing was not derived using carbon monooxide, which exhibits 

comparable reducing ability [23]. The theoretical model of hydrogen 

diffusion into a glass containing “immobile traps”, i.e., ionic metal 

species that immobilize the H2 molecules is given in Fig. 2-2 [23]. The 

total hydrogen concentration Ct is thereby the sum of the 

concentration of molecular hydrogen Cm (mol∙l-1) and the 

concentration of trapped H2 Cg (mol∙l-1). The concentration of 

molecular H2 can be calculated as Cm = 𝑆𝑆𝐻𝐻2 ∙ 𝑝𝑝𝐻𝐻2, where Cg for practical 

reasons is assumed to exhibit a sharp boundary, while Cm, or the 
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amount of dissolved hydrogen in the glass matrix, shows a non-linear 

decrease with depth. 

 

 
Fig. 2-2: Hydrogen concentration versus depth for diffusion into the glass 

sample (adopted from [23]). 

 

The tarnishing model assumes that a reaction front in the form 

of diffusing hydrogen moves parallel to the glass surface, forming a 

sharp interface, i.e., the tarnishing layer, which can be determined by 

the concentration of trapped hydrogen Cg [42]. The concentration 

gradient between surface and bulk glass of molecular hydrogen Cm 

follows Fick´s second law (Fig. 2-3). In early stages of the reaction, 
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hydrogen exhibits time dependent non-steady-state diffusion (t1 and 

t2), where the slope decreases with t, eventually leading to steady-

state diffusion (t3) as described by Fick´s first law [42, 63]. 

 

 
Fig. 2-3: Evolution of non-steady-state diffusion (t1 and t2) of H2 to steady-state 

diffusion (t3) from the sample surface with hydrogen saturation concentration 

Csat into the sample with maximum distance dl. 
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2.3 Hydrogen redox reaction 
 

For the tarnishing reactions between hydrogen gas and a 

metal oxide in a glassy matrix, hydrogen is the reducing agent that is 

itself oxidized to H+. The proton is assumed to form hydroxyl (–OH) by 

depolymerizing the silica network [28]. The redox reaction between 

hydrogen and the metallic species Mx+, i.e., Ni2+ and Co2+ in this work, 

was assumed to have the form [31]  

 

2𝑆𝑆𝑆𝑆 − 𝑂𝑂− + 𝐻𝐻2 + 𝑀𝑀2+↔ 2𝑆𝑆𝑆𝑆 − 𝑂𝑂𝐻𝐻 + 𝑀𝑀0    2-2 

 

The velocity of hydroxyl formation in vitreous silica was described to 

be very fast compared to hydrogen diffusion [42]. Yet, the velocity of 

redox reaction between Co2+ and H2 was argued to be rather slow, as 

–OH formation showed a very similar rate to that of tarnishing layer 

evolution [31]. To gain an impression of the redox reaction velocity one 

hint can be obtained by the magnitude of the redox potential E that is 

described by the Nernst equation for non-equilibrium conditions 

 

𝐸𝐸 =  𝐸𝐸° −  2.303 ∙ 𝑅𝑅 ∙ 𝑇𝑇
𝑛𝑛 ∙𝐹𝐹

 ∙ lg(𝑄𝑄)      2-3 

 

where 𝐸𝐸° is the standard electron potential (mV), R is the ideal gas 

constant (J∙mol-1∙K-1) and T is temperature (K). The parameters n and 

F are the number of exchanged electrons and the Faraday constant 

(C∙mol-1), respectively. The reaction quotient Q can be calculated via 

the concentrations of the products and the reactants 
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𝑄𝑄 =  [𝑀𝑀][𝐻𝐻+]2

[𝑀𝑀2+][𝐻𝐻2]
       2-4 

 

For a redox reaction to proceed spontaneously, E needs to be positive. 

If Q < 1, lg(Q) becomes negative and therefore E is positive. For Q > 

1, 𝐸𝐸° needs to be larger than the term subtracted so that E becomes 

positive. Looking at Eq. 2-4, it becomes obvious that Q < 1 at the 

beginning of the reaction. Additionally, according the Le Chatelier rule, 

a higher concentration of metal ions has a higher tendency to reduce 

to metal [64]. 

Furthermore, the redox reaction velocity is dependent on the 

oxidation state of the ionic species. Tuzzolo et al. reported a higher 

rate of layer formation for antimony doped glasses compared to 

arsenic doped glasses. Given the higher ratio of Sb3+ to Sb5+ for 

antimony, this effect may well be explainable [29]. 
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2.4 Diffusion of metal species 
 

The diffusion of the metallic species Mx+ is much slower 

compared to hydrogen. This has been discussed by Barton and 

Morain who reported that the activation energy of hydrogen 

permeation is about 10 kcal lower than that of Ag+ diffusion [56]. Yet, 

the low mobility of Mx+ cannot be ignored for the tarnishing reactions. 

Along with the reduction of Mx+, a concentration gradient between the 

reduced layer and the bulk glass arises, leading to a metal ion 

migration towards the surface [12, 27]. For silver reduction, the surface 

migration of Ag+ was suggested to occur as an ion exchange process 

with the exchange partner Na+ [12]. Additionally, the resulting mean 

crystal size was found to be dependent on the mobility of the ionic 

species that in turn is strongly dependent on ion size [33].  

Other than metal ions, atomic metal species M0 are described 

to exhibit a significantly greater mobility, as they are not bound to the 

glass matrix [31]. Therefore, the diffusion of M0 was argued to be faster 

than that of hydrogen and thus can be neglected for the tarnishing 

reaction [33]. On the other hand, metal atom diffusion was suggested 

to be a critical parameter for the rate of darkening [34, 37, 60]. Tuzzolo 

and Shelby argued their hypothesis by an induction period or later 

called lag-time, necessary for the crystals to agglomerate, that 

becomes evident from the linear function of layer thickness with t1/2 

that is often reported to not pass through the origin [30, 31]. 

Additionally, the crystal size distribution was shown to be dependent 

on the diffusion constant of Ag, as determined by computer 

simulations [37]. Even though M0 diffusion rates were not 
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experimentally quantified so far, they were suggested to be 

comparable to the rates of redox reaction, as the hydroxyl formation 

rate was found to increase proportional to the layer evolution and 

magnetism [31].  
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2.5 Crystal size distribution 
 

Metal crystals precipitated as a result of the tarnishing reaction 

using hydrogen gas were found to be in the nm size range. For 

example, silver cluster formation in soda-lime glasses showed a size 

range of ~ 2–10 nm [12] and the reduction of Ni+ implanted amorphous 

silica layers lead to the formation of 2–6.5 nm crystals [27]. However, 

mean crystal size was found to increase with increasing temperature 

and metal species concentration 𝐶𝐶𝑀𝑀𝑥𝑥+ [28, 30]. 

In addition, most studies report an increasing mean crystal 

size with increasing distance from the glass surface. This effect was 

suggested to be due to a supersaturation gradient induced by the 

proceeding of the reaction front. The supersaturation decreases with 

increasing depth, therefore leading to a decrease in nucleation rate 

and a concurrent increase of the mean crystal size [25, 28, 30, 33]. 

Conversely, a reverse behavior of decreasing crystal size with 

increasing depth was reported for silver precipitation in soda-lime 

glasses [65]. Besides supersaturation, also ripening was noted as a 

possible origin for the mean crystal size increase with depth. Yet, the 

results of magnetic coercivity analyses indicate, if at all, a minor 

contribution of ripening to the size distribution. On the contrary, 

crystals appeared very stable and hardly showed changes in size 

during further annealing of the glass samples [30].  

A further effect of depth reported in the literature is a band like 

patterning of Cu and Ag crystals parallel to the glass surface, called 

“Liesegang-like” layers [28, 37]. The distance of the crystal containing 
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bands was thereby found to be a function of metal concentration and 

metal diffusion coefficient [37].  

A homogeneous size distribution throughout the whole 

sample has only been reported for high energy (30 and 160 keV) Ni+ 

implanted amorphous silica layers of 315 nm thickness [27]. 
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2.6 Material properties 
 

2.6.1 Crystal structure of Ni and Co 
 

Pure nickel in general crystallizes in the cubic crystal system 

with a face centered cubic (fcc) structure (Fm3�m), where the lattice 

parameters are a = b = c = 3.52 Å [66–70]. A few studies report of an 

additional hexagonal close packed (hcp) structure of Ni synthesized 

under special conditions, such as Ni-graphene nanocomposites 

prepared by wet chemistry methods [71]. The lattice parameters for 

hcp Ni were reported to be a = b = 2.651 Å and c = 4.343 Å [71]. The 

isotropic thermal expansion coefficient of Ni is 13.8 ppm∙K-1 [69]. 

Cobalt crystals are known to have two stable crystal 

structures, hexagonal close packed α-Co (P63/mmc) and face 

centered cubic β-Co (Fm3�m) [48, 72]. The martensitic fcc to hcp 

transformation temperature varies from 420 to 450 °C [48, 72, 73]. 

However, due to a low activation energy of stacking fault formation, 

both allotropes can coexist in the low temperature region [48, 74]. The 

lattice parameters are a = b = c = 3.54 Å and a = b = 2.51 Å and c = 

4.07 Å for fcc and hcp, respectively [74]. Recently, a new Co allotrope 

has been observed, showing a primitive cubic crystal structure (P4132) 

with a = b = c = 6.097 Å and 20 atoms per unit cell [48]. The new 

allotrope, denominated as ε-Co, was first synthesized by an 

organometallic route using tri-n-octylphosphine oxide (TOPO) that 

prevents Co from agglomeration [48]. TOPO is also discussed to alter 

the growth rates of selective faces thus inducing the ε-Co formation 

[75]. ε-Co is metastable for at least a few months at room temperature, 
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yet irreversibly transforms to α-Co when annealed at 300 °C and to β-

Co at 500 °C [75]. The isotropic thermal expansion coefficient of bulk 

β-Co is reported as 34.7 ppm∙K-1 and for hcp Co it is 37.2 ppm∙K-1 [76, 

77]. So far, no analysis of the thermal expansion of ε-Co has been 

conducted. 
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2.6.2 UV-Vis optical properties of Ni and Co in glasses 
 

The optical response in a spectroscopic analysis of Ni- and 

Co- ions in the glass structure is very similar in the ultraviolet and the 

visible region. Both, Ni2+ and Co2+ in glasses exhibit a high 

transmission in the ultraviolet range and an absorption that almost 

extends over the whole visible spectrum containing three 

distinguishable maxima at ~ 520, ~ 590 and ~ 640 nm, which result 

from a superposition of several absorption bands [78–80]. The 

trivalent Co or Ni ions were early reported to be not stable within the 

temperature range common for glass melting. However, recent 

studies showed that trivalent cobalt- and nickel ions can be obtained 

in glasses of very high optical basicity [80], where several absorption 

bands are present in the region of 200–700 nm. Basically, both 

transition metal ions show two color centers, one arising by a 4-fold 

coordination and one by a 6-fold coordination where the resulting color 

of the glass is strongly influenced by the relative intensities of the 

absorption bands. Glasses containing Co2+ show a large color variety 

from pink, red and blue to green. The most famous cobalt color 

however is blue, which has already been used in the T´ang dynasty 

(A.D. 618-906) by Chinese artists for decorative application on pottery 

wares. This is due to the strong coloration of 4-fold coordinated Co 

ions, where already fairly small amounts are enough to mask the pink 

color exerted by the 6-fold coordinated Co2+. However, for extreme 

glass compositions such as borates or phosphates, the 4-fold 

coordination is absent and the glass will appear pink. On the other 

hand, Ni2+ containing glasses appear mainly brown, yet in certain 
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cases a pink or yellow coloration is received. The origin of the 

evolution of the two color centers is described by the ionic potential of 

the alkali ions accompanying the transition metal ion in the glass 

matrix. While K+ has a low field strength compared to Li+, it is not able 

to “pull” the oxygen ions from Co2+ or Ni2+, thus, the transition metal 

ion can be in the desired 4-fold state. Conversely, Li+ has a high field 

strength, therefore being a strong competitor for the oxygen ions. In 

the case of Ni2+, potassium containing glasses give rise to a purple 

color, while lithium containing glasses exhibit a yellow color. Sodium 

containing glasses as well as mixtures of potassium and lithium result 

in a brown colored glass [79]. However, recent studies indicate a wider 

variety of ion speciation, where the coordination of Ni2+ in glasses can 

be four, five, six or eight, as well as many different transition 

coordinations [32, 81, 82]. Similarly, for Co2+ a pseudo-tetrahedral 

coordination is reported [81]. 

Glasses containing neutral transition metals exhibit an optical 

effect which is known as the surface plasmon resonance (SPR). As 

the metal atoms tend to agglomerate in the glass matrix, the valence 

electrons of the nanocrystals start to collectively oscillate at the 

respective resonance frequency of the metal (Fig. 2-4), causing a 

strong absorption band [5, 9, 10]. This effect caused at the metal-

dielectric interface is sensitive to the size, shape and topology of the 

metal nanocrystals [83]. While the SPR of noble metals causes a 

sharp absorption band in the visible region, the transition metal 

nanocrystals of Ni and Co exhibit a rather broad SPR band in the 

ultraviolet region [14]. For Ni nanocrystals in silicate glasses, two SPR 

bands around 3.3 eV (376 nm) and 6 eV (206 nm) were reported, that 
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show a blue-shift and damping with decreasing crystal size [14, 18, 

84]. For Co nanocrystals in silicate glasses, one SPR band was 

reported around 3.6 eV (344 nm) [25].  

 

 
Fig. 2-4: Schematic representation of surface plasmon resonance at the 

resonant frequency. 
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2.6.3 Magnetic properties of Ni and Co 
 

The bulk transition metals Ni and Co are ferromagnetic, thus 

showing a non-linear response to an external magnetic field (H) (Fig. 

2-5). The magnetization (M), i.e., the electron spin orientation along 

the magnetic field, reaches a material dependent saturation 

magnetization (MS). When the external magnetic field is removed, 

ferromagnetic materials show a residual magnetization, called 

remanence magnetization (MR). The intersection point of the 

hysteresis curve where magnetization is zero is called the magnetic 

coercivity (HC) that gives information on the ability of the metal to 

withstand the applied magnetic field [85]. The aforementioned 

magnetic indicators are greatly influenced by magnetocrystalline 

anisotropy (K), which relates the necessary magnetization energy to 

crystal symmetry. Hard- or permanent magnets as used for magnetic 

recording and memory devices in principle have a high magnetic 

anisotropy and are characterized by large MR and HC (Fig. 2-5A) [40, 

86, 87]. Soft magnets on the other hand have a low magnetic 

anisotropy and need a high saturation magnetization and low MR and 

HC (Fig. 2-5B), as they serve in transformers, inductors and electrical 

machines for power conversion at high frequencies [39]. A rather 

special kind of magnetic property of ferromagnetic materials is the so-

called superparamagnetism that is only found for small crystals below 

a critical radius (rC). Superparamagnetic materials show non-

interacting magnetic moments that turn faster as the measurement 

time, thus showing apparent magnetization curves similar to 

paramagnets (Fig. 2-5C). This effect is due to rC being smaller than 
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the single domain size, in which all spins point to the same direction 

(Fig. 2-6). Therefore, the crystals have zero magnetic anisotropy like 

paramagnetic materials, but at the same time exhibit a large magnetic 

moment [19, 88]. Superparamagnetic metals are used as ferrofluids, 

as contrast agents for magnetic resonance imaging or for target drug 

delivery [17, 19]. 

The three Co-allotropes show different magnetic behavior. 

While α-Co has a high magnetic anisotropic coercivity and therefore 

shows hard magnetic properties, β- and ε-Co are soft magnets, due to 

symmetrical low coercivity. Simulations indicate that ε-Co has the 

highest atomic spin density value of all Co allotropes, which makes it 

an interesting material for magnetic storage or catalytic application 

[41]. The critical size of superparamagnetism of Co is reported to be 

around 12 nm [89], while for Ni it was calculated as 21.2 nm by 

magnetic domain theory [90, 91]. 

 

 
Fig. 2-5: Magnetization of ferromagnetic metals like Ni and Co; A: hard 

magnetic; B: soft magnetic; C: superparamagnetic. 
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Fig. 2-6: Scheme of the dependence of magnetic coercivity HC on the size of 

the nanocrystals.  
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3 Publication overview 
 

The overall target of this study was to analyze the kinetics of 

hydrogen induced Ni- and Co- nanocrystal formation in glasses with 

regards to population- and structure evolution, in order of getting 

closer towards reaching an overarching knowledge for complete 

MNCG material tailoring. Therefore, the study comprises a 

methodological analysis of microscopy data, an analysis of crystal 

population dependence on glass composition, a research on the 

stability fields of Co allotropes on T, t and glass composition, as well 

as the determination of the thermal expansion of ε-Co. 

In order of being capable to give a representative statement 

on the impact of glass composition on crystal populations with depth, 

first a study on the reliability of the results on crystal number density 

and crystal size distribution of 2-dimensional TEM method was 

performed (chapter 4). Therefore, a comparison to the results of 3-

dimensional X-ray microscopy (XRM) method, exhibiting superior 

statistical significance, was conducted. While XRM is a promising 

method for a detailed study on crystal populations of larger scale, it 

cannot be utilized for nanocrystals below the detection limit of 

approximately 50 nm. The results of this study therefore were an 

important prerequisite for the following study of Ni nanocrystals (mean 

size ~ 40–91 nm). TEM method was hence utilized to research the 

depth-dependent Ni crystal size distributions for three borosilicate 

glasses (chapter 5), where small changes have been introduced to the 

glass compositions in order to adjust glass basicity. The results 

showed the positive effect of a lower basicity on a homogeneous 
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formation of Ni nanocrystals with distance to the sample surface. A 

further study on the glass compositional impact on the formation of 

different Co allotropes has been conducted. Therefore, a detailed 

comparison of the Co crystal formation with t and T within two glass 

systems, a borosilicate glass and an aluminosilicate glass yielded 

time-temperature “stability” fields of the α-, β- and ε-Co phases. 

Together with the kinetic analysis of precipitation and transformation, 

the stability fields are valuable for a future targeted formation of Co 

allotropes (chapter 6). Due to the thus explored possibility of stabilizing 

ε-Co nanocrystals in both glass matrices > 500 °C, which is 

significantly above ε- to β-Co transformation temperature (300 °C), the 

so far unknown thermal expansion coefficient of ε-Co could be 

determined. Utilizing β-Co both, as an external and internal reference, 

the strain induced by the glass matrix could be corrected for (chapter 

7). 

 

 

 

 

 

 

 

 

 

 

 



Publication overview 
 

39 
 

3.1 Publication 1: Nanocrystal analysis 
 

• Authors and their contribution to the work: 

o L. C. Briese: Conceptualization of the study, methodology, 

sample preparation, data evaluation (TEM, XRM), writing 

and editing of the manuscript 

o S. Selle: Methodology, experimental work (TEM, XRM), 

editing of the manuscript 

o C. Patzig: Methodology, experimental work and data 

evaluation (SEM), writing and editing of the manuscript 

o J. Deubener: Conceptualization of the study, 

methodology, manuscript revision  

o T. Höche: Conceptualization of the study, methodology, 

manuscript revision 

• Title: Depth-profiling of nickel nanocrystal populations in a 

borosilicate glass – A combined TEM and XRM study 

• Year of publishing: 2019 

• Scientific journal: Ultramicroscopy 

• Volume: 205 

• Pages: 39-48 

• DOI: https://doi.org/10.1016/j.ultramic.2019.06.004 

• Content and relevance within this thesis: 

The publication deals with the statistical analysis and significance of 

crystal number densities and crystal size distributions derived by TEM 

and XRM analyses of Ni nanocrystals precipitated in a borosilicate 

glass matrix via hydrogen gas-flow treatment. The commonly 



Publication overview  
 

40 
 

employed crystal imaging tool TEM provides 2-dimensional 

micrographs which give rise to the question whether the determination 

of crystal populations is representative for the sample. This is for one 

part due to the lack of depth information of the crystal number 

densities, as well as falsified crystal sizes originated by the crystal 

edges not being orthogonal to the optical axis. The 3-dimensional 

XRM measurements on the other hand provide true sizes and number 

densities which could be shown by a comparison of theoretical- and 

XRM- Ni volume fractions, where the latter were calculated from the 

cumulated crystal volumes. Therefore, XRM results were used as a 

reference for the correction of TEM derived Ni crystal number 

densities. Conversely, mean crystal sizes of TEM and XRM were 

found to be consistent within the standard deviation. Due to the 

necessity for a sufficient statistical significance, the results of this 

study were an important prerequisite for the following study of the 

glass compositional impact on the depth-dependent crystal size 

distributions. As shown in this publication, a small number of TEM 

micrographs already give a good representation of the crystal size 

distributions. Therefore, TEM could be used without restrictions for the 

size distributions below the XRM resolution limit of 50 nm. 
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3.2 Publication 2: Glass composition versus 
crystal size distribution 

 
• Authors and their contribution to the work: 

o L. C. Briese: Conceptualization of the study, 

methodology, sample preparation, experimental work 

(UV-Vis), data evaluation (UV-Vis, light microscopy, 

TEM, SQUID, DSC), writing and editing of the 

manuscript 

o S. Selle: Methodology, experimental work (TEM), 

data evaluation (XAS, light microscopy), writing and 

editing of the manuscript 

o C. Patzig: Methodology, experimental work (TEM), 

writing and editing of the manuscript 

o Y. Hu: Methodology, experimental work and data 

evaluation (XAS), writing and editing of the 

manuscript 

o J. Deubener: Writing and editing of the manuscript, 

manuscript revision  

o T. Höche: Writing and editing of the manuscript, 

manuscript revision 

• Title: Compositional study on the size distribution of nickel 

nanocrystals in borosilicate glasses 

• Year of publishing: 2020 

• Scientific journal: Journal of Non-Crystalline Solids 

• Volume: 549  

• Pages: 120357 
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• DOI: https://doi.org/10.1016/j.jnoncrysol.2020.120357 

• Content and relevance within this thesis: 

Using three borosilicate glasses of similar composition, the time 

dependent reduction of NiO by hydrogen was researched in terms of 

the tarnishing layer evolution and the depth-dependent crystal 

populations. Using the preceding results of publication 1, TEM 

micrographs were employed to determine segmental crystal size 

distributions, where the size of each crystal was corrected by a newly 

developed method to determine the true edge length of the cube-

shaped Ni nanocrystals. The results showed that the glass containing 

a higher boron oxide content exhibits a homogeneous crystal size 

distribution throughout all depth segments, while the other two glasses 

show the common increase of mean crystal size with increasing depth. 

The study was conceptualized to obtain deeper insights into the 

impact of glass composition on the depth-dependent crystal size 

distributions of Ni nanocrystals with regards to possible material 

tailoring for future utilization in specific applications. Therefore, the 

glasses were further analyzed by XAS, SQUID and UV-Vis. These 

results indicate a higher redox reaction efficiency of the glass 

containing higher boron oxide that may be due to the glasses´ 

tendency to reduce the oxidation state of nickel ions in the base glass 

together with a higher glass transition temperature. TEM and light 

microscopy of the sample cross sections further indicate that the 

tarnishing model does not hold for all glass compositions. This 

supports the theory that the redox reaction efficiency is an important 

parameter lacking in the tarnishing model [31]. The publication thus 

constitutes an important contribution to the clarification of the 
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tarnishing mechanism that is crucial to understand for the ambition of 

MNCG composite tailoring. 
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3.3 Publication 3: Time-temperature stability of Co 
allotropes 
 

• Authors and their contribution to the work: 

o L. C. Briese: Conceptualization of the study, 

methodology, sample preparation, experimental work 

and data evaluation (XRD, DSC), writing and editing 

of the manuscript 

o S. Selle: Methodology, experimental work and data 

analysis (TEM), writing and editing of the manuscript 

o J. Deubener: Writing and editing of the manuscript, 

manuscript revision  

o T. Höche: Writing and editing of the manuscript, 

manuscript revision 

• Title: Formation of ε-Co nanocrystals in borosilicate and 

aluminosilicate glasses 

• Year of publishing: 2020 

• Scientific journal: Journal of Non-Crystalline Solids 

• Volume: 535  

• Pages: 119961 

• DOI: https://doi.org/10.1016/j.jnoncrysol.2020.119961 

• Content and relevance within this thesis: 

Towards the aim of material tailoring, the publication deals with the 

stability of different cobalt metal allotropes formed as a product of 

hydrogen gas-flow treatment within two different glass matrices. By 

utilizing a combination of XRD and TEM, it could be shown that the 

recently discovered metastable ε-Co allotrope [48] was first 



Publication overview  
 

46 
 

precipitating in both, the high CoO containing borosilicate-, and the 

low CoO containing aluminosilicate glass. This study was the first to 

report on the discovery of ε-Co allotrope in glasses, which could be 

ascribed to the energetical similarity between parent glass and the 

metastable ε-Co. The initial formation of ε-Co that successively 

transforms to the more stable allotropes α- and β-Co can be explained 

with Ostwald-Volmer rule of stages. The study provides important 

information on the “stability” fields of the three cobalt allotropes 

regarding hydrogen treatment time and temperature, which is valuable 

for possible magnetic applications of the composite materials as 

described in section 2.6.3. Additionally, the study revealed a high 

thermal stability of ε-Co in glasses (≥ 500 °C) compared to their 

solution stabilized counterparts (~ 300 °C) [75], which strongly 

enhances the applicability of ε-Co glass composites. For the future 

goal of manufacturing glasses containing a specific allotrope like ε-Co, 

this study serves as initial step towards clarification of a tailored Co 

crystal growth in glasses. 
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3.4 Publication 4: CTE of ε-Co 
 

• Authors and their contribution to the work: 

o L. C. Briese: Conceptualization of the study, 

methodology, investigation (experimental work, data 

evaluation), writing and editing of the manuscript 

o S. Selle: Methodology, investigation (experimental 

work), editing of the manuscript 

o J. Deubener: Conceptualization of the study, 

methodology, manuscript revision  

o T. Höche: Conceptualization of the study, 

methodology, manuscript revision 

• Title: Thermal expansion of ε-Co and β-Co nanocrystals in 

glass matrices 

• Year of publishing: 2020 

• Scientific journal: Materials Letters 

• Volume: 270 

• Pages: 1-4 

• DOI: https://doi.org/10.1016/j.matlet.2020.127707 

• Content and relevance within this thesis: 

As possible material applications of glasses containing Co 

nanocrystals may include thermal stability, this can impose the 

necessity of tension free expansion or contraction upon thermal 

treatment. For such a case, knowledge of the transition metal CTE is 

crucial. While the CTE of α- and β-Co are available, no information on 

the thermal expansion behavior of ε-Co could be found in the 
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literature. For an adequate determination of thermal expansion, a 

sufficient temperature range is necessary, which is not given for the 

metastable and easily oxidizable ε-Co. Due to the higher thermal 

stability of ε-Co embedded in glass matrices, as shown in the previous 

investigation, the analysis of ε-Co CTE became accessible. Therefore, 

in this study, HT-XRD was utilized to determine the temperature 

dependent lattice constants of the β- and ε-Co allotropes in 

borosilicate and aluminosilicate glasses. Using a reference β-Co 

powder of a size comparable to that of β-Co crystallites in the sample, 

together with the CTE of the glasses, as determined by optical 

dilatometry, a correction of strained lattice constants below glass Tg 

was achieved. The thus obtained CTE of ε-Co was shown to be slightly 

higher than that of β-Co. 
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 Abstract  

Populations of nickel nanocrystals in a borosilicate glass were 

studied by TEM and XRM. It is found that XRM, which is applied for 

the first time to this type of material, is superior for the precise 

determination of the depth-dependent number densities and volume 

fractions of precipitated Ni crystals. Statistical precision is gained by 

imaging 3D data of up to 60 times larger volumes as compared to the 

volume of the electron transparent rim that a standard TEM wedge 

specimen provides. Depth-dependent particle-size distributions of 

XRM were in agreement with those of TEM as the mean sizes of the 

Ni crystal populations were considerably larger than the XRM 

resolution limit. 
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4.1 Introduction 
 

 Since the fourth century, noble metal nanocrystals were 

synthesized in glasses for decorative applications. For instance “gold 

ruby glass”, a distinctive red-colored glass, was manufactured via ion-

pair redox reaction using stannic cations as a reducing agent for 

aurous cations in the glass [5]. Similarly, copper- and silver 

nanocrystals were produced in glasses via redox-reaction [6, 7]. 

These types of materials can be assigned to the group of “metal 

nanocluster composite glasses” (MNCGs) [24, 92]. In comparison to 

“glass-ceramics”, MNCGs have a metal as the functional crystal phase 

in the residual glass. Therefore, they need to be classified separately, 

although their synthesis meets those of glass-ceramics, which are 

manufactured by a controlled crystallization of a formed glass article 

[93]. Recently, transition-metal nanocrystals, with special emphasis on 

Fe, Co, and Ni, have received attention due to their striking magnetic 

and catalytic properties [18, 19, 41]. However, transition metal 

nanoclusters rapidly oxidize under ambient conditions, therefore a 

protective matrix for embedding is highly beneficial. This makes 

MNCGs based on transition metals promising candidates for many 

optical and magnetic applications, like data storage or optical switches 

[14, 17, 94].  

Several methods are available for the synthesis of metal 

nanoclusters in a glass matrix, for instance ion implantation or 

synchrotron irradiation has been used previously [9, 25, 95]. An 

alternative method is the reduction of transition-metal oxides within the 

glass matrix, based on a flow treatment with hydrogen gas. Such a 
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treatment close to the glass transition temperature leads to the 

formation of a reaction layer at the surface of the glass matrix, where 

transition metal nanoclusters can develop [31]. Since their population 

and distribution determine the applicability of MNCGs [96], controlling 

their size and number density is essential. For this purpose, a detailed 

knowledge of these parameters is required, which might be altered 

depending on the detection limits of the analytic approaches applied 

[7, 21]. The number of analysis methods suitable for the imaging of 

nanoclusters is traditionally limited to electron microscopy. However, 

since transmission electron microscopy (TEM) experiments are mainly 

limited to close proximity to the surface, populations beyond this 

distance could remain undiscovered. Therefore, we aim in this study 

to elucidate the precipitation of Ni nanocrystals in a borosilicate glass 

using a combined approach of TEM imaging and X-ray microscopy 

(XRM). Additional image analysis based on XRM enables the three-

dimensional investigation of population and distribution of the 

nanoclusters in the glass matrix beyond commonly applied 

approaches. 
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4.2 Materials and Methods 
 

4.2.1 Glass preparation 
 

For nanocrystal synthesis, a borosilicate base glass was 

prepared using reagent grade H3BO3, Li2CO3, Na2CO3 and SiO2. The 

ionic nickel species was introduced as Ni(II)-oxide and the batch was 

subsequently homogenized for 12 hours in a tumbling mixer. The 

batch was molten in a fireclay crucible at 1250 °C for 2 hours, before 

quenching the glass in the form of a disc on a steel plate. The final 

base glass composition was 8.6 Na2O, 6.8 Li2O, 8.0 B2O3, 4.8 NiO, 

71.8 SiO2 (mol%) as analyzed by inductively coupled plasma optical 

emission spectrometry (Agilent ICP-OES 5100, Santa Clara, US). For 

the hydrogen treatment, a 1 × 1 × 0.3 cm3 specimen was cut from the 

base glass disc and the top side was ground and polished (diamond 

< 1 µm).  
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4.2.2 Hydrogen gas treatment 
 

For the hydrogen gas-flow treatment, the glass specimen was 

placed in a silica glass tube, which was locked gas tight with a silica 

glass flange using high temperature vacuum grease (Fig. 4-1). The 

silica glass tube was placed in a hinged tubular resistance furnace 

(Linn High Therm SO 12, Eschenfelden, Gemany). Before heating, the 

silica glass tube was flushed with nitrogen gas to remove the O2-

bearing air. Subsequently, the furnace was heated to 600 °C (approx. 

1.2 Tg) in a permanent N2 gas flow-through. After reaching the target 

temperature, a butane flame was enlightened for a controlled 

combustion of the hydrogen gas. The set-up was equipped with a 

flame detector that switched off the H2 gas flow if the flame would 

expire. When the flame was burning, the hydrogen flow-through was 

started (ca. 385 L∙h-1) and the nitrogen influx was stopped. After 2 h 

the H2 flow-through was stopped and the hoses of influx and efflux 

were pinched off. From the volume flow and the tube volume, the 

theoretical time necessary to fill the whole tube with hydrogen was 

0.62 min. The sample remained for another 22 h in saturated hydrogen 

atmosphere. As the volume of the hydrogen container was much 

larger compared to the volume of the consumed hydrogen during 

reaction with NiO in the glass, the H2 pressure can be considered 

constant. The consumed hydrogen (after 22 h) was calculated to be < 

0.06% of the available hydrogen at the beginning of the reaction. In 

total, the reaction time is therefore 24 hours. After the reaction, the 

furnace was switched off and the sample was then cooled under 

nitrogen flow-through to room temperature.  
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Fig. 4-1: Scheme of the set-up for hydrogen gas treatment of the glass.  
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4.2.3 Transmission electron microscopy (TEM) 
 

TEM samples of the base glass and the hydrogen gas treated 

glass were prepared using a specific tripod sample holder in 

combination with a multi-functional grinding and polishing tool (Allied 

MultiPrep, Rancho Dominguez, US). After plane-parallel grinding and 

polishing of the glass samples down to a thickness of approximately 

30 µm, further polishing was performed under a defined, small angle 

of approximately (1.6 ± 0.3) °. That way, the samples were rendered 

into wedge-shaped specimens whose rims had a thickness in the 

range of a few ten nm. As a final TEM sample preparation procedure, 

for purposes of both cleaning off polishing residues as well as for 

ultimate thinning to electron transparency, the samples were ion-beam 

polished both-sided with low-energetic (2.5 keV) Ar+ ions (precision 

ion-polishing system Gatan PIPS, Pleasanton, US) under grazing 

angle incidence (± 6 °). As the glasses were non-conducting, area-

selective carbon coating with a special coating mask was applied 

before TEM analyses [97]. After preparation, the wedge had a length 

of approximately 1.4 mm, a width of approximately 0.2 mm, and an 

electron transparent rim (Fig. 4-2A). 

TEM analysis was accomplished using a transmission 

electron microscope (Thermo Fisher FEI Titan3 G2 80–300, Hillsboro, 

Oregon, US) at 300 kV acceleration voltage. Using the same 

instrument, scanning transmission electron microscopy (STEM) 

applying a high-angle annular dark field (HAADF) detector (Fischione 

Model 3000, Export, US) was employed. STEM in combination with 

energy-dispersive X-ray spectroscopy (EDXS), utilizing a Super-X 
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EDXS detector (Thermo Fisher FEI, Hillsboro, Oregon, US) enabled 

the visualization of spatial element distribution using the commercially 

available software Esprit (Version 1.9, Bruker, Billerica, US). 

The wedge angle was controlled via evaluation of a scanning 

electron microscopy micrograph of the sample, as shown in Fig. 4-2B, 

where the wedge-shaped sample, attached to a supporting Mo ring, 

can be seen. The residual thickness of the wedge rim (sketched as 30 

nm in Fig. 4-2A) was estimated via electron energy loss spectroscopy 

(EELS, performed with a GIF Quantum electron energy filter, GATAN, 

Pleasanton, US) at 200 kV acceleration voltage, of a sample area that 

was very close to the rim of the wedge in a central part of the sample, 

as sketched in Fig. 4-2C. Using the log-ratio method (Egerton, 

Springer, 2011), the relative sample thickness of this area was found 

to be t/κ = 0.19. As the inelastic mean free path κ of the used glass 

composition is unknown, the value for SiO2 was used instead, as SiO2 

constitutes the major part of the total glass matrix (71.8 mol%). With κ 

SiO2 = 155 nm [98], the thickness close to the rim of the wedge can 

be estimated to be approximately 30 ± 10 nm (κ NiO = 115 nm, κ B2O3 

= 120 nm [98] – for κ Na2O and κ Li2O no values were found in 

literature, yet those two oxides constitute 15.4 mol% of the total 

composition only). In Fig. 4-2C, it can be seen that the very rim of the 

sample edge folded due to electron beam damage, thus giving the 

possibility to directly measure the local thickness of the rim at that 

position, which is approximately 15 nm there. Although it is clear that 

there are local variations to these thickness values, as the sample 

cannot be prepared perfectly due to experimental constraints, it seems 
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reasonable to estimate a residual thickness of ≈ 30 nm at the very 

edge of the wedge-shaped sample. 

STEM micrographs were analyzed using Arivis Vision 4D 

(Rostock, Germany) software. Using the assumptions explained 

above, the volume of one analyzed image was determined according 

to Fig. 4-2A (A cuboid with 30 nm thickness plus a wedge with 1.6 ° 

angle) and is approximately 29.3 μm3 per image. Crystals were 

selected from grayscales by intensity threshold rendering. Crystals, 

which were only partly in the plane of view were discarded from size 

averaging, but counted together with the in-plane crystals to determine 

the correct number density. First, the micrographs were treated with a 

de-noising median filter to reduce the signal noise in the image. The 

median filter performs a non-linear smoothing that preserves the 

edges of the particles. Second, background correction was applied to 

homogenize the intensity difference between Ni-crystals and glass 

matrix, as each image bears an intensity gradient of the matrix due to 

the wedge preparation. Third, an intensity threshold was selected 

manually for each micrograph to allow for correct selection of the 

crystals. Due to the inhomogeneous background, even after 

background correction, an automatic thresholding could not be 

applied. As the Arivis software is able to split the sensitivity of the 

threshold, an approximate mean crystal size has to be set during the 

threshold adjustment procedure. Very small crystals in close proximity 

that are recognized as one crystal by the software, were manually 

redrawn. By setting the surface in Arivis software, five different 

segments (segments I-V) could be specified according to their 

distance to the surface. The software can then identify the crystals 
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with their corresponding dimensions. In order to achieve the best 

comparability, the image processing routine was kept identical for all 

images.  

 

 
Fig. 4-2: Scheme of the glass wedge prepared for the TEM study (A), SEM 

image of the wedge attached to a Mo ring after final preparation (B) and TEM 

image of the wedge rim, with indication of the area (light grey) used for EELS-

based thickness approximation (C).  
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4.2.4 X-ray microscopy (XRM) 
 

X-ray microscopy, the high-resolution version of X-ray 

computed tomography, is a novel technique which can be used to 

study crystallization processes, origins of cracks, as well as the 

whereabouts of seed crystals in glass ceramics [99]. Prior to XRM data 

acquisition, a cone-shaped micropillar was cut by a laser preparation 

device (3D-Micromac AG microPREP, Chemnitz, Germany) normal to 

the hydrogen gas treated glass surface. The top part had a diameter 

of around 30 µm and the pillar height was around 150 µm (Fig. 4-3). 

For XRM, a possible heat-affected zone that influences the outer 

section of the analyzed micro pillar will be less than a few µm only, 

and thus it is very unlikely that the scanned volume, i.e., the center 

part of the analyzed pillar volume, is affected in any way. This is 

accomplished by micromachining using an ultrashort-pulsed laser, air-

jetting upon machining, improvement of thermal management by 

suitable laser trajectories as well as the heat-conducting protection 

layer. For the same reason, effects like exposed metal corrosion do 

not play a role for the analyzed volume. To protect the surface from 

laser damage and debris, a thin (several hundred micrometer) Ag 

protective layer was deposited onto the glass surface before the laser 

cutting process. Analysis was carried out using an X-ray microscope 

(ZEISS Xradia 810 Ultra, Oberkochen, Germany) in the high resolution 

mode with a data acquisition time of 20 h using temperature-motion 

compensation. These settings resulted in 900 images through the 

pillar covering a cylinder volume of 2977 μm3 (height 16 µm and 

diameter 16 µm, Fig. 4-3). Like performed with TEM micrographs, the 
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stack of radiographs was analyzed using Arivis Vision 4D (Rostock, 

Germany) software based on five identical depth segments (segments 

I-V). A morphology filter correction was applied to fill the voids due to 

noise of the matrix signal. Crystals were detected via the blob finder 

tool that identifies sphere-like particles with a combination of an 

automatic seed finding procedure based on structural information as 

well as a watershed algorithm. The blob finder tool was found leading 

to the best match between pre- and post-processed images. As input, 

the average size, i.e. diameter, of the structure of interest as well as 

an intensity threshold (in percent) needs to be specified. For segments 

I to V, a diameter of 400 nm and for segments II-V a threshold of 20 

was set. For segment I, the threshold value had to be lowered to a 

value of 8, as the upper planes of the segment partly contained Ag 

from the protective layer that showed much higher intensities 

compared to the crystals. Artefacts that originated from the grayscale 

analysis as well as the protective layer were excluded from data 

evaluation.  

 

 
Fig. 4-3: Scheme of the micro pillar (A) and image after laser cutting (B).   
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4.2.5 Parameters of nanocrystal populations 
 

As the nanocrystals present in the sample are of cube-shape 

and show random orientation in the sample, a direct determination of 

the edge length for crystal size distributions is not possible. Due to the 

lack of suitable correction functions for cube-shaped crystals, the 

random orientation of the crystals was tackled using the Feret 

diameter for 2D objects. Therefore, the mean diameter di (= mean of 

maximum and minimum diameter) of each nanocrystal i was 

approximated from the perpendicular distance between parallel 

tangents touching opposite sides of the profiles in one plane. For 3D 

data, the maximum and minimum diameter of the 3-dimensional data 

was utilized to both, account for inhomogeneous edge length due to 

signal noise in the image stacks and for comparison to the TEM Feret 

diameters. For each segment, the number density NV of crystals was 

determined as: 
 

𝑁𝑁𝑉𝑉 =  ∑ 𝑁𝑁𝑖𝑖
𝑁𝑁
𝑖𝑖=0

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
,       4-1 

 

where N is the total number of crystals counted in the segment volume 

Vsegment. It should be stressed that positioning of the parallel tangents 

is based on grayscale intensity rendering. The individual volumes 𝑉𝑉𝑖𝑖 =

(𝑑𝑑𝑖𝑖/ √2)3 of each crystal i per segment volume were summed up to 

calculate the total volume of the precipitated nickel metal 𝑉𝑉𝑁𝑁𝑖𝑖 =  ∑𝑉𝑉𝑖𝑖 

and thus the crystal volume fraction x: 
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𝑥𝑥 = ∑𝑉𝑉𝑖𝑖
𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

       4-2 

 

The relative frequency of the crystal size was fitted by Gaussian 

distributions g(d) 

 

𝑔𝑔(𝑑𝑑) = 1
𝜎𝜎 √2 𝜋𝜋

 exp ( (𝑑𝑑 − 𝜇𝜇)2

2 ∙ 𝜎𝜎2
)     4-3 

 

where μ is the expectancy value and σ is the population standard 

deviation that is here calculated for a higher precision using 

 

𝜎𝜎 =  �𝑁𝑁−1 ∑ (𝑑𝑑𝑖𝑖 −  𝜇𝜇)2𝑁𝑁
𝑖𝑖=1      4-4 

 

The Gaussian distribution function was used for fitting as it gave best 

results compared to other distribution functions, e.g., log normal. The 

integrated area of the fit in all cases was sufficiently close to 1 and the 

coefficient of determination R2 indicated the correctness of this choice. 
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4.3 Results 
 

4.3.1 Transmission electron microscopy (TEM) 
 

TEM micrographs show the formation of nanocrystals in the 

glass that has been treated for 24 h in hydrogen gas, whereas the 

base glass seems to be entirely amorphous (Fig. 4-4). The Ni crystals 

appear brighter in the HAADF micrographs because Ni is heavier as 

compared to the glass matrix elements (the STEM contrast is based 

on inelastic scattering, an effect that is increasing with increasing 

density of the analyzed sample area). The bright layer on top of the 

glass surface in Fig. 4-4A and B is due to a molybdenum 

contamination that appeared during the final Ar+ ion thinning 

preparation step, where the Ar+ ion beam unavoidably also touches 

the Mo supporting ring structure that can be seen in Fig. 4-2B, which 

leads to a sputtering and redeposition effect on the sample. Using 

EDXS mapping, the crystals were identified as pure nickel. In contrast 

to the untreated base glass, where Ni is found to be homogeneously 

distributed, the glass matrix in the H2 treated glass is quasi Ni-free 

down to a depth of about 12 μm. It has to be stressed that the apparent 

gradient in the nickel concentration in the untreated base glass (Fig. 

4-4C) is an artifact and appears because of the increasing sample 

thickness originating from wedge preparation. In contrast, in Fig. 4-4D, 

all Ni is accumulated within the Ni-metal nanocrystals, which therefore 

provide strong, localized Ni signal intensities. 
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Fig. 4-4: STEM micrographs (HAADF) of cross-sections of the untreated base 

glass (A) and glass treated 24 h in H2 gas at 600 °C (B). A thin top layer on 

the surface appears bright (Mo-contamination during sample preparation). 

EDXS maps of Ni of the former (C) and latter (D) glass.  

 

Fig. 4-5 exemplarily shows a Ni nanocrystal at higher 

magnification. The corresponding selected area diffraction pattern 

consists of sharp diffraction spots, proving single-crystalline character. 

Tilting of the sample to view the crystal along a low index zone axis in 
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reciprocal space, revealed a face centered cubic (𝐹𝐹𝐹𝐹3�𝐹𝐹) 

crystallographic symmetry with lattice constants of approximately 360 

pm, which is very close to the expected distance of 352 pm [70]. 

 

 
Fig. 4-5: Close-up TEM micrograph of a Ni nanocrystal (A) and selected area 

diffraction pattern of the marked area within the red circle (B). The diffraction 

spots correspond to the zone axis [100] and are indexed in (C).  

 

Six STEM micrographs were used to measure characteristic 

parameters such as numbers and sizes of the nanocrystal 

populations. Therefore, each micrograph was divided into five 

segments of 2.14 µm thickness as indicated exemplarily in Fig. 4-6. A 

depth of approx. 160 nm from the surface was excluded from 

sectioning as the TEM sample showed an irregular shape of the 

surface and a Mo top contamination layer after preparation. A depth > 

10.7 µm (beyond segment V) received no consideration, as the crystal 

count was too low. For segments II to V, a monomodal Gaussian size 

distribution was evident (Fig. 4-7). In contrast, segment I showed a 

bimodal distribution. From inspection of Fig. 4-7 it can be seen that 

segment V has the narrowest size distribution with the smallest 
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standard deviation, followed by segment III, whereas segments I, II, 

and IV have a broader crystal size distribution. The broader 

distribution in the latter segments is accompanied by the appearance 

of two different crystal shapes of Ni nanocrystals (cube and rod) with 

a Feret diameter of the rod > 600 nm (Fig. 4-8). In total 470, 203, 205, 

147, 91 crystals were counted in the segments I, II, III, IV, and V, 

respectively. The crystal number density, NV, is highest close to the 

sample surface and decreases continuously with increasing distance 

to the surface (Tab. 4-1). On the other hand, after an initial increase 

from segment I to II, the crystal size is nearly constant from segments 

II to IV and decreases again in larger depth (segment V).  

 

 
Fig. 4-6: STEM (HAADF) micrograph with five analyzed depth segments I, II, 

III, IV and V as indicated by blue dotted lines.  
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Fig. 4-7: Depth segment-dependent crystal size (Feret diameter d) 

distribution. The green lines indicate the single Gaussian fits and the red lines 

indicate the cumulated Gaussian fit of the data. 
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Fig. 4-8: TEM micrograph of Ni crystals with cube-like and rod-like habitus.  

 
Tab. 4-1: Number density (NV), total crystal volume (VNi), crystal volume 

fraction (x), as well as mean diameter (D) and standard deviation (σ) of 

Gaussian crystal size distributions of fcc-Ni nanocrystals within the analyzed 

depth segments I-V. The data display mean values obtained from six different 

STEM micrographs. Numbers in parentheses give uncertainty of the last 

digits. 

Segment Mean depth 
(μm) 

NV 
(μm-3) 

D 
(μm) 

σ 
(nm) 

VNi 
(μm3) 

x 

 

I 1.072(1) 38(35) 0.164(16)* 87* 0.23(5) 0.1(1) 

II 3.376(1) 9(6) 0.295(16) 81 0.33(5) 0.08(6) 

III 5.520(1) 6(3) 0.342(16) 55 0.38(6) 0.07(4) 

IV 7.664(1) 3(2) 0.309(16) 77 0.24(4) 0.03(2) 

V 9.808(1) 1.6(8) 0.205(16) 47 0.04(1) 0.004(2) 

Key: * mean value of the two Gaussian distributions. 
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4.3.2 X-ray microscopy (XRM) 
 

Fig. 4-9 (left) shows an image of the reconstructed cylinder 

volume from within the prepared micropillar in false color, where bright 

colors indicate material of high X-ray absorbance, e.g. high density. 

The positions of the fcc-Ni nanocrystals are clearly visible, whereas 

red spots at the top of the pillar are assigned to the Ag protective 

coating. To access the crystal populations inside the same depth 

segments as for the TEM micrographs, the first 160 nm from the 

surface were discarded and five equal 3D stacks of cross sections 

were analyzed (Fig. 4-9, right). The total volume of each XRM 

segment was 399 μm3. Fig. 4-10 shows crystal size distributions of 

segments I, II, III, IV, and V. Segments II, III, and V were found to have 

a monomodal Gaussian size distribution, while for segments I and VI, 

a bimodal distribution is indicated by the data. Segment V shows the 

narrowest size distribution with a standard deviation of almost half of 

that of the other sections. The size distribution becomes wider in the 

section order III, II, I, and IV. The crystal number density is high close 

to the sample surface and decreases with depth (Tab. 4-2). The mean 

crystal size varies between 180 and 330 nm, where the largest size is 

found in a mean depth of 5.5 μm, after which the size decreases with 

increasing distance from the surface. 
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Fig. 4-9: Image of the reconstructed scanned XRM volume of the micropillar 

with indication of the layer number from 1 (interior) to 500 (surface) (left) and 

exemplary cross sections through the pillar for segments I, II, III, IV and V.  



Publication 1: Nanocrystal analysis  
 

73 
 

 
Fig. 4-10: Depth segment-dependent crystal size distributions. Green lines 

indicate the single Gaussian fits and black lines are the cumulated Gaussian 

fits through the data.  
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Tab. 4-2: Number density (NV), total crystal volume (VNi) and crystal volume 

fraction (x) as well as mean diameter (D) and standard deviation (σ) of 

Gaussian crystal size distributions, of fcc-Ni nanocrystals within the analyzed 

depth segments I-V of the XRM micropillar. 

Segment Mean 
depth 
(μm) 

NV 
(μm-3) 

D 
(μm) 

σ 
(nm) 

VNi 
(μm3) 

x 

 

I 1.07(4) 2.765(115) 0.19(4)* 81* 5(2) 0.011(12) 

II 3.38(4) 1.371(6) 0.22(4) 75 8(1) 0.019(8) 

III 5.52(4) 0.910(4) 0.39(4) 74 9(2) 0.021(21) 

IV 7.66(4) 0.742(4) 0.29(4)* 107* 4(1) 0.009(9) 

V 9.81(4) 0.236(1) 0.16(4) 46 0.16(9) 0.0004(5) 

Key: * mean value of the two Gaussian distributions. 
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4.4 Discussion 
 

The TEM and XRM studies show that fcc-Ni nanocrystals 

were precipitated in high concentrations from a nickel oxide-bearing 

base glass by a reaction with hydrogen gas. The results indicate that 

the treatment with H2 gas led to an ion exchange in the form 

 

Ni2+ (glass) + H2 (gas) ↔ Ni0 (glass) + 2H+ (glass)  4-5 

 

at the non-bridging oxygen site of glass network. As stated by previous 

works [30, 33], the redox reaction of the nickel-hydrogen pair seems 

to be fast and the depth of the reduced surface zone is controlled by 

the permeability of hydrogen gas into the glass structure. These 

reports show that an increase of the metal oxide concentration leads 

to a decrease of the reacted layer thickness, as hydrogen permeation 

in the glass is decelerated with increasing consumption due to high 

Ni2+ concentrations. The thickness of the reaction layer dl has been 

described by the tarnishing model [53] 

 

𝑑𝑑𝑙𝑙 =  �2 ∙ 𝐾𝐾𝐻𝐻2∙ 𝑝𝑝𝐻𝐻2 ∙ 𝑡𝑡
𝐶𝐶𝑥𝑥

�
1/2

      4-6 

 

where KH2 and pH2 are gas permeability and gas pressure, 

respectively. Cx is the concentration of the reaction sites and t is the 

treatment time. Taking that Cx = CNi, where CNi is the molar 

concentration of Ni2+ ions in the glass and approximating the unknown 
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hydrogen permeability of the borosilicate base glass from the model 

of Tsugawa et al. (1976) [100] in the form  

 

𝐾𝐾𝐻𝐻2 = 8.1 × 10−14 ∙ exp (− (17330−127.8 𝐺𝐺)
𝑇𝑇

)    4-7 

 

where G is the molar percentage of glass formers, a depth of the 

reacted layer of 14.8 μm can be derived. The small difference of < 3 

μm between the predicted and measured thickness of 12 μm let us 

believe that the tarnishing model is reasonable in describing the 

kinetics of the redox reaction. 

As the reduction front emerges parallel to the hydrogen 

permeation, the nucleation starts at the surface and becomes more 

delayed the farther the hydrogen migrates. Therefore, the diffusion of 

nickel is rather directed towards the surface, where crystal nuclei 

already exist. Effectively, this leads to a depth dependence of the 

segment diameter D and NV (Fig. 4-11A). In agreement with reports of 

Redkov et al. [37] and Lutz et al. [30], close to the surface, the 

nucleation is predominant, which leads to a high number of small 

crystals, while with increasing depth, growth becomes stronger than 

nucleation and therefore a small number of larger crystals is found. At 

a depth of approx. 6 µm, however, the crystal size starts to decrease 

again. The reduction of the crystal size in segments IV and V is 

assumed to be a consequence of an incomplete ion exchange reaction 

(Eq. 4-5) due to high nickel concentration (CNi = 4.8 mol %). 

 



Publication 1: Nanocrystal analysis  
 

77 
 

 
Fig. 4-11: Mean segment diameter D (A) and crystal number density NV (B) 

vs. mean depth. Error bars indicate standard deviation whereas vertical 

dashed lines allocate the depth of segments I-V. Lines connecting data points 

are intended as visual guides.  

 

Fig. 4-11A shows that, with respect to the mean segment 

diameter D, the TEM and XRM analysis are in close agreement. 

Deviations are within the standard deviation of the normal 

distributions. Concerning TEM mean diameter analysis, errors in 

particle diameter determination can emerge by particle pull-out as well 

as (partial) particle grinding/slicing upon TEM sample preparation. 

This might be an issue that affects the results of the measurement in 

a way that some particles might be wrongfully identified as smaller 

particles than they originally were.  

However, the most striking feature is the significant difference 

in crystal number density between the XRM and TEM analyses (Fig. 

4-11B). NV derived from TEM images is significantly higher close to 

the surface and decreases with increasing depth, where the difference 
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in segment V is rather small compared to the XRM results. As an 

analytical verification is not possible, to evaluate which of both crystal 

number densities is closer to the real NV, we can use simple statistical 

considerations. First, the total number of counted crystals is 

considerably higher for the XRM analysis. E.g., for segment I, the XRM 

result showed 1103 crystals, whereas for TEM the crystal count was 

79 (mean of 6 images). Second, a comparison of the analyzed volume 

reveals that the XRM volume is around 60 times higher than the TEM 

volume. This means, that one would need to analyze 60 TEM images 

in order to gain the same statistical significance compared to one XRM 

image. Additionally, the TEM sample volume decreases with 

increasing proximity to the surface due to the wedge preparation (Fig. 

4-2). Because of the decreasing volume, statistics get worse. This is 

in agreement with the increase in the absolute error with decreasing 

mean depth. As the volume of the TEM wedge is approximated by the 

wedge angle and the base thickness, the Ni volume fraction shows a 

large error (Tab. 4-1). The maximum values for the errors of angle and 

base thickness were assumed as 1.1 ° and 10 nm for the maximum 

error and 2 ° and 100 nm for the minimum error. Additionally, the 

number density of the particles might be underestimated due to 

missing particles that were unintentionally pulled or peeled off the 

sample during TEM sample preparation. However, this is impossible 

to be corrected for, as the fraction of possibly pulled out particles is 

unknown, as well as the fraction of partially grinded particles. Since 

this effect should occur homogeneously and independent of the 

thickness of the part of the TEM wedge sample under observation, the 

general trends observed for the particle number density should be 
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adequate. Further, it has to be underlined that counting of partial 

crystals (i.e., particles that exceed the dimensions of the wedge and 

have been partially ground) to the crystal number density introduces 

an error to NV. 

 The error of x determined by XRM is similarly large (Tab. 4-2), 

and even exceeds the measured value itself. However, in contrast to 

the TEM result, the glass volume VGlass is significantly higher, so that 

a larger error in VNi has a smaller impact. In order to illustrate these 

circumstances, Fig. 4-12 compares the nickel volume fractions x of 

both analyses with their corresponding errors. It can be clearly seen, 

that even if the glass volume is drastically increased via 

overestimation of both, angle and base thickness x, still strongly differs 

from the XRM results for small sample volumes, i.e. segments I and 

II. This stresses the importance of a sufficiently large analysis volume 

for the certainty of volume dependent results. While the error for x 

shows no trend in the XRM results, the error strongly increases with 

decreasing analysis volume in the TEM results. As the nickel content 

in the sample is known, a theoretical Ni volume fraction can be 

calculated assuming a complete reduction of the NiO within the 

observed segments I to V. As can be seen in Fig. 4-12, the calculated 

Ni volume fraction is very close to that measured via XRM analysis, 

where segment I almost matches completely. The volume fractions for 

segments II and III are found above, while segments IV and V are 

found below the theoretical line, without consideration of standard 

deviations. This underscores the assumptions that, first, Ni diffuses 

towards the surface where nuclei are already present and second, Ni2+ 

reduction is not completed in larger depths. On the other hand, the 
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TEM volume fraction is significantly higher close to the surface but 

decreases with increasing depth even falling below the theoretical 

fraction in segment V. This is most likely due to the increasing glass 

volume with increasing depth in the sample wedge, that strongly 

underestimates the glass volume close to the surface, while the visible 

nickel crystal volume stays approximately constant as the sample 

becomes less electron transparent with increasing wedge thickness, 

i.e., with increasing depth (Fig. 4-2).  

 

 
Fig. 4-12: Theoretical and analyzed Ni volume fraction vs. mean depth. The 

error bars indicate absolute errors. The green dashed line indicates the 

theoretical Ni volume fraction as calculated from the Ni content of the parent 

glass. Lines connecting data points are intended as visual guides.  
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Because of the superior statistics of the XRM analysis in both, 

Vsegment and absolute particle number, it is reasonable to assume 

x(XRM) being closer to the true x. However, as TEM is important to 

detect nanocrystals, especially if they are below a certain size that can 

yet not be detected using XRM, a correction of the TEM derived data 

may be valuable for similar studies. To approximate a correction 

function for the TEM measurement error, an adjustment of the glass 

volume seems reasonable, as VNi is determined as absolute value 

from image analysis, while Vsegment is calculated from the theoretical 

values from sample preparation (i.e. thinning angle). Additionally, as 

Vsegment >> VNi, the impact on x is significantly higher. The higher 

influence of Vsegment is also encouraged by the trend of the analyzed 

nickel volume. The VNi shows the same trend, both, for XRM and TEM, 

as the volume increases from segment I to segment III and then 

decreases from segment III to segment V (compare Fig. 4-11A). In 

contrast, Fig. 4-12 indicates the highest VNi at the surface that 

decreases with increasing depth. Therefore, a correction of Vsegment 

appears reasonable. 

A possible correction of Vsegment, can be based on correcting 

the wedge volume to a cuboid volume. The volume of the wedge VW 

(in μm3) is given by 

 

𝑉𝑉𝑊𝑊(𝑧𝑧) =  𝑦𝑦 ∫ (tan(𝛼𝛼)  ∙ 𝑧𝑧 + 𝑥𝑥0)𝑑𝑑𝑧𝑧𝑧𝑧2
𝑧𝑧1

,    4-8 

 

where z is the depth, y is the width of the investigated sample, x0 is 

the base thickness and α the thinning angle. An integration from z1 to 
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z2 gives the volume within the depth segment of interest. The 

corrected glass volume Vcorr (i.e., the cuboid volume) (Fig. 4-13A) can 

be obtained by 

 

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑧𝑧) =  𝑉𝑉𝑊𝑊 + 𝑉𝑉𝑖𝑖𝑊𝑊      4-9 

 

with the “inverse” wedge volume  

 

𝑉𝑉𝑖𝑖𝑊𝑊(𝑧𝑧) =  𝑦𝑦 ∫ (−tan(𝛼𝛼) 𝑧𝑧 + 𝑥𝑥1)𝑑𝑑𝑧𝑧𝑧𝑧2
𝑧𝑧1

    4-10 

 

where x1 is the thickness of the wedge, determined by the preparation 

angle, plus the base thickness at the end of the investigated volume. 

Fig. 4-13B shows that the deviation between the XRM and TEM 

volume fractions is strongly decreased (up to 1%) and both curves 

illustrate the same characteristics. However, to diminish entirely the 

differences between both fractions a further increase in VCorr is 

necessary, which can come from doubling the cuboid’s volume (not 

shown). The addition of a further segment volume by assuming a 

cuboid shape effectively reduces the errors induced by the estimation 

of Vsegment that may result from deviations in x0 and α. Additionally, if 

the nanocrystal diameter partly exceeds the thickness of the sample 

wedge, the correction function compensates for this VNi exaggeration. 

This kind of correction function is thought to be applicable to wedge-

prepared TEM samples only and definitely requires comparison to the 

theoretically expected volume fraction of the crystals as shown in Fig. 

4-12 and Fig. 4-13. 
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Fig. 4-13: 2D scheme for the TEM glass volume correction from wedge volume 

to cuboid volume (A) and corrected crystal volume fraction x for TEM (using 

Eq. 4-9) compared to XRM (B).  
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4.5 Conclusions 
 

Transmission electron microscopy and X-ray microscopy was 

used to study Ni nanocrystal populations that were synthesized via H2 

gas-flow treatment in a borosilicate glass. Depth profiling of 

nanocrystal populations revealed that both methods are consistent 

with respect to their size dependence but deviate considerably with 

respect to their number densities. TEM was found to overestimate the 

number densities as well as volume fractions, because the glass 

volumes analyzed were too small. Due to the standard wedge 

preparation, especially near the surface, too high values of NV and x 

were determined. As NV(z, t) and x(z, t) data are crucial for the 

description of the transformation kinetics using Tammann and TTT 

diagrams [101], corrections have to be applied to utilize those data 

from TEM image analysis. On the other hand, imaged volumes by 

XRM are larger and by that of superior counting statistics. Thus, XRM 

should therefore preferentially be used for analysis of the crystal 

number density and crystal volume fraction. However, the resolution 

limit of XRM of approximately 50 nm in each lateral dimension is lower 

than that of TEM, where resolutions even in the sub-Å range can be 

obtained for suitable samples. Therefore, crystals smaller than that 

limit would not be detectable by XRM. Ni nanocrystal size distributions 

can thus be analyzed more precisely by TEM. Also, for elemental and 

crystallographic information, TEM is the method of choice. For a 

comprehensive kinetic study it is therefore advisable to use both 

microscopy methods, TEM and XRM, in a complementary way.  
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Abstract 

For three borosilicate glasses of different B-to-Si ratio, 

annealed under reducing atmosphere, the effect of glass composition 

on the size distribution of nickel nanocrystals formed therein was 

studied. Depth-dependent crystal size distributions were analyzed 

using transmission electron microscopy, while the glass structure was 

examined by optical and X-ray absorption spectroscopy (XAS) and 

related to magnetic measurements using a superconducting quantum 

interference device (SQUID). A B-to-Si ratio of 0.092 resulted in a 

uniform crystal size distribution of small width, both with depth and 

with time, therefore exhibiting a large share of small nanocrystals 

close to the superparamagnetic limit. XAS and SQUID results indicate 

a more effective reduction of Ni ions in the glass of higher boron oxide 

content due to a higher Tg and a mean lower oxidation state induced 

via lowering of the glass basicity.  
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5.1 Introduction 
 

Metal nanocluster composite glasses (MNCGs) are promising 

candidates for a wide range of optical and electronic applications, such 

as optical switches, magnetic recording media and new display 

materials [11, 13, 92]. Especially transition metal composites have 

gained increasing interest for MNCGs due to their broad spectrum of 

magnetic properties [17, 31]. While the synthesis of noble metal 

nanocrystals in glass matrices can be accomplished by several 

methods [102, 103], transition metal nanocrystal formation is rather 

challenging. A well suited approach is the hydrogen gas-flow 

treatment, where transition metal cations (Mn+) dissolved in the glass 

structure react with permeating hydrogen molecules at temperatures 

slightly above glass transition [28, 31, 33, 43, 104]. For bulk glass 

objects, i.e. flat glass substrates, this method produces a nanocrystal-

bearing surface layer, with a thickness predicted by the tarnishing 

model [53, 56]. The latter model assumes that crystallization is 

controlled by the permeation rate of H2 in the glass and that other 

processes involved in the nanocrystal formation, such as the electron 

transfer (Mn+ + n∙e- → Me0) and the diffusion of metal atoms to form a 

nanocrystal (n∙Me0 → Me0(crystal)) are fast. However, after gas-flow 

treatment, crystal sizes were found to frequently increase with 

increasing distance from the sample surface and also Liesegang-like 

layer evolution has been reported [28, 30, 33, 37, 105], which indicate 

that diffusion controlled growth and contributions of unknown 

supersaturation and agglomeration mechanisms [106, 107] are 
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contributing to nanocrystal formation of transition metals in glass 

matrices. 

For ferromagnetic materials, such as nickel, a control of the 

crystal size distribution becomes crucial as their magnetic properties 

strongly depend on the crystallite-to-domain size ratio [108, 109]. 

Nickel crystals of single magnetic domains showing 

superparamagnetism are reported for diameters < 21.2 nm [90]. In line 

with their size distribution, prospective applications may change as 

superparamagnetic crystallites are not suitable for storage materials 

but preferred for magnetic resonance contrast uses [17]. 

Against this background, the present study aimed at exploring 

the impact of glass composition on the size distribution of nickel 

nanocrystals precipitated. The depth-dependence of crystal size 

distributions in three glasses was analyzed using transmission 

electron microscopy (TEM). Associated changes to the glass structure 

were examined by optical (UV-Vis) and X-ray absorption spectroscopy 

(XAS). A microstructure-property relationship was eventually 

established by comparison with magnetic measurements using 

superconducting quantum interference. 
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5.2 Experimental 
 

5.2.1 Glass preparation and characterization 
 

Three glasses of borosilicate composition were prepared 

using reagent grade SiO2, H3BO3, Na2CO3, CaCO3, K2CO3, and NiO in 

order to obtain molar B-to-Si ratios between 3.6 and 9.2%, a Lewis 

(optical) basicity in terms of Λth-values [110] in the range of 0.604–

0.633, and a degree of polymerization (number of non-bridging 

oxygen per tetrahedron (NBO/T) [111]) from 0.44 to 0.51 (Tab. 5-1). 

Batch powders were homogenized for 12 h in a tumbling mixer 

and then molten in a fireclay crucible at 1450 °C. During a dwelling 

period of 3 h, the melt was stirred twice with an Al2O3 stick for 

homogenization. Finally, the melt was quenched by pouring into a 

steel mold. The obtained glass blocks were cut to ~ 2 × 1 × 0.5 cm3 

pieces and polished (diamond < 1 μm) from two opposite sides. Glass 

compositions were analyzed using an inductively coupled plasma 

optical emission spectrometer (Agilent ICP-OES, 5100, Santa Clara, 

US) (Tab. 4-1). The glass-transition temperature, Tg, was determined 

by optical dilatometry (TA Instruments DIL 806, New Castle, US) while 

the density was determined at room temperature using the 

Archimedean buoyancy with water as an immersion liquid. The error 

of this method (based on repetitive measurements) was ≤ 0.2%. 

Superficial precipitation of nickel nanocrystals was triggered 

by hydrogen gas-flow treatment at temperatures close to 1.1Tg. The 

treatment temperature was selected as a trade-off between the risk of 

possible decoupling of the growth kinetics from the time scales of 
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network relaxation by viscous flow (breakdown of the Stokes-

Einstein/Eyring relation [112] expected at lower temperatures and 

interfering effects of ripening phenomena at higher temperatures. For 

1.1Tg, we assume (provided that differences in fragility are small) 

equal atomic/ionic mobility in the three glasses despite differences in 

the absolute treatment temperatures. The specimens of each glass 

were placed inside a gas-tight quartz-glass tube of a hinged tubular 

resistance furnace (Linn High Therm SO12, Eschenfelden, Gemany). 

Details of the furnace setup and the time-temperature protocol were 

described in a previous study [105]. Three series of MNCGs were 

prepared using a treatment time tH2 of 35, 300, and 1080 min, 

respectively.  
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5.2.2 Transmission electron microscopy (TEM) 
 

A total of nine TEM samples were prepared from each glass 

of the three H2 treatment series. For preparation of the TEM sample, 

an edge polishing approach was used, which is explained in more 

detail in [104, 105]. TEM imaging and analytics was accomplished 

using a FEI Titan3 G2 80–300 (Hillsboro, Oregon, US) operated at 300 

kV. Additionally, scanning electron microscopy (STEM) was utilized 

enabling EDXS mapping (FEI SuperX detector) to clearly identify the 

Ni crystals. To ensure a good crystal size resolution while screening 

the depth below the H2-treated surface, several highly resolved 

images were taken as a sequence going from the sample surface to 

the sample interior, until no more crystal was detectable. 

The TEM micrographs of the depth sequence were joined 

together and analyzed using Arivis Vision 4D software (Rostock, 

Germany). This analysis is done using a denoising median filter with 

a radius of 2 pixel and a background correction preserving the dark 

parts of the micrographs. Then, the crystals were selected according 

to their intensity in greyscale with an intensity threshold filter. The 

surface line is drawn as an object that can be used by Arivis to 

calculate the distance of each crystal to the surface. For the depth-

profiling of the crystal size distribution, a segment filter was applied in 

2 μm steps, so that the detected crystals are filtered according to their 

distance to the surface, i.e., within 0–2 μm, 2–4 μm, 4–6 μm, etc., until 

the last detected crystal was reached. 

Details of depth-profiling of TEM micrographs were recently 

reported in [105]. With respect to the edge length of cubic Ni-
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nanocrystals, we performed a correction approach, as not all of the 

cubic crystals show crystal faces with the face normal orthogonal to 

the optical axis of the electron microscope. To derive a corrected edge 

length of the cubic crystals, first the side ratio QS of the longest (dmax) 

and the shortest (dmin) diameter 

 

𝑄𝑄𝑆𝑆 = 𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠
𝑑𝑑𝑠𝑠𝑚𝑚𝑥𝑥

       5-1 

 

is determined as provided by Arivis software from the minimum 

enclosing ellipse. Then for the original edge length l0 a correction 

factor f is determined from the projected area A, using the area of a 

crystal with the face normal parallel to the optical axis together with 

the projected area of the crystal as analyzed with 

 

𝑓𝑓 = �𝐴𝐴1
�𝐴𝐴𝑅𝑅

        5-2 

 

where A1 is the projected area with QS = 1 and AR is the projected area 

of the as analyzed crystal. As A1 is unknown for a random crystal size 

population, a function determining f was generated via simulation of 

an ideal cube shaped crystal of arbitrary size that was imaged from 

various directions using visual molecular dynamics software (VMD) 

[113]. The images were then analyzed with ImageJ [114], where the 

2D oriented bounds were determined by drawing the smallest 

enclosing ellipse that gives dmin and dmax (Fig. 5-1) and the projected 

area was determined using the color threshold. By this procedure, a 
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set of f(QS) data were generated from which a polynomial fitting 

function was derived 

 

𝑓𝑓(𝑄𝑄𝑆𝑆) = −17.1 + 69.4 ∙  𝑄𝑄𝑆𝑆 − 88.7 ∙  𝑄𝑄𝑆𝑆2 + 37.3 ∙  𝑄𝑄𝑆𝑆3  � 𝑄𝑄𝑆𝑆 ≤ 1     
 𝑄𝑄𝑆𝑆 > 0.64 5-3 

 

The upper and lower boundary of the function correspond to the 

maximum and minimum possible ratio of QS, as 1 is a “perfectly” 

oriented crystal with dmax and dmin being equal, while the lower 

boundary is determined via the highest elongated crystal looking along 

[110], [101] or [011] direction (Fig. 5-1C). The corrected edge length 

l(f) can then be calculated as a function of the correction factor f using 

the projected area AQS in order to calculate the uncorrected edge 

length l. The mean error of the corrected edge length, arising from the 

uncertainty of not perfectly sharp edges, was determined to be ± 0.3 

nm.  

 

𝑙𝑙(𝑓𝑓) = 𝑓𝑓(𝑄𝑄𝑆𝑆) ∙ �𝐴𝐴𝑄𝑄𝑆𝑆       5-4 
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Fig. 5-1: Crystal shape as imaged using TEM (left), ideal crystal derived via 

computer simulation and imaged using VMD software (middle) and analyzed 

crystal using imageJ software (right), where the minimum enclosing ellipse in 

yellow and the area in red is determined. Row A indicates the nanocrystal in 

“perfect” orientation, while rows B and C indicate examples of randomly 

oriented nanocrystals with overestimated area. 
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5.2.3 X-ray absorption spectroscopy (XAS) 
 

X-Ray absorption spectroscopy measurements were 

conducted at the CLS (Canadian Light Source, University of 

Saskatchewan, Canada). Using the SXRMB beamline (1700 – 10000 

eV), the Ni-K edge was measured on a specific set of non-treated and 

treated glass samples. The spectra were recorded in fluorescence 

yield mode. Experiments were made at room temperature. The 

storage ring was operated at 2.9 GeV and an average circulating 

current of 220 mA. EXAFS spectra were recorded with an energy step 

of 0.4 eV across the edge and an accumulation time of up to 6 s/step 

in k space. For each glass sample 2–3 scans were averaged and 

normalized with Athena software [115]. In the case of the 18 h 

samples, where the spectra look extremely similar to the one of 

metallic nickel [116], E0 of the spectra was calibrated taking the E0 of 

metallic Ni as a reference (Ni0 pre-edge energy 8332 eV). The 

reference spectrum was recorded at an earlier time but at the same 

beamline and was treated similarly regarding normalization, removal 

parameters and k-weighting. For the qualitative analysis, both the 

XANES (X-ray absorption near-edge structure) region and the Fourier 

transform of the EXAFS (Extended X-ray Absorption Fine Structure) 

were examined. 
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5.2.4 Optical spectroscopy (UV-Vis) 
 

UV-Vis spectroscopy (Lambda 950, PerkinElmer, Waltham, 

USA) was performed in the wave length range 300–800 nm using two-

side polished platelets (thickness < 2 mm) of the untreated 

(nanocrystal-free) glasses A, B, and C. For averaging over possible 

chemical heterogeneities, each sample was measured 4 times in 

transition mode at different lateral positions with a data interval of 1 

nm.  

In silicate glasses, Ni2+ coordination is reported from four to 

eight, being sensitively dependent on the glass matrix [32, 81, 82]. In 

accordance with Ref. [32], the bands at ~ 798, 720, 631, and 550 nm 

were assigned to tetrahedral coordination, the bands at 490 and 450 

nm to trigonal-bipyramidal coordination, and the band at 420 nm to 

octahedral coordination. The molar fraction of fourfold coordinated 

Ni2+ (𝒙𝒙𝑵𝑵𝑺𝑺[𝟒𝟒]), can be approximated using the absorbance of the most 

independent peak at approximately 631 nm [32] as 

 

𝑥𝑥𝑁𝑁𝑖𝑖[4] =
𝐶𝐶𝑁𝑁𝑖𝑖[4]

𝐶𝐶𝑁𝑁𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠
=  𝐸𝐸631

ɛ𝑁𝑁𝑖𝑖[4]  ∙ 𝑞𝑞 ∙ 𝐶𝐶𝑁𝑁𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠
     5-5 

 

where 𝑪𝑪𝑵𝑵𝑺𝑺[𝟒𝟒] and 𝑪𝑪𝑵𝑵𝑺𝑺𝒕𝒕𝒕𝒕𝒕𝒕 are the concentrations of fourfold coordinated 

Ni and total Ni in the glass (Tab. 4-1), respectively, q is the sample 

thickness, and 𝜺𝜺𝑵𝑵𝑺𝑺[𝟒𝟒] is the molar extinction coefficient (50 L∙mol-1∙cm-1 

[32]) of Ni[4].  
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5.2.5 Magnetometry (SQUID) 
 

Magnetic measurements were performed using a 

superconducting quantum interference (SQUID) device 

(QuantumDesign MPMS3-SQUID-VSM, San Diego, California, US). 

Cubes of 0.38 × 0.38 × 0.38 cm3 were cut from the base glass blocks 

and polished from all six sides (SiC < 5 μm). For each glass, one cube 

was treated with hydrogen (tH2 = 1080 min) and one was used as an 

untreated reference. SQUID measurements were conducted at 100, 

200, and 300 K. Glasses B and C were measured in the VSM (very 

fast and sensitive measurement) mode, whereas for glass A, the DC 

(fast and sensitive) mode was used due to sample vibrations. The 

resulting magnetization curves of the treated samples consist of three 

signals, the diamagnetic glass signal, the paramagnetic signal of the 

unreduced Ni2+ in the sample interior, and the ferromagnetic signal of 

the nickel nanocrystals [33]. To correct for the para- and diamagnetic 

signal, a background correction was conducted using the reference, 

i.e. the magnetic moment of the untreated glass was subtracted from 

that of the H2 treated sample.  

To estimate the weight fraction of metallic nickel 𝒘𝒘𝑵𝑵𝑺𝑺𝟎𝟎
𝒕𝒕𝒕𝒕𝒕𝒕  of the 

SQUID sample, the maximum saturation in the magnetic field 

explored, denominated MS(0.2T) of the H2-treated glasses was used. 

Employing the value of bulk Ni (55 emu∙g-1 [57]) one has [57, 117]: 

 

𝑤𝑤𝑁𝑁𝑖𝑖0
𝑡𝑡𝐶𝐶𝑡𝑡 =

𝑚𝑚𝑁𝑁𝑖𝑖0

(𝑚𝑚𝑁𝑁𝑖𝑖0+ 𝑚𝑚𝑁𝑁𝑖𝑖2+)
=  𝑀𝑀𝑆𝑆(0.2𝑇𝑇)

55 𝑒𝑒𝑚𝑚𝑒𝑒∙𝑔𝑔−1 ∙ 𝑤𝑤𝑁𝑁𝑖𝑖2+
    5-6 
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where wNi2+ is the weight fraction of Ni2+ in the base glass (Tab. 5-1). 

To obtain the weight fraction of Ni0 in the reaction layer 𝒘𝒘𝑵𝑵𝑺𝑺𝟎𝟎
𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍, one 

can calculate  

 

𝑤𝑤𝑁𝑁𝑖𝑖0
𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝐶𝐶 =  𝑚𝑚 ∙ 𝑀𝑀𝑆𝑆(0.2𝑇𝑇)

55 𝑒𝑒𝑚𝑚𝑒𝑒∙𝑔𝑔−1
∙  1
𝑉𝑉𝑙𝑙𝑚𝑚𝑙𝑙𝑠𝑠𝑙𝑙 ∙ 𝜌𝜌 ∙ 𝑤𝑤𝑁𝑁𝑖𝑖2+

    5-7 

 

with m = mass of the cubic SQUID sample, ρ = glass density (Tab. 

5-1) and Vlayer = volume of the reaction (tarnishing) layer.  
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5.3 Results 
 

Fig. 5-2A Fig. 5-2B exemplarily show two optical images of the 

cross sections of glass C after treatment for 300 min and 1080 min, 

respectively. It is apparent that the reaction of hydrogen gas with 

nickel ions formed a crystal-bearing zone of increasing depth with 

increasing H2 treatment time. Glass B shows the highest growth rate 

of the reaction layer, while the growth rates of glasses A and C are 

almost equal (Fig. 5-2C). One should note that the linear dependence 

of layer thickness versus square root of time confirms the diffusive 

growth of the tarnishing layer only for glasses A and C. 

 

 
Fig. 5-2: Optical images of the prepared TEM wedges of glass C after H2 

treatment for 300 min (A) and 1080 min (B) as well as root square time 

dependence of the depth of the Ni nanocrystal-bearing (tarnishing) zone (C). 

The error bar indicates the standard deviation based on 10 depth 

measurements at different lateral positions.  
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Fig. 5-3 shows montages of TEM micrographs of the tH2 = 300 

min series of glasses. The depth of the Ni nanocrystal-bearing zone 

from the surface is approx. 20, 45, and 28 μm for the glasses A, B, 

and C, respectively. The montages show that size and number density 

of nanocrystals varies with increasing depth. Variations in the crystal 

population are also evident from glass to glass. Additionally, an 

exemplary EDXS mapping of glass C is shown, proving the 

nanocrystals to consist of Ni metal. 
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Fig. 5-3: Stacks of TEM cross-section micrographs of series 2 (tH2 = 300 min) 

from the surface (top) towards the interior (bottom) of glass A (left) B (center) 

and C (right). Corresponding layer thicknesses up to the last detectable Ni 

crystal as indicated. Inset exemplarily shows a Ni-EDXS map of Ni of glass C. 
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Fig. 5-4 shows three-dimensional representations of the 

depth-dependent distribution of the corrected edge length l(f) of the 

first (tH2 = 35 min) and third series (tH2 = 1080 min). The first series 

shows size distributions in the depth of 0 to maximum 20 µm. For 

glasses B and C, the distributions appear rather homogeneous 

compared to glass A. All three glasses of the third series exhibit a 

narrow distribution of sizes close to the surface, ranging from approx. 

11–48 nm for glass A, 15–42 nm for glass B and ~ 10–38 nm for glass 

C. The size distribution becomes wider for glasses A and B with 

increasing depth z from the surface and is the broadest close to z = 

16 and 30 μm, respectively. In contrast, the crystal size distribution of 

glass C stays narrow throughout all depth segments with a range of 

12–70 nm, where the mean lies within 12–15 nm. 
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Fig. 5-4: Depth-dependent distribution of the corrected edge length l(f) for 

glass A, glass B and glass C for tH2 = 35 min and for tH2 = 1080 min. 

 

Fig. 5-5A1 shows the XANES spectra of the Ni-edge of the 

untreated (crystal-free) base glasses with the enlarged section of the 

main edge (Fig. 5-5A2). The spectra appear to be very similar, yet the 

main peak of glass C exhibits a slight shift to lower energies. Fig. 

5-5B1 (enlarged section in Fig. 5-5B2) shows the XANES spectra of 
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the glasses after treatment in H2 gas for 1080 min which were found 

to be very close to that of the metallic Ni reference [116]. Again, glass 

C differs in that it is most similar to the Ni reference. Fig. 5-5C depicts 

the magnitude of the Fourier transformed EXAFS spectra of the 

glasses after 35 min of hydrogen treatment time. The spectra exhibit 

noticeable differences in the peak intensities at ~ 1.5 Å and ~ 2.2 Å. 

The peak intensity at ~ 1.5 Å is highest for glass B, followed by glass 

A and glass C, where it appears as a shoulder only. 
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Fig. 5-5: XANES spectra of the untreated (crystal-free) glasses (A1) with 

magnified section (A2) and Ni-nanocrystal bearing glasses (tH2 = 1080 min = 

18 h) with metallic nickel reference (B1) with magnified section (B2). 

Magnitude of the Fourier transformed EXAFS spectra of the glasses treated 

for 35 min in H2 gas with metallic nickel reference (C).  
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Fig. 5-6 shows thickness corrected UV-Vis absorbance 

spectra of the untreated (nanocrystal-free) base glasses. Three 

overlapping absorption bands can be distinguished. The peaks at 

approximately 630 nm and 550 nm were assigned to tetrahedrally 

coordinated Ni2+, while the peak at 450 nm indicates trigonal-

bipyramidal coordinated Ni2+ [32]. Thus, a mix of 4- and 5-fold 

coordinated Ni2+ is present with a preference for the latter in glasses 

A and C. Using the peak absorbance at around 631 nm and Eq. 5-5, 

𝒙𝒙𝑵𝑵𝑵𝑵[𝟒𝟒] are 0.40, 0.58, and 0.37 for glasses A, B, and C, respectively. 

One should note that UV-Vis spectroscopy cannot exclude minor 

fractions of monovalent nickel in glasses A and C as characteristic Ni+ 

absorbance in the range 330–385 nm [80] can be superimposed by 

the strong increase in absorbance < 350 nm. 
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Fig. 5-6: Background subtracted UV-Vis absorbance A of the untreated 

(nanocrystal-free) base glasses A, B, and C, normalized to sample thickness. 

 

Fig. 5-7 shows the magnetic properties of the Ni nanocrystal-

bearing glasses of the third annealing series (tH2 = 1080 min) 

normalized to the untreated reference glass. The resulting magnetic 

moments of Ni-nanocrystals of all three samples show a ferromagnetic 

hysteresis loop. In particular, the maximum magnetic saturation in the 

field explored MS(0.2T) (Tab. 2) of the nanocrystals increases in the 

order 0.009–0.008 (glass B), 0.015–0.014 (glass A), and 0.018–0.016 

(glass C) (emu∙g-1) for 100 and 300 K, respectively. The magnetic 

remanence of the glass samples follows the order A > B > C for 

samples measured at 300 K. The coercivity HC is highest for B, 

medium for A, lowest for glass C. 
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Fig. 5-7: M

agnetization curves of glasses A, B and C
 (tH

2  = 1080 m
in) at 100, 200 and 300 K.  
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Tab. 5-2: Room temperature (300K) maximum magnetization in the field 

explored MS(0.2T), mass m, and weight fraction of metallic nickel 𝑤𝑤𝑁𝑁𝑁𝑁0
𝑡𝑡𝑡𝑡𝑡𝑡  of the 

SQUID sample together with the weight fraction of Ni0 in the reaction layer 

𝑤𝑤𝑁𝑁𝑁𝑁0
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. Numbers in parenthesis give the uncertainty of the last digit. 

Glass 
MS(0.2T) 
(emu∙g-1) 

m (g) 𝒘𝒘𝑵𝑵𝑵𝑵𝟎𝟎
𝒕𝒕𝒕𝒕𝒕𝒕  𝒘𝒘𝑵𝑵𝑵𝑵𝟎𝟎

𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 

A 0.014(2) 0.137(1) 0.068(8) 1.0(4) 

B 0.008(1) 0.122(1) 0.045(8) 0.4(2) 

C 0.016(2) 0.135(1) 0.09(1) 1.2(2) 
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5.4 Discussion 
 

The results show strong deviations in the crystal size 

distributions with minor changes in glass composition. As many 

studies reported an increase of mean crystal size with depth [28, 30, 

33, 105], which is in agreement with glasses A and B, a homogeneous 

depth-dependent crystal size distribution as observed for glass C is 

especially striking (Fig. 5-4). Even though glass B indicates a higher 

H2 permeability as compared with glasses A and C [61], the layer 

thickness seems to be independent from crystal size distribution. This 

is evident as the formation of nickel nanocrystals involves, besides the 

permeation of hydrogen molecules through the glass network, the 

three following steps, which are [60]: i) redox reaction (Ni2+ (glass) + 

H2 (gas) ↔ Ni0 (glass) + 2H+ (glass)), ii) diffusion of Ni0 atoms to form 

critical sized nuclei and iii) growth of the Ni nuclei to detectable size.  

Efficiency of the redox reaction can be approximated from the 

magnetic and XAS data as both provide information on reduced Ni. 

For the SQUID measurements, Tab. 5-2 reveals that glass C 

comprises the highest share, where 𝒘𝒘𝑵𝑵𝑵𝑵𝟎𝟎
𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 > 1 indicates accessory 

Ni2+ net diffusion from the bulk towards the reaction layer due to the 

depletion of Ni2+ at the surface [12, 27]. A higher rate of the redox 

reaction of glass C agrees well with XANES data (Fig. 5-5B). Besides 

having the highest intensity of the pre-edge peak at approximately 

8335 eV, which speaks for a higher metallic share [116], the shape of 

the XANES features is closer to the one of the metallic reference. In 

particular, the enlarged section (Fig. 5-5B2) clearly shows that the 
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third peak (~ 8380 eV) is more pronounced than the second one (~ 

8357 eV), identical to nickel reference. For glasses A and B, the main 

peak (~ 8350 eV), i.e. the first peak in the enlarged section, has the 

highest intensity followed by the second and third peak. The similar 

trend in the spectra of the untreated samples in Fig. 5-5A (highest 

peak intensity ~ 8350 eV) suggests that a small percentage of nickel 

is not fully reduced. As the spectra were obtained in fluorescence 

mode and taking the photon energy into account, the information 

depth is thought to be in the order of 10 to 20 microns. This means 

that all information is collected from the reaction layer, which expands 

up to 46–71 µm from the surface after 1080 min of H2 treatment time. 

The trend of higher reaction rates of glass C becomes even clearer 

when looking at the magnitude of the Fourier transform of the k2-

weighted EXAFS spectra of the first series (treatment time tH2 = 35 

min) of Fig. 5-5C.  

The relation of peak intensity at ~ 2.2 Å (assigned to the 

metallic Ni-Ni bond length [118]) to the peak intensity at ~ 1.5 Å 

(assigned to the Ni-O bond length in borate glasses [119]) decreases 

in the order C >> A > B. This indicates that the share of Ni-O bonding 

decreases for samples from B to A to C and at the same time the share 

of metallic Ni increases from B to A to C. Further possible direct 

influences on the peak intensity are crystal size, different degrees of 

local disorder of the atomic bonds and the coordination, i.e., occurring 

phases and their share and can be neglected for the following 

reasons. Nickel crystal sizes (tH2 = 35 min) range from 10 to 70 nm 

(Fig. 5-3 and Fig. 5-4) while size effects on local structural parameters 

determined by EXAFS are typically observed only for particles with 
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sizes below 10 nm [120, 121]. While the local disorder of the Ni-O 

bonds is assumed to be small, the coordination of metallic nickel is 

typically found to be 12-fold (fcc structure) and another metastable hcp 

phase was only detected in Ni thin films [122, 123]. In glasses A, B 

and C, only the fcc structure was observed by evaluating the diffraction 

pattern of the Ni particles. Therefore, the main cause for the increased 

intensity at 2.2 Å in glass C should be an increased share of metallic 

nickel. Moreover, the peak at ~ 2.2 Å is not observed in the EXAFS 

spectra of the untreated samples which proves that the metallic nickel 

evolves only in the course of the hydrogen treatment. Thus, it is 

assumed that the higher Ni0 share in glass C leads to a higher 

nucleation rate of Ni nanocrystals as the mean diffusion length to form 

a critical nuclei is strongly reduced.  

The hypothesis is in agreement with the relation that for noble 

metals of positive redox potential, such as silver, the redox reaction is 

fast [42] and the increase in size with increasing distance from the 

surface arises from the decreasing hydrogen                          pressure 

[30, 33]. Contrarily, for transition metals of negative redox potential, 

such as nickel, the redox reaction becomes the rate limiting parameter 

[31] and thus, a small net transition rate is expected for the reduction 

of Ni2+ in borosilicate glasses. As the redox reaction rate is strongly 

dependent on temperature, the higher treatment temperature due to 

an increased Tg of glass C compared to glass A and B, is creating 

favorable conditions. 

A higher fraction of Ni0 in glass C with time can also be 

originated by the valence state of Ni in the glass matrix. The shift to a 

lower energy of the X-ray absorption edge of glass C (Fig. 5-5A) points 
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to a partial reduction, i.e., the presence of minor fractions of 

monovalent nickel cations in the untreated base glass [124], which 

was not detectable by UV-Vis spectroscopy (Fig. 5-6). A possible 

occurrence of Ni+ in glass C could effectively decrease the energy 

barrier of the redox reaction with hydrogen and, thus, lead to a higher 

Ni0 supersaturation and concurrently a higher crystal nucleation rate. 

However, critical values in the parameters describing the structure of 

the glass that will trigger partial reduction of Ni2+ to Ni+ can hardly be 

given as they are very close between glasses A and C, which indicates 

that redox reactions are rather thermodynamically driven. Certainly, it 

can be stated that a high boron content in the glasses increases 

network connectivity (NBO/T) and glass transition temperature Tg. In 

turn, it decreases the basicity Λth and oxygen coordination of divalent 

nickel cations 𝒙𝒙𝑵𝑵𝑵𝑵[𝟒𝟒]. From a thermodynamic point of view, a lower 

oxidation state of nickel cations is probably promoted in glass C, due 

to a higher treatment temperature (1.1Tg) connected with a higher Tg 

of glass C. The importance of oxidation state is underlined by 

comparison to crystal size dependences on temperature reported in 

the literature. For example, Lutz et al. (2005) described the increase 

of mean Ni crystal size with increasing temperature [30]. Similarly, in 

[12], two size distributions of Ag nanocrystals grown at 180°C for 12 h 

and at 250 °C for 5 h showed a larger mean size of 5.5 ± 1.6 nm for 

the higher treatment temperature (compared to 3.7 ± 1.5 nm) even 

though the treatment time was significantly lower. The results of both 

literature studies are in agreement with the general approach that 

crystallization is a process of nucleation and growth with a maximum 
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nucleation rate at lower temperatures and maximum growth rate at 

higher temperatures [125] and it points out the anomalous behavior of 

the size distribution found for the higher treatment temperature of 

glass C of this study. It supports the hypothesis of higher Ni0 saturation 

in glass C due to decreased oxidation state of nickel ions as stated 

above. However, no systematic data were found for the temperature 

dependence of the size distribution of transition metal nanocrystals 

derived by hydrogen gas-flow treatment. Therefore, for a deeper 

understanding of the tarnishing kinetics, crystal population evolution 

with temperature should be targeted in future studies.  

Finally, it is important to note that the size distribution of Ni-

nanocrystals influences magnetic properties of MNCGs (Fig. 5-7). In 

particular, the coercivity is known to scale with crystal size [108, 109]. 

According to [91], the critical radius of fcc Ni single domain crystals 

(assumed to be spherical) is 32 nm, below which coercivity decreases 

strongly down to the superparamagnetic limit where coercivity 

becomes zero due to thermal effects that result in rapid spin reversals 

[91,126]. For multi domain particles (> 32 nm), coercivity inversely 

decreases with crystal size. As coercivity of the measured glasses 

increases in the order C < A < B, a superposition of 

superparamagnetic-, single domain- and multi domain crystals is 

likely. To unravel the contributions of these fractions, an analysis of 

the temperature-dependent coercivity 𝑯𝑯�𝑪𝑪 has been proposed [127, 

128]. For the simplest case of a binary mixture of superparamagnetic 

and blocked particles one has [109]: 
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𝐻𝐻�𝐶𝐶(𝑇𝑇) = 𝐻𝐻𝐶𝐶′ /[1 + 𝑥𝑥 ∙ 𝑉𝑉𝑆𝑆 ∙ 𝑀𝑀𝑆𝑆 ∙ 𝐻𝐻𝐶𝐶
′

6 ∙ 𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇 ∙(1 − 𝑥𝑥)
 ]    5-8 

 

where 𝑯𝑯𝑪𝑪
′  is the mean coercive field of the blocked particles, MS is the 

saturation magnetization, kB is the Boltzmann constant, and x, VS are 

the volume fraction and mean volume, respectively, of the 

superparamagnetic particles. The temperature dependence of 𝑯𝑯𝑪𝑪
′  of 

randomly oriented uniaxial particles is given by [128] 

 

𝐻𝐻𝐶𝐶′ (𝑇𝑇) = 𝐻𝐻𝐶𝐶0 �1 − �𝑇𝑇/ � 𝑉𝑉𝐵𝐵 ∙ 𝐾𝐾
25 ∙ 𝑘𝑘𝐵𝐵

� �
3/4
�    5-9 

 

where 𝑯𝑯𝑪𝑪
𝟎𝟎 (𝑯𝑯𝑪𝑪

𝟎𝟎 = K∙MS-1) is the coercive field at T = 0 K, VB is the mean 

volume of blocked particles, and K is the anisotropy constant. A 

cumulative distribution function of type [127, 128] 

 

𝑥𝑥(𝑇𝑇) = 0.5 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑇𝑇 − 𝑇𝑇𝐵𝐵
√2  ∙ 𝜎𝜎′

��     5-10 

 

with the mean blocking temperature TB (TB = VS∙K∙(25∙kB)-1) and the 

standard deviation 𝝈𝝈′ (𝝈𝝈′ = σ∙K∙(25∙kB)-1) is assumed to represent the 

population of superparamagnetic particles. 𝑯𝑯�𝑪𝑪(T) can be found by 

replacing Eqs. 5-9 and 5-10 in Eq. 5-8 and fitting the expression to the 

experimental coercivity data. To reduce the number of free 

parameters, the K-to-𝑯𝑯𝑪𝑪
𝟎𝟎 ratio was set to 485 emu∙cm-3 (= saturation 

magnetization of bulk nickel) and VB of Eq. 5-9 was expressed by the 

mean particle volume from TEM analysis (≈ 2.7 × 10-17, 6.4 × 10-17, 8 

× 10-18 cm-3 for glasses A, B and C, respectively). 𝑯𝑯�𝑪𝑪(T) was described 
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best using the adjustable parameters 𝑯𝑯𝑪𝑪
𝟎𝟎 = 815 Oe, TB = 179 K, 𝝈𝝈′ = 

155 K (glass A), 𝑯𝑯𝑪𝑪
𝟎𝟎 = 1020 Oe, TB = 195 K, 𝝈𝝈′ = 173 K (glass B) and 

𝑯𝑯𝑪𝑪
𝟎𝟎 = 420 Oe, TB = 140 K, 𝝈𝝈′ = 120 K (glass C) (Fig. 5-8). The values 

of T0 and 𝝈𝝈′ correspond to a mean edge length of 11.6 ± 5.7 nm for 

glass A, 11.1 ± 5.7 nm for glass B, and 13.3 ± 6.4 nm for glass C as 

shown in the inset of Fig. 5-8. 
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Fig. 5-8: Coercive field 𝐻𝐻�𝐶𝐶 versus temperature for glasses A, B and C (tH2 = 

1080 min) at 100, 200 and 300 K. Lines are best fit of Eqs. 5-8, 5-9 and 5-10 

through the data assuming a binary mixture of superparamagnetic and 

blocked particles. The inset shows the corresponding normal distribution of 

the superparamagnetic particle edge length. 

 

The analysis reveals only small differences in the size 

distribution of superparamagnetic particles between the three glasses. 

Consequently, a higher fraction of superparamagnetic particles is 

expected in glass C as its fraction of small crystals (< 25 nm edge 



Publication 2: Glass composition versus crystal size distribution  
 

125 
 

length) is largest (Fig. 5-4). However, one has to stress that more 

𝑯𝑯�𝑪𝑪(T) data (in particular at temperatures < 100 K) are required to 

improve the quality of this first approach to analyze temperature-

dependent coercivity data. In particular, this would help to lift the 

remaining constraints on the anisotropy constant as the analysis 

above does not provide reliable indications regarding the center of the 

distribution, due to the arbitrary choice of the anisotropy constant, 

which is in principle different from the bulk value, i.e., increases with 

decreasing size. Thus, the anomalous hysteresis shape observed for 

glass C at 300 K can be induced by high surface anisotropies [129] 

and alternatively by a spin-orbit coupling effect of Ni [130]. 
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5.5 Conclusions 
 

Nickel nanocrystals were synthesized in glasses of three 

different compositions using hydrogen gas-flow treatment. The 

increase of the mean crystal size with distance from the surface as 

reported for most MNCGs derived from hydrogen gas-flow treatment 

[30], was significantly improved by increasing the boron oxide content 

in the glass composition. The samples showed a uniform crystal size 

distribution of small width, both with depth and with time, therefore 

exhibiting a large share of small nanocrystals close to the 

superparamagnetic limit, which is desired for modern magnetic 

storage media [131]. XAS and SQUID results indicate a more effective 

reduction of Ni ions in glasses of higher boron oxide content due to 

higher Tg and a mean lower oxidation state induced by lowering of the 

glass basicity.  
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Abstract 

 Formation of cobalt nanocrystals in durable borosilicate and 

aluminosilicate glass matrices is studied. Using a hydrogen gas flow 

treatment, ε-Co nanocrystals precipitate primarily in these glasses. 

This rare Co allotrope, which so far has mainly been synthetized by 

organometallic routes is found for the first time in a glass. XRD and 

TEM results indicate that ε-Co is present in glasses ≥ 500 °C and that 

it successively transforms into the more stable α- and β-Co allotropes. 

Primary formation of the ε-Co in glasses is in agreement with the 

Ostwald-Volmer rule of stages as it yields the lowest density change 

with respect to the parent glass among the three Co allotropes. 
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6.1 Introduction 
 

Due to advantageous magnetic and chemical properties, 

materials based on cobalt are used in a wide field of applications 

ranging from Li-ion batteries to corrosion resistant alloys [15, 132]. 

Especially micro- and nano-sized cobalt particles for magnetic data 

storage devices and catalytic materials are increasingly moving to the 

center of interest [16, 17]. As the magnetic properties of Co particles 

strongly depend on their crystal structure [41], a deeper understanding 

of the polymorphism and the formation of cobalt allotropes is needed. 

There are two common allotropes of cobalt, an fcc (Fm𝟑𝟑�m) structure, 

also known as β-Co and an hcp (P63/mmc) structure (α-Co). Although 

the β-Co structure is thermodynamically stable above 420–450 °C, 

both phases can co-exist at room temperature due to the low 

activation energy of stacking fault formation [48, 72]. Both cobalt 

crystal structures show ferromagnetic behavior, yet, α-Co exhibits a 

higher anisotropic magnetic coercivity and is therefore rather used for 

hard-magnetic applications such as magnetic storage devices. β-Co 

on the other hand shows higher symmetry and therefore a lower 

coercivity that makes it more interesting for soft magnetic applications 

[41]. 

A rather rare allotrope of cobalt comprises a complex cubic 

structure containing 20 atoms per unit cell [48]. This so-called ε-Co 

has a cubic primitive symmetry, (P4132) and is also ferromagnetic, 

showing soft magnetic properties like β-Co. Above 500 °C, ε-Co 

irreversible transforms to β-Co, making it a valuable precursor for 

magnetic [41] storage media. The ε-Co allotrope has initially been 



Publication 3: Time-temperature stability of Co allotropes  
 

132 
 

synthesized via an organometallic route using tri-n-octylphosphine 

oxide (TOPO) as a capping agent preventing particle agglomeration. 

Yet, ε-Co has been reported to be metastable up to several month at 

room temperature, but if annealing of the ε-Co particles is carried out, 

it removes the passivating layer and subsequently causes surface 

oxidation [75]. Furthermore, wet-chemistry routes showed to be 

capable to produce ε-Co [75, 133], however a stable surrounding 

could not be provided. 

Glassy matrices enable formation of metastable phases by 

nanoparticle precipitation and prevention of undesirable particle 

growth and agglomeration. Inter alia, α-AgI was stabilized below the 

α-β phase transition temperature if confined in glasses [50]. Similarly, 

δ-Bi2O3 nanoparticles are shown to be stabile down to room 

temperature if formed in bismuth oxide-based glasses [49]. Recently, 

also precipitation of metastable TiO2(B) nanocrystals in a lithium 

aluminosilicate glass host was reported [134]. Thus, our study is 

motivated to synthesize ε-Co in a glassy matrix. Hydrogen gas 

treatment was preferred as this method allows effective precipitation 

of metal nanoparticles in glasses [28, 30]. On one hand, borosilicate 

and aluminosilicate base glasses of sufficiently high ionic porosity 

were selected due to expected high levels of H2 permeation [61]. On 

the other hand, an initial parameter study showed that these 

compositions form readily glasses (without proneness to 

crystallization) comprising cobalt oxide up to several mol%. 

Furthermore, base glasses were prepared with relative low and high 

CoO contents, i.e. 1.7 and 9.8 mol%, respectively, in order to explore 

a possible influence of ε-Co formation on initial cobalt concentration. 
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Evidence of the formation of ε-Co nanocrystals is given by X-ray 

diffraction (XRD) and transmission electron microscopy (TEM). 
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6.2 Material and methods 
 

6.2.1 Sample preparation and characterization 
 

Two base glasses, a borosilicate glass (A) and an 

aluminosilicate glass (B), were prepared by mixing reagent grade 

SiO2, Al2O3, H3BO3, Li2CO3, Na2CO3, K2CO3, and Co2O3 powder for 12 

h in a tumbling mixer. The batch mixtures were heated to 1250 °C in 

a fireclay crucible. During a melt homogenization time of 2 h, the batch 

was stirred three times using an Al2O3 rod. Subsequently, the melt was 

poured into a steel mold and transferred to a muffle furnace where the 

glass was slowly (12 h) cooled down from 600 °C to room temperature.  

Chemical composition as analyzed via inductively coupled 

plasma optical emission spectrometry (Agilent ICP-OES, 5100, Santa 

Clara, US) was found to be close to the nominal one (Tab. 6-1). The 

glass density ρ was determined using Archimedean buoyancy (Kern 

ABT, Balingen, Germany) with water as an immersion liquid. The error 

of this method (based on repetitive measurements) was ≤ 0.2%. The 

glass transition temperature Tg was determined by differential 

scanning calorimetry (Netzsch DSC 404 F3 Pegasus, Selb, Germany) 

using a fragment of each glass of ~ 30 mg in a lidded PtRh20 container 

and nitrogen atmosphere (Fig. 6-1). Thermal calibration of the DSC 

was conducted following the procedure described in [135], while a 

standard protocol was applied [136] to equilibrate the thermal history 

of the glass. Tg was determined as 466 °C and 451 °C (tangent 

method) for glass A and B, respectively from the second upscan at 10 

K∙min-1 following a cooling ramp of the glass from above the expected 
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glass transition at the same rate. Inspection of Fig. 6-1 shows that the 

glasses were thermally stable at least up to the highest temperature 

tested (800 °C). The lack of a crystallization exotherm above Tg 

indicate that nitrogen gas was not sufficient to trigger crystallization of 

cobalt nanocrystals at the surface of the fragment. Also a DSC run in 

hydrogen-bearing forming gas (3.5/96.5 H2/N2) was not successful to 

precipitate Co crystals in the glass, which indicate a strong 

dependence of metal formation on hydrogen partial pressure in 

agreement with earlier reports [56]. Finally, to trigger Co 

crystallization, isothermal heat treatments in 1 bar of hydrogen gas 

were conducted. The lower and upper heat treatment temperature 

were set close to Tg (500 °C) and the softening point (600 °C), 

respectively. The former limit facilitates a micrometer-sized reaction 

layer in reasonable treatment times (hours), whereas the latter limit 

guarantees the geometric stability of the sample piece. Details of 

hydrogen treatment are described in section 6.2. 
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Fig. 6-1: DSC upscan (10 K∙min-1) of borosilicate glass A and aluminosilicate 

glass B in nitrogen gas. The onset of the glass transition is indicated by the 

temperature Tg. 
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6.2.2 Hydrogen gas-flow treatment 
 

The precipitation of cobalt nanocrystals was initiated from the 

base glasses containing cobalt oxide by a redox reaction with 

hydrogen gas [31]: 

 

Co2+ (glass) + H2 (gas) ↔ Co0 (glass) + 2H+ (glass)  6-1 

 

where the resulting 2H+ depolymerize the network by forming two 

hydroxyl bonds. To allow for rapid reaction according to Eq. 6-1, the 

base glasses were cut to platelets of approximately (10 × 10 × 3) mm3, 

SiC-polished (2.5 μm) and placed in a silica glass tube of a hinged 

tubular resistance furnace (Linn High Therm SO 12, Eschenfelden, 

Gemany). Firstly, glasses were heated in N2 flow-through to the dwell 

temperature (500, 530, 570, and 600 °C). Secondly, the hydrogen gas-

flow was started (approx. 385 L∙h-1) and the nitrogen flow-through was 

stopped. Hydrogen flow-through was kept for 2 h, before both the 

influx and the efflux were closed in order to preserve ambient pressure 

within the silica glass tube. The samples were then left in the hydrogen 

atmosphere for the remaining dwell time and were finally cooled with 

5 K∙min-1 in nitrogen flow-through to room temperature. After removing 

the glass platelets from the silica tube furnace, the reacted layer was 

examined and placed back in the furnace to allow further reaction. By 

keeping the same protocol, samples of total reaction time in the 

hydrogen gas flow of 310, 610, 1110, 2190, and 3270 min (glass A) 

and 300, 600, 1080, 2160, and 3260 min (glass B) were prepared. 

Details on the furnace setup can be found elsewhere [105].  
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6.2.3 X-ray diffraction (XRD) 
 

Detection of cobalt nanocrystals was performed on hydrogen 

gas treated platelets by X-ray diffraction (PANalytical Empyrean 

Series 2, Amelo, Netherlands) using Cu Kα radiation (40 mA and 40 

kV) and a Pixel1D detector (3.347 ° active length and 255 active 

channels) in Bragg-Brentano geometry. To compensate for the 

increased background (fluorescence) of the cobalt containing 

samples, the pulse height distribution level was decreased from 25–

80% to 50–75% (8.05–11.27 keV) [137]. Measurements were 

conducted from 40 to 53 °2θ with a step size of 0.013 °2θ and a scan 

time of 43 s per step (~ 12 h per measurement) and for selected 

samples between 10 and 120 °2θ using the same step size and scan 

time (~ 101 h per measurement). The X-ray information depth as 

approximated from mass attenuation coefficients of the single 

compounds and the glass density was ~ 112 µm and ~ 151 µm for 

glass A and glass B, respectively [138], while the thickness of the 

reaction layer was ~ 50 µm for the longest treatment time (3270 min). 

To determine relative fractions of the individual Co-allotropes, 

Rietveld refinements of XRD pattern were performed using HighScore 

Plus software (Panalytical). For each pattern, background points were 

individually determined. The background shape of the amorphous 

sample was checked by XRD measurements of the untreated glasses. 

Refinement steps include zero shift, scale factors, lattice parameters 

and profile variables W and U and atomic coordinates. Isotropic 

displacement parameters B were treated with special care to avoid 
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unrealistic B-values. Instrumental broadening was corrected by LaB6 

standard. 
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6.2.4 Transmission electron microscopy (TEM) 
 

The morphology and crystallography of Co nanocrystals were 

also studied using TEM. To be able and do so, TEM samples of glass 

A and glass B had to be prepared using a dedicated tripod sample 

holder incorporated into the multi-functional grinding and polishing tool 

(Allied MultiPrep, Rancho Dominguez, US). After preparing a cross-

section using a diamond wire saw, two-sided, plane-parallel grinding 

and polishing of the samples to a residual thickness of ca. 30 µm was 

accomplished, followed by subsequent polishing under a well-defined, 

small angle of approximately (1.6 ± 0.3 °), resulting in a wedge-shaped 

sample. Wedge polishing obtained cross-sectional samples with rims 

of just a few ten nm of thickness. In order to get rid of surface damage 

imposed by the mechanical procedures accomplished before cleaning 

off polishing residues, and to attain ultimate thinning mandatory for 

electron transparency, samples were ion-beam polished. This step 

was performed both-sided using low-energy (2.5 keV) Ar+ ions 

(precision ion-polishing system Gatan PIPS, Pleasanton, US) under 

grazing angle incidence (± 6 °). Eventually and as glasses tend to 

possess electrostatic charging, area-selective carbon coating with an 

elliptical coating mask was applied (3D-Micromac coatMASTER, 

Chemnitz, Germany) [97].  

TEM analyses were conducted using a transmission electron 

microscope (Thermo Fisher FEI Titan3 G2 80–300, Hillsboro, Oregon, 

US) operated at 300 kV acceleration voltage. Using this instrument, 

scanning transmission electron microscopy (STEM) utilizing a high-

angle annular dark field (HAADF) detector (Fischione Model 3000, 
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Export, US) was employed. STEM in combination with energy-

dispersive X-ray spectroscopy (EDXS), using a Super-X EDXS 

detector (Thermo Fisher FEI, Hillsboro, Oregon, US) allowed for the 

recording of elemental maps on the nanometer scale using the 

commercially available software Esprit (Version 1.9, Bruker, Billerica, 

US). 
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6.3 Results 
 

6.3.1 X-ray diffraction (XRD) 
 

Fig. 6-2 shows that the isothermal treatment above Tg in 1 bar 

of hydrogen gas lead to a crystallization of Co-allotropes in the reacted 

glass layer. For example, after 3270 min (glass A) and 3260 min (glass 

B) at 530 °C, X-ray diffraction pattern of the reacted platelet (reaction 

layer of approx. 50 µm depth) were assigned to a combination of α-, 

β- and ε-Co for glass A and a combination of β- and ε-Co for glass B. 

One has to note that Fig. 6-2 displays X-ray pattern of bulk glass 

specimens (platelets) with random nucleation of Co-crystals in the 

interior of the reacted glass layer (see section 6.3.2). Although a 

possible texture effect cannot be ruled out, it is not very likely that a 

preferred orientation of the crystals is present.  
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Fig. 6-2: XRD pattern (40–53 °2θ) of the reacted platelet of the borosilicate 

glass A and the aluminosilicate glass B after hydrogen gas-flow treatment at 

530 °C for 3270 min (glass A) and 3260 min (glass B). Reference X-ray 

diffraction pattern of ε-, α- and β-Co [75] are shown for comparison. 
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The presence of more than one cobalt allotrope in the reacted 

glass layer necessitates the screening of the crystal evolution with 

temperature and time of the hydrogen treatment (Fig. 6-3-Fig. 6-6). X-

ray diffraction patterns of samples treated at 500 °C in the hydrogen 

gas flow show the presence of crystals after 610 min (glass A) and 

300 min (glass B) (Fig. 6-3). In both glasses, ε-Co is precipitating first, 

while in glass B the shoulder at 44.3 °2θ indicates the presence of β-

Co in small amounts. For longer treatment times (1110 min), the co-

precipitation of β-Co is also evident in glass A. At 2190 min of 

treatment time, glass A additionally shows peaks that well match those 

of α-Co. 
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Fig. 6-3: X-ray diffraction patterns (40–53 °2θ) for glass A (left) and B (right) for 500 °C

 and different hydrogen reaction 

tim
es. 
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At 530 °C and after 310 min treatment time, all three Co-

allotropes are present in glass A (Fig. 6-4). For longer times, mainly β-

Co peaks gain height, while those of α-Co show only a minor increase 

and ε-Co peaks decrease relative to the other two Co-phases. Glass 

B again shows only β- and ε-Co after 300 min of H2 treatment. At 570 

°C, both glasses show the evolution of β- and ε-Co after 300 min 

treatment time, however, with time the ε-Co share strongly decreases 

(Fig. 6-5). In glass B, the presence of ε-Co is limited up to 3260 min. 

In glass A, α-Co peaks show higher intensities after 310 min of 

hydrogen treatment compared to 530 °C and the peaks increase with 

time. Additionally, after 610 min, a further peak at ~ 46.8 °2θ not 

belonging to Co becomes visible and later, two further peaks at ~ 42.1 

and 48 °2θ emerge, which are assigned to cristobalite. At 600 °C, 

glass A shows only β-Co evolution, yet a number of small peaks 

indicate the presence of cristobalite (Fig. 6-6). On the other hand, 

glass B shows ε-Co in addition to β-Co after 300 min. However, ε-Co 

strongly decreases after 600 min of treatment time and completely 

vanishes after 1080 min. 
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Fig. 6-4: X-ray diffraction patterns (40–53 °2θ) for glass A (left) and B (right) for 530 °C

 and different hydrogen reaction 

tim
es. 
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Fig. 6-6: X-ray diffraction patterns (40–53 °2θ) for glass A (left) and B (right) for 600 °C

 and different hydrogen reaction 

tim
es. 
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6.3.2 Transmission electron microscopy (TEM) 
 

The examination of two samples of the borosilicate glass A 

(3270 min, 530 °C) and the aluminosilicate glass B (3260 min, 500 °C) 

was performed in bright field mode first. Contrast results from mass 

absorption, scattering, and diffraction: highly absorbing areas (due to 

heavy elements or high density) and crystalline domains (if satisfying 

geometrical conditions for electron diffraction are met) appear darker 

in this mode. Strong differences in the microstructure of the glasses A 

and B are evident (Fig. 6-7). In glass A, cobalt crystals up to 1 µm in 

size are present, while in glass B the population consists of smaller 

nm-sized cobalt crystals. Further examination was performed using 

scanning TEM in combination with a high angle annular dark field 

detector (HAADF-STEM, Fig. 6-8 and Fig. 6-9). Due to the chosen 

camera length, a mixed signal of diffraction contrast and Z contrast, 

i.e., element specific contrast is used, showing the dark glass matrix 

(elements with low atomic number) with bright metal crystals (higher 

atomic number) embedded into it. Fig. 6-8 shows exemplarily a section 

of the crystal ensemble in glass B. Crystals are of idiomorphic shape 

and in the 200 nm size range. EDXS mappings in STEM mode 

confirmed that these crystals solely consist of cobalt, whereas the 

remaining cobalt content in the glass matrix around the nanocrystals 

was lower as in the unreacted base glass (Co nanocrystal-free) in the 

center of the glass platelet. Fig. 6-9 shows that also the larger crystals 

in the borosilicate glass A purely consist of cobalt. To prove for the 

existence of ε-Co, crystals of isometric form in suitable orientation 

were analyzed using selected area electron diffraction (SAED). In Fig. 
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6-10, lattice spacings were measured in two directions, obtaining 

0.61(3) nm and 0.61(2) nm. These distances could be assigned to 

(001) and (010) lattice planes of ε-Co [48], respectively, imaged along 

[100]-direction. Contrary to XRD, where the {100} reflections are 

kinematical forbidden, they can be seen in TEM due to indirect 

excitation. This readily explains differences between the observed 

electron diffraction pattern and calculated electron diffraction pattern 

from XRD data in Fig. 6-10. 

 

 
Fig. 6-7: Co crystal population in glass A (3270 min, 530 °C) (left) and in glass 

B (3260 min, 500 °C) (right). 
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Fig. 6-8: STEM-HAADF image of cobalt crystals in the reaction layer (top left) 

of the aluminosilicate glass B (3260 min at 530 °C) and corresponding EDXS 

Co-distribution (top right). Base glass outside the reaction layer (bottom right) 

and the corresponding EDXS map (bottom left). The green boxes indicate 

areas of Co-mapping. Normalized atomic fractions are 0.6 % and 0.1 % for 

the matrix glass inside and outside the reaction layer, respectively.  
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Fig. 6-9: STEM-HAADF image of Co crystals in the reacted layer of the 

borosilicate glass A (3270 min, 530 °C (left) and corresponding EDXS Co-

distribution (right). The red encircled crystal in the HAADF image was used, 

amongst others, for electron diffraction pattern analysis. 

 

 
Fig. 6-10: Bright field TEM image of a faceted ε-Co nanocrystal in [100]-

direction in glass A (3270 min, 530 °C) (left) and selected area diffraction 

(SAD) pattern obtained from the red marked circle of the ε-Co nanocrystal 

(middle) and calculated EDP pattern from XRD data of Ref. [6] (right). Extra 

reflections (0k0, k = 2n + 1 and 00l, l = 2n + 1) in the SAD pattern stem from 

double diffraction. 
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6.4 Discussion 
 

For both glass compositions the presence of the different Co 

allotropes, as detected by X-ray diffraction, varies with time and 

temperature of the hydrogen gas flow treatment (Fig. 6-11). In 

borosilicate glass A, ε-Co was the first allotrope detected, α-Co 

appears as an intermediate and solely β-Co is present at the highest 

temperature stage. In aluminosilicate glass B, only ε-Co and β-Co are 

present initially, while ε-Co transforms to β-Co with prolonged dwelling 

at higher temperatures. One should note that the presence of the Co-

allotropes depends on the detection limit of the XRD setup and the 

concentration of precipitateable Co2+ ions, which was higher for glass 

A. Further, differences in the hydrogen permeation rate between both 

glasses [61] and in the diffusivity of reduced Co0 atoms have to be 

accounted when comparing fractions of detectable cobalt allotropes in 

both glasses. Despite these factors, Fig. 6-11 allows the preliminary 

conclusion that the transformation proceeds according to the general 

sequence ε → α → β, which agrees closely with Ostwald's rule of 

stages [46], later also reformulated in Goldsmith's concept of 

“simplexity” [47]. The second transformation, i.e., the martensitic α-to-

β transformation, appears to be shifted to higher temperatures as 

compared to Co nanocrystals in thin layers, for which a temperature 

range of 420–450 °C is reported [48, 139]. Likewise, the “stability” field 

of ε-Co nanocrystals in the matrix glass A, with an upper temperature 

of 530 °C, is more pronounced than in bulk ε-Co (ε-to-α transformation 

close to 300 °C [75]). Moreover, for the aluminosilicate glass B, ε-Co 

could be detected for treatments up to 600 °C and 600 min. One has 
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to note that with respect to the evolution of cobalt allotropes, in situ 

measurements using high-temperature X-ray diffraction (HTXRD) in a 

hydrogen gas atmosphere would be beneficial. However, HTXRD is 

beyond the scope of the present study and will be addressed in the 

near future.  
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In order to gain first insights into the transformation kinetics, 

isothermal series for 530 °C were evaluated by Rietveld refinement to 

quantify the relative fractions of the Co allotropes. As an example of 

this procedure, Fig. 6-12 shows that the total fit well matches the raw 

data, which is also indicated by the difference of both being close to 

zero. The corresponding residual (R)-values of the refinement are Rp 

= 1.33%, Rwp = 2.19%, Rexp = 1.30% and GoF = 1.69 (Rp, Rwp, Rexp, 

and GoF are the profile-, the weighed profile-, the expected R-value 

and the goodness of fit, respectively). The RBragg values of the 

individual Co allotropes are RBragg(α) = 2.30%, RBragg(β) = 5.56%, 

RBragg(ε) = 4.15% and RBragg(cristobalite) = 0.23%, also indicating a 

good fitting quality. The Rietveld refinements of the other glasses, 

although measured in narrower 2θ range (40–53°), matched the raw 

data well and showed similarly high quality, yet the goodness of fit 

(GoF) decreased with increasing time of the hydrogen gas-flow 

treatment. The difference of the derived relative fractions was < 1% 

between both recorded 2θ ranges as the main intensities of all cobalt 

allotropes are present within 40–53° 2θ (Fig. 6-12). Using this semi-

quantitative approach (no internal standards were added) allowed us 

to compare the relative amounts of the Co-allotropes with progressive 

reaction time. 
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Fig. 6-13 shows that for both glasses the fractions of ε-Co 

decrease with increasing reaction time, while those of β-Co and α-Co 

increase. In view of the general sequence ε → α → β, it means that in 

glass A the rate of the ε-to-α transformation is higher than that of the 

α-to-β transformation. Thus, formed α-Co transforms only partially to 

β-Co in a given time interval. Assumed differences in the 

transformation rates are in agreement with the steepness of the 

temporal dependencies of Fig. 6-13. Using a semi-logarithmic time 

scale, the steepness of the curve is a measure of the power of the 

transformation rate [140]. In glass B, the intermediate α-Co is not 

detectable, which would imply that the transformation rate of α-Co to 

β-Co is much higher than in glass A. This would result in an α-Co 

fraction below the XRD detection limit. On the other hand, a closely 

related advancement of Ostwald´s stage rule is the Ostwald-Volmer 

rule, which states that the phase exhibiting the smallest density 

change, is the one precipitating first, traversing a set of increasing 

densities until the phase of the highest density is formed [141]. 

Considering the densities, the sequence ε → β → α is expected (Tab. 

6-2).  
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Fig. 6-13: Temporal evolution of the relative fractions of α-, β- and ε-Co of 

glass A (left) and B (right) for a hydrogen gas treatment at 530 °C. 

 
Tab. 6-2: X-ray density of Co-allotropes treated at 530 °C based on the peak 

positions α(100), α(101), β(111), β(020) and ε(221), ε(310), ε(311) lattice 

planes. 

Glass X-ray density (g∙cm-3) 

 ε-Co α-Co β-Co 

A, this work 8.565 8.81 8.766 

B, this work 8.608  8.777 

Ref. [48] 8.635 8.836 8.788 

 

A further implication for the sequence derived for Co 

allotropes in both glasses that also arises from Ostwald’s studies is 

the structural organization as described in [142]. The phase first 

crystallizing may exhibit the smallest energy barrier of formation or has 

the structure that is most similar to that of the melt. As the energy 
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barriers of formation (crystal nucleation) are not known, a view to the 

structures reveals that the ε-Co allotrope exhibits a lower crystal 

symmetry compared to β-Co, thus the formation of ε-Co from non-

symmetric and randomly distributed Co0 in the glass may be attributed 

to the lowest energy barrier.  

Apart from what is stated above, the impact of the Co2+ 

concentration on the crystal evolution has to be considered, too. The 

higher the Co2+ concentration, the closer is the proximity of Co0 atoms 

after hydrogen reduction, leading to higher growth rates. Therefore, 

the predicted larger size of cobalt crystals of the borosilicate glass A 

is in agreement with the observed differences in the microstructure 

between glasses A and B as compared in Fig. 6-7. A size dependence 

of Co-allotropes has been reported in [143], where it is shown that the 

fraction of α-Co increases with increasing average crystal diameter 

compared to β-Co. Fig. 6-14 shows the temporal evolution of the mean 

crystallite size of the different Co allotropes in the reacted layer of the 

borosilicate glass A. It can be seen that the mean size of ε-Co is limited 

to a maximum of about 162 nm at short treatment times. In contrast, 

the mean size of β-Co is steadily increasing with treatment time, while 

the mean size of the intermediate α-Co appears to be relatively 

invariant. The formation of a maximum in the mean size can be 

attributed to a size-dependence in the formation of ε-Co, which limits 

the stability in glass and also via metalorganic routes [75, 133] to its 

nano-size. The decrease in the mean size with treatment time is then 

probably due to the presence of smaller crystallites of later formed 

nuclei in the population of ε-Co or the transformation of a single 
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crystallite in several domains of α- and β-Co as polycrystallinity of 

large crystals was observed by TEM (not shown).  

 
Fig. 6-14: Temporal evolution of the mean size of α-, β- and ε-Co crystallites 

in the borosilicate glass A for hydrogen gas treatment at 530 °C.  

 

Finally, one has to note that the amount of ε-Co crystals found 

in TEM samples was significantly lower than anticipated from XRD 

measurements. The deviation is probably due to stress, which 

stabilizes the ε-Co crystals. When preparing TEM samples, a 

significant part of the stabilizing matrix is removed. Thus, metastable 
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ε-Co nanocrystals may transform. A similar effect of stabilization by 

the glass matrix was revealed for ZrO2 containing glass-ceramics 

[144]. 
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6.5 Conclusions 
 

For the first time, noticeable fractions (up to 9.8 wt%) of ε-Co 

nanocrystals could be formed via a redox-reaction using a hydrogen 

gas-flow treatment in durable borosilicate and aluminosilicate glass 

matrices. The maximum temperature for which ε-Co nanocrystals are 

present in glasses is significantly higher to that reported for 

organometallic synthesis routes, indicating its improved prevention 

against oxidation and agglomeration. XRD and TEM results indicate 

that ε-Co is the allotrope first precipitating and is successively 

transforming to the more stable α- and β-Co allotropes. Primary 

formation of the ε-Co in glasses is in agreement with the Ostwald-

Volmer rule of stage as it yields the lowest density change with respect 

to the parent glass among the three Co allotropes.  
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Abstract 

Metastable ɛ-Co nanocrystals precipitate in silicate glass 

matrices together with stable β-Co nanocrystals at temperatures up to 

873 K, whereas rapid thermal decomposition of ε-Co is reported if 

formed by wet-chemical routes. Hence, high-temperature X-ray 

diffraction was used to determine the unknown coefficient of thermal 

expansion (CTE) of ε-Co stabilized in glasses. The liquid character of 

the matrix provides free expansion of ε-Co nanocrystals above the 

glass transition temperature (Tg), while a strain correction was 

performed for lattice constants below Tg using the co-precipitated β-

Co as internal reference. It is found that CTE (298–873 K) of ε-Co 

nanocrystals is 10.1 ppm∙K-1, which is slightly larger than CTE of β-Co 

nanocrystals (9.4 ppm∙K-1). 
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7.1 Introduction 
 

Cobalt shows allotropism and can exist in a hcp structure 

(P63/mmc), called α-Co, a fcc structure (Fm𝟑𝟑�m), named β-Co, and a 

newly discovered primitive cubic structure (P4132), termed ε-Co. The 

α- and β-allotropes are common, i.e. they can co-exist at room 

temperature. Under ambient conditions, α-Co is thermodynamically 

stable, while β-Co has a lower Gibbs energy above 693–723 K. The 

coexistence of both allotropes at room temperature is explained by the 

low activation energy of stacking fault formation, which hinders the β-

to-α transformation during cooling [48, 72]. On the other hand, ε-Co 

was reported to be metastable. Wet-chemically synthesized ε-Co can 

exist up to several month at room temperature, but decomposes to α-

Co while annealing [75]. A stable surrounding could not be provided 

until recently, it was successfully formed in glass matrices at 

temperatures 773–873 K [104]. Once formed above the glass 

transition temperature (Tg), ε-Co was reported to be stable during 

cooling and its presence at room temperature could be evidenced by 

X-ray and electron diffraction [104]. Co nanocrystals in glass matrices 

are of high interest for magnetic- and optical applications, such as data 

storage and optical switches [17]. 

Against this background, clarification on the thermal 

properties of ε-Co is within reach and might become the subject of 

future magnetic applications as for magneto optical recording, heating 

of ε-Co-bearing composites can play a significant role [145]. While 

thermal expansion coefficients for α-Co and β-Co are already known 
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[146], no reports on the thermal expansion of ε-Co are published. The 

study uses in-situ high-temperature X-ray diffraction (HT-XRD) to 

determine the CTE of ε-Co nanocrystals in suitable glass matrices, 

which prevent the crystals against agglomeration and oxidation.  
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7.2 Material and Methods 
 

To precipitate Co nanocrystals via the glass synthesis route, 

permeating hydrogen molecules were used to react with Co2+ ions that 

are dissolved in the glass structure [31]. Hence, two Co2+-bearing 

base glasses (borosilicate glass A and aluminosilicate glass B) of a 

previous study were used. Details of preparation of base glasses were 

reported in [104], whereas the hydrogen gas flow treatment was 

described in [105]. In order to co-precipitate β-Co nanocrystals, which 

were used as internal strain reference, dwell temperatures and times 

of the hydrogen treatment protocol were adjusted, ranging from 773–

843 K, 3270 min for glass A (three samples) to 803–873 K, 3260 min 

(three samples) for glass B. The treated glass samples exhibit ε-Co 

nanocrystals (95 nm mean size) and β-Co nanocrystals (56 nm mean 

size). Mean sizes were determined by peak broadening of XRD 

intensities. ε- and β-Co nanocrystals are grown as single crystals that 

are fully surrounded by the glassy matrix. Crystal structures and sizes 

were verified by TEM (Thermo-Fisher-FEI-Titan3-G2 80–300) as 

described in detail in [104]. As external (strain-free) reference, β-Co 

nanocrystals with sizes comparable to those precipitated in glass 

matrices were prepared by reducing Co3O4 nano-powders (~ 50 nm, 

99.5%) in H2 atmosphere (773 K, 2 h, corundum boat).  

Thermal expansion of ε- and β-Co nanocrystals in glass 

matrices was determined by in-situ HT-XRD measurements 

(PANalytical-Empyrean/Anton Paar-HTK1200) from 298 to 884 K 

under N2 flow-through and a precise height adjustment at each 
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temperature step. Temperature correction was done according to 

[147]. Cobalt fluorescence due to the used Cu Kα radiation was 

compensated by decreasing the pulse height distribution level to 50–

75% (8.05–11.27 keV) [137]. Whole pattern measurements were done 

at room temperature (0.013 °2θ step size, 43 s/step), while HT-

analyses were conducted from 43 to 45 °2θ (0.013 °2θ step size, 23 

s/step). Using the miller indices hkl of respective high intensity peaks, 

i.e. (111)-peak of β-Co and (310)-peak of ε-Co in glassy matrices as 

well as (111)- and (020)-peaks of β-Co reference powder, the cubic 

unit cell length a was calculated from selection rules and Bragg’s law 

 

𝑎𝑎 =  � 𝑛𝑛 ∙ 𝜆𝜆 
2 ∙ 𝑠𝑠𝑠𝑠𝑛𝑛𝜃𝜃

�√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2     7-1 

 

where n is a positive integer, θ is the glancing angle and λ the X-ray 

wavelength. The angle θ was derived from maximum peak position as 

determined from curve fitting of the XRD raw data [148] and corrected 

for X-ray refraction [149]. 

Tg of the hydrogen treated base glass was 733 ± 2 K (A) and 

726 ± 2 K (B) as determined by DSC analysis (Netzsch-DSC-404F3-

Pegasus, heating rate = 10 K∙min-1, powder size < 63 μm), whereas 

CTE of the untreated base glasses was determined by optical 

dilatometry (TA-Instruments-DIL806) according to standard procedure 

DIN ISO 7884-8. CTE in the temperature range from 298 K to Tg was 

9.9 ± 0.1 ppm∙K-1 and 15.7 ± 0.5 ppm∙K-1 of glass A and B, 

respectively. 
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7.3 Results and Discussion 
 

Fig. 7-1 shows exemplarily main sections of XRD pattern of 

co-precipitated ε-Co and β-Co in hydrogen treated glass B at room 

temperature and the corresponding shift of the (221)-peak at ~ 44.5 

°2θ of ε-Co and (111)-peak at ~ 44.2 °2θ of β-Co towards lower 

glancing angles with increasing temperature up to 783 K.  
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Fig. 7-1: R

elevant sections of XR
D

 patterns of co-precipitated ε-C
o (R

ef. [48]) and β-C
o (C

O
D

: 96-901-0969) in hydrogen 

treated glass B at room
 tem

perature (A) and corresponding H
T-XR

D
 pattern for six selected tem

peratures in the range 298–783 

K (B). XR
D

 pattern of β-C
o reference pow

der (C
). C

o nanocrystal population in glass B (stack of TEM
 m

icrographs, cross 

section, surface up) (D
). 
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Fig. 7-2 shows the calculated (Eq. 7-1) mean lattice constant 

of ε-Co and β-Co in glass matrices as well as of the β-Co reference for 

the measurement temperature. While mean lattice constants of β-Co 

well match the reference for measurements above Tg, they lie outside 

the error below Tg and therefore cannot be attributed to crystal size 

effects [150]. Rather, this indicates crystal strain as rigid glass 

matrices below Tg can induce compressive stress during cooling for 

CTE(Co) < CTE(glass) [151]. 
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Fig. 7-2: Tem

perature-dependent lattice constant of β-C
o (left) and ε-C

o (right) in glass m
atrices and of strain-free β-

C
o reference (left, stars). Sym

bols show
 m

ean value (out of six sam
ples). Error bars indicate data scatter plus 

instrum
ental error. 



Publication 4: CTE of ε-Co 
 

179 
 

To approximate the amount of strain, the temperature-

dependent lattice constant a(T) was fitted using a third order 

polynomial with the boundary condition da/dT(0 K) = 0 (Fig. 7-3), which 

results: 

 

𝑎𝑎(𝑇𝑇)𝛽𝛽−𝐶𝐶𝐶𝐶 = 354.3 (1 − 7.3 ∙ 10−9𝑇𝑇 + 1.5 ∙ 10−8 𝑇𝑇2)  7-2 

 

𝑎𝑎(𝑇𝑇)ɛ−𝐶𝐶𝐶𝐶 = 610.0 (1 − 6.2 ∙ 10−9𝑇𝑇 + 1.6 ∙ 10−8 𝑇𝑇2)  7-3 

 

for a in pm and T in K. Using a(T), CTE can be calculated (Tab. 7-1). 

The change in lattice constant due to stress can be expressed as a 

strain ∆ϵ between the relaxed and stressed state, where the fractional 

excess γ of crystal space with temperature is given by [152]: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �̇�𝛾 =  𝐶𝐶𝑇𝑇𝐶𝐶(𝐶𝐶𝐶𝐶) − 𝐶𝐶𝑇𝑇𝐶𝐶(𝑔𝑔𝑙𝑙𝑎𝑎𝑔𝑔𝑔𝑔)    7-4 

 

with 

 

𝛾𝛾(𝑇𝑇) =  ∆𝜖𝜖(𝑇𝑇) =  ∫ 𝑓𝑓(�̇�𝛾)𝑑𝑑�̇�𝛾298 𝐾𝐾
𝑑𝑑𝑔𝑔

.     7-5 

 

γ(T) > 0 indicated that compressive stresses were present for β- and 

ε-Co nanocrystals in both glass matrices when cooled from Tg to 298 

K. The corrected lattice constant ac at 298 K is then: 

 

𝑎𝑎𝑐𝑐(298 𝐾𝐾) = 𝑎𝑎(298 𝐾𝐾) ∙ (1 + ∆𝜖𝜖�𝑇𝑇𝑔𝑔 − 298 𝐾𝐾�).   7-6 
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Employing the calculated ac(298 K) value together with the 

data of the unstrained lattice constant above Tg and a third order 

polynomial regression one results: 

 

𝑎𝑎𝑐𝑐(𝑇𝑇)𝛽𝛽−𝐶𝐶𝐶𝐶 = 354.9 (1 + 1.1 ∙ 10−8𝑇𝑇 + 1.2 ∙ 10−8 𝑇𝑇2)  7-7 

 

𝑎𝑎𝑐𝑐(𝑇𝑇)ɛ−𝐶𝐶𝐶𝐶 = 611.1 (1 + 3.3 ∙ 10−8𝑇𝑇 + 1.3 ∙ 10−8 𝑇𝑇2)  7-8 

 

Fig. 7-3 shows that the above correction of the thermal 

mismatch between glass matrix and cobalt nanocrystal leads to ac(T) 

values that now matches those of the β-Co reference in the entire 

temperature range studied. Assuming that the strain correction is also 

valid for ɛ-Co (due to the thermal instability outside glass matrices 

even without verification) one can calculate CTE values of stress-free 

nanocrystals that were listed in Tab. 7-1. 
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Tab. 7-1: C
TE of β-C

o and ɛ-C
o nanocrystals in glass m

atrices and of β-C
o nanocrystal reference. 
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7.4 Conclusion 
 

ε-Co and β-Co nanocrystals can be stabilized in glass 

matrices up to 873 K. As glasses show higher CTE compared to cobalt 

nanocrystals they induce compressive stresses during cooling below 

Tg. Lattice constants of strained nanocrystals can be well corrected via 

lattice expansion mismatch between Co and glass as verified by 

nanocrystalline β-Co powder. Unstrained lattice constants show that 

CTE is slightly larger for ε-Co than for β-Co.  
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8 Overall discussion 
 

The results obtained by the investigations presented within 

this thesis (chapter 4-7) shed some light on the tailorability of cobalt 

and nickel MNCG in terms of crystal size distribution homogeneity and 

the allotrope formation of Co nanocrystals. A special focus was 

thereby placed on the kinetic analyses of the glass compositional 

impact on the mechanism of nanocrystal formation. Another important 

aspect of this thesis is the proper selection of tools and methods for 

the analyzation of nanocrystal size distributions, number densities and 

crystal phases, that plays a major role for the conclusions drawn from 

the experiments.   
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8.1 Transition metal nanocrystal analysis 
 

For studying transition metal nanocrystals such as Ni and Co 

in glass matrices, a direct visualization is highly practicable for the 

analysis of crystal size distributions and number densities. Therefore, 

TEM is not just one of the most common- but also one of the only 

available tools. However, the small-scale samples together with the 2-

dimensional data have frequently posed the question of result 

reliability with regards to statistical and analytical uncertainties [153, 

154]. For crystal size distributions, a good representation is obtained 

for around 300 to 500 counted crystals [154]. While this number can 

be achieved in samples containing a large number of small 

nanocrystals such as glasses A to C (Fig. 5-3), large nanocrystal 

containing samples (chapter 4) need several micrographs at different 

sample positions to account for a sufficient statistical significance, 

even if using the wedge preparation method (Fig. 4-2A). On the other 

hand, due to the large sample volumes, a high number of counted 

crystals is easily achieved independent of size when using X-ray 

microscopy (XRM) (chapter 4). This provides a statistical accuracy of 

the crystal number densities superior to that of TEM. It was however 

shown in this thesis (Fig. 4-13), that a sufficient correction of the 

volume-information lacking TEM data can be achieved, preventing the 

overestimation of crystal number densities close to the sample 

surface. As the TEM volume correction for crystal number densities 

only works if the wedge dimensions are known and the crystal size 

exceeds the wedge, no sufficient correction could be applied to 
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glasses A, B and C of chapter 5, which is the reason why number 

densities have not been analyzed in this case.  

On the contrary, for crystal size distribution analyses, 

utilization of TEM is crucial for nanocrystals below the XRM resolution 

limit of 50 nm (chapter 4). Even though a spatial resolution of 30 nm 

can be reached for scanning transmission X-ray microscopy (STXM) 

using a synchrotron source [155], nanocrystal bearing glasses like 

those described in chapter 5 cannot be analyzed using this method. 

In contrast, TEM provides a good accuracy for crystals > 2 nm, 

indicating the reliability of the results gathered for the crystal size 

distributions in chapter 5 (Fig. 5-3). Below > 2 nm, high statistical 

errors of up to 50% can be obtained for the nanocrystal sizes if 

magnification, background contrast and imaging type (TEM vs. STEM) 

are not chosen properly [153, 154]. The lack of 3-dimensional 

information for the true edge length is usually targeted by using mean 

diameters like Feret diameter [156–158], which was shown to agree 

well to the “true” 3-dimensional diameters as determined by XRM (Fig. 

4-11). Nonetheless, the overestimation of the true diameter of cube-

shaped crystals by utilization of Feret diameter was recognized by 

computer aided visualization of a cube in different orientations (Fig. 

5-1). Therefore, a novel correction method for the cube-shaped 

crystals (chapter 5) was invented to avoid misassumptions in future 2-

dimensional size analyses. 

Another method for the nanocrystal size analyzation is X-ray 

diffraction (XRD), where the peak width gives information on the 

volume weighed mean crystallite size throughout the area irradiated 

by X-rays. There are two main possibilities to extract the size 
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information from XRD raw data, the Scherrer equation and Rietveld 

analysis. Scherrer equation is a good approximation for a mean 

crystallite size up to about 100–200 nm, however, was shown to barely 

agree with TEM data if crystal sizes are > 10 nm in diameter. This can 

be ascribed to crystal imperfections, polycrystallinity or anisotropic 

morphology [154]. As the crystallite size refers to the single-crystalline 

contribution only, a comparison to the frequently occurring 

polycrystalline particles observed in TEM analyses is not reasonable 

(chapter 6). Furthermore, it was shown in chapter 7, that microstrain 

has a significant impact on the unit cell dimensions and thus on crystal 

sizes of β- and ε-Co in borosilicate- and aluminosilicate glasses due 

to strain induced by the glassy matrix upon cooling. As the XRD peak 

width is also strongly dependent on the microstrain of the nanocrystals 

[159], the Scherrer approximation can be deemed unsuitable for these 

materials. On the other hand, a deconvolution of size- and microstrain 

information is obtained by Rietveld analyses, where both parameters 

are fitted to the XRD raw data (A.1.4). This has been conducted to 

derive the mean volume weighed crystallite sizes for α-, β- and ε-Co 

crystals (Fig. 6-14) throughout the whole nanocrystal bearing sample 

volume, given the calculated X-ray information depth (A.1.5). Yet, the 

individual contributions of size and strain are hard to determine and a 

large error of fitting needs to be considered [160]. As XRD does not 

provide crystal size distributions but the mean volume weighed size, it 

does certainly not provide the same amount of information compared 

to TEM. Especially, if multi-modal size distributions or crystals below 

the detection limit of approximately 2–2.5 nm are present, the XRD 

results are misleading [161, 162]. Yet, XRD method has the strong 
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advantage that a metastable crystal structure like ε-Co is not damaged 

like in the TEM preparation procedure, therefore allowing for a parallel 

determination of crystallite size and allotrope fraction. 

Further research tools for transition metal nanocrystal size 

analysis are UV-Vis and small-angle X-ray scattering (SAXS) or wide-

angle X-ray scattering (WAXS), which have not been utilized in this 

thesis. In comparison to TEM and XRM, these indirect methods often 

involve certain assumptions that can induce strong errors to the 

resulting size if the analysis is not conducted carefully and not the 

correct measurement conditions are met. The plasmon band induced 

via transition metal nanocrystal absorption in the UV-Vis region can 

be used to determine the mean crystal size. The band thereby shifts 

to higher energies when the crystals become smaller [18]. However, 

the plasmon bands of Co (344 nm) and Ni (376 nm) are very broad 

[14] and overlap with the UV edge of the glasses (Fig. 5-6). 

Additionally, Mie scattering becomes problematic when high number 

densities of nanocrystals are present in the sample, as it increases the 

apparent absorbance of the whole spectra. Other than that, SAXS or 

WAXS can be used to determine nanocrystal size distributions of high 

statistical quality that agree well to TEM observations (within 5–7%) 

yet suffer from the analytical upper size limit of ~ 50 nm. While the 

data analysis is rather complex, as sophisticated models are 

necessary for the simulation of the scattering function, SAXS becomes 

very interesting when it comes to the determination of non-cubic 

crystal size distributions, i.e., the hexagonal α-Co [163–166]. 
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8.2 Kinetics 
 

For a complex system such as the tarnishing reaction, 

understanding of the reaction kinetics is of great importance for the 

tailorability of transition metal nanocrystal composite glasses. The 

general observation of the increasing mean crystal size with distance 

to the sample surface, together with the broad crystal size distributions 

strongly limits the possible utilization of MNCG materials [25, 28, 30, 

33, 60]. Within the present thesis, the aforementioned trend was 

confirmed for a borosilicate glass containing a high NiO amount, as 

well as for low NiO concentration bearing borosilicate glasses with low 

B2O3 content (chapter 4-5). The origin of this effect is in general 

assumed to be governed by the hydrogen concentration gradient, as 

described by Fick´s law (chapter 2.2), and the concurrent metal 

species supply for nucleation [33]. However, a small mean crystal size 

and homogeneous size distribution with depth was observed for the 

low NiO containing borosilicate glass composition with increased 

boron oxide content. This strong contrast to the otherwise expected 

impact of the H2 concentration gradient induces the necessity for a 

reevaluation of the kinetic mechanism of nanocrystal nucleation and 

growth [33]. 

Due to the four strongly correlative reaction steps (chapter 

2.1), a general agreement on the rate determining parameter has so 

far not been reached. While the original tarnishing model (Eq. 2-1) 

assumes the hydrogen permeation to be the critical parameter, 

several studies reported on the significant impact of the redox reaction 

as well as the metal diffusion for the layer evolution [29, 31, 43, 60]. 
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Yet, for all parameters the role of glass composition for the rate of 

darkening is known to be crucial [58–60]. This becomes evident from 

the NiO bearing borosilicate glasses (chapter 5), where minor changes 

to the glass composition lead to significant differences in layer 

thickness and crystal populations. The hydrogen permeation was 

thereby shown to have only minor influence on crystal size, due to the 

independence of the layer thickness (Fig. 5-2) on the crystal size 

distribution (Fig. 5-4). Furthermore, the higher network modifier 

containing glass B shows a non-compliance of the dependence of 

layer thickness on t1/2 predicted by the tarnishing model (chapter 5). 

Model assumptions for hydrogen permeation based on glass former 

percentage [100], as successfully utilized for a high NiO containing 

borosilicate glass (chapter 4), could not reflect the layer thickness with 

time for the low NiO containing borosilicate glass B of chapter 5 (layer 

thickness calculated and measured of 31 µm and 73 µm, respectively). 

The observations named above indicate that hydrogen permeation is 

not the rate determining parameter for Ni nanocrystal formation in 

borosilicate glasses. The breakdown of the tarnishing model 

applicability in this case may well originate from the assumption that 

the “reaction rate is very fast compared to diffusion” [42]. While this 

holds for noble metal reduction, transition metals necessarily exhibit a 

small reduction rate as can be deduced from Nernst equation (Eq. 2-

3) using 𝐶𝐶°= -0.26 V and n = 2 for the reaction Ni2+ + H2 ↔ Ni0 + 2H+ 

and 𝐶𝐶°= 0.8 V and n = 1 for the reaction 2Ag+ + H2 ↔ 2Ag0 + 2H+ for 

comparison [167]. Due to the unknown concentrations at a certain 

point in the reaction, the equilibrium constant Q can be expressed as 
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percent of reduced initial Ni- or Ag concentration (Fig. 8-1). Fig. 8-1 

shows, that unlike Ag, the Ni electron potentials for all glasses A, B 

and C are negative already below 0.1% of reduced Ni2+, suggesting 

that the redox reaction rate is rather slow compared to H2 diffusion. As 

demonstrated via EXAFS analyses (chapter 5), the crystal size 

distribution is very likely controlled by the formation of metal species 

that limits the supply for nanocrystal formation. 

  

 
Fig. 8-1: Electron potential as calculated by Nernst equation versus % of 

reduced metal oxide, i.e., NiO for glasses A, B and C and Ag2O for 

comparison. 
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The higher metallic share and the thus accompanied higher 

nucleation rate of glass C is thereby suggested to be due to a higher 

treatment temperature (1.1Tg) and the partly reduced Ni2+ in the 

untreated base glass. The presence of Ni+, as indicated by the 

absorption edge shift to lower energies in the XANES measurement 

(Fig. 5-5A), most likely originates from the higher network connectivity 

or lower glass basicity that increases electron donation ability of the 

oxide material [45, 168]. Similar conclusions were drawn by Tuzzolo 

et al. (1990) who discussed the higher layer formation rate of Sb in 

comparison to As in terms of differences in the oxidation state, where 

Sb showed a higher ratio of Sb3+ to Sb5+ [29]. 

Another phenomenon concerning the crystal population 

homogeneity throughout the sample volume is the Liesegang like 

layer evolution. This effect, not observed in any of the samples 

analyzed in this thesis (chapter 4-6), was found to increase with 

increasing diffusion coefficient of the metal species and with 

increasing initial metal ion concentration [37]. While the mobility of the 

small Co0 and Ni0 species is expected to be rather high, comparably 

high concentrations of CoO and NiO may lead to vanishingly small 

layer distances [28, 37]. Yet, Ni volume fractions with depth were 

demonstrated to be inhomogeneous (Fig. 4-13), indicating the 

diffusion of metal species towards the surface where nuclei are 

already present, or optionally the Ni2+ diffusion as induced by the 

emerging concentration gradient [12, 27].  

The impact of initial metal ion concentration also exerts a 

strong impact on nanocrystal growth, as can be seen for both, cobalt- 

and nickel bearing glasses (chapter 4-6). Given that the high Mx+ 
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content leads to an increased supply of neutral metal species during 

the tarnishing reaction [28, 30], the crystal size significantly increases 

compared to low Mx+ contents. Additionally, the layer thickness is 

found to decrease with increasing initial metal ion content (Fig. 6-7), 

indicating the higher H2 consumption and the corresponding limited 

proceeding of hydrogen diffusion towards the sample interior. The 

increased hydrogen consumption can be well compared for the high- 

versus low NiO bearing borosilicate glasses, where high NiO 

concentrations show a mean crystal size decrease in the last depth 

segment V far from the sample surface (Fig. 4-7), which is on the 

contrary not observed for glasses A, B and C of chapter 5. Yet, the 

evidence of the time dependent growth of the crystals can also be 

seen in Fig. 5-4 for glasses A, B and C, were mean crystal size 

increases and the crystal size distribution becomes broader with 

treatment time, which is in agreement to [30, 60]. 

Besides crystal size distributions, the analysis of crystal phase 

formation is of great interest for future material utilization, especially 

with regards to magnetic applications as described in chapter 2.6.3. 

While Ni nanocrystals in glass matrices were found to only grow in fcc 

structure (chapter 4-5), Co nanocrystals in borosilicate and 

aluminosilicate matrices exhibit three coardifferent allotropes (chapter 

6-7). A kinetic analysis using XRD enabled the determination of the α-

, β- and ε-Co allotrope emergence with time and temperature and the 

thus connected T-t “stability” fields in both glass matrices. Thereby, 

the thermal stability of α- and ε-Co strongly deviates from 

transformation temperatures reported for the Co crystals outside the 

glass system (chapter 2.6.1). The thermal stabilization of otherwise 
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metastable phases in the glass matrix has been observed for several 

crystals and may originate from the energetical similarity of the itself 

metastable glass [49, 50, 134, 142]. Via analyzation of the allotrope 

fraction evolution with time (Fig. 6-13), the formation sequence is 

suggested to follow ε → α → β, which agrees with the Ostwald´s rule 

of stages and the later reformulated “simplexity” concept of Goldsmith, 

both stating that the phase of lowest stability forms first and 

successively transforms to the phase of highest stability [46, 47]. The 

initial formation of ε-Co can be explained by the structural similarity to 

the surrounding medium [142]. Yet, according to the Ostwald-Volmer 

rule stating the phase of lowest density is first precipitating, followed 

by the successive transformation to the phases of higher density, a 

formation sequence of ε → β → α is expected. This is however not 

indicated by the slope of transformation rate for the results obtained in 

chapter 6 [140]. Moreover, crystal size stability, as already reported 

for α- and β-Co [143], is indicated to play a role for the allotrope 

formation and transformation by the mean crystallite size derived via 

XRD analysis (Fig. 6-14). However, for a deeper understanding of the 

kinetics of Co allotrope formation, the individual contributions of the 

parameters discussed above needs to be researched in more detail, 

especially with regards to the additional parameter of strain exerted 

on the nanocrystals by the glass matrix upon cooling (chapter 7). 

Like in the case of Ni nanocrystal size evolution, the glass 

composition was found to have a significant impact on the Co allotrope 

formation, which is reflected in the deviation of allotrope “stability” 

fields between borosilicate and aluminosilicate glass matrix (Fig. 
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6-11). From the determination of allotrope fractions with time, the 

transformation rate of ε- to α-Co is assumed to be higher than the 

transformation rate of α- to β-Co for the borosilicate glass A (Fig. 6-13). 

This is may related to the higher Co2+ content in the glass, inducing an 

enhanced crystal grow rate of the initially precipitating ε-Co crystals, 

as was shown by XRD mean size analysis, which decompose to 

several polycrystals of α- or β-Co above their size stability limit. On the 

other hand, the crystal growth rate within the aluminosilicate glass B 

is much slower (Fig. 6-7). Given that ε-Co is the allotrope initially 

precipitating, the transformation rate of α- to β-Co is much higher if the 

ε-Co size limit is not reached, which eventually leads to the absence 

of α-Co within the limits of XRD detection. Following the conclusions 

drawn from the results of chapter 5, glass basicity of 0.605 (glass A) 

and 0.69 (glass B) determined from Λth-values [110] can be consulted 

for an analysis of the glass compositional impact on the allotrope 

formation. The lower glass basicity of glass A may induce a partly 

reduction of the Co2+ to Co+ and increases Tg, enhancing the redox 

reaction velocity. Thus, a lower mobility of Co0 atoms at low T of glass 

A compared to glass B can be expected, leading to an induction time 

of crystal formation as described by [60]. Additionally, due to the larger 

unit cell dimensions of ε-Co (Fig. 7-2) accompanied with a high 

number of atoms per unit cell (20 atoms), more Co0 species are 

necessary for the ε-Co formation compared to α- or β-Co. Considering 

the higher Co2+ amount and maybe the additionally higher redox rate 

due to the presence of Co+, the proximity of Co0 species is closer for 

glass A compared to glass B, which would facilitate the formation of ε-
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Co. This can be observed in the T-t “stability” diagram (Fig. 6-14) 

where a pure ε-Co “stability” field exists.  
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8.3 Material tailoring 
 

For the hydrogen gas-flow treatment derived MNCG 

applicability, material tailoring involves several quantities, inter alia 

crystal number density, crystal size distribution, depth homogeneity, 

tarnishing layer thickness and allotrope formation. Because the 

number of adjustable parameters influencing the aforementioned 

quantities is high, an overarching concept for a targeted MNCG 

production cannot be provided so far. Yet, preliminary conclusions can 

be drawn from the results, providing a rough trend for further research 

towards final material tailoring. 

A variation of the treatment time has a strong impact on both, 

the tarnishing layer thickness and the crystal size distribution. In 

agreement to the results for As, Sb and Bi nanocrystal evolution [60], 

the mean Ni nanocrystal size increases with hydrogen treatment time. 

According to the number of counted crystals in each segment of 

glasses A, B and C (chapter 5), the crystal number density can be 

assumed to stay constant within the time range of 35 minutes to 18 

hours of hydrogen exposure, indicating that neither nanocrystal 

coarsening nor nucleation of new crystals plays a significant role for 

final crystal population [30]. Therefore, as long as the reduction in the 

respective depth segment is not completed, existing Ni nanocrystals 

grow, and the size distribution becomes broader depending on glass 

structure (Fig. 5-4). In principle, a smaller Ni mean size of the 

nanocrystals with a more homogeneous crystal size distribution can 

be reached in borosilicate glasses via reducing the hydrogen 

treatment time. However, short treatment times lead to the concurrent 
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decrease of the tarnishing layer thickness, which is acceptable only 

for a limited number of applications, like in the case of glass coatings 

or thin layers [25, 27]. On the other hand, the size evolution of the 

three Co allotropes with time additionally depends on their size 

stability limit [143], as indicated by the results shown in Fig. 6-14 for ε-

Co. A more precise statement on the existence and the extent of a 

size stability limit however needs more validation. 

While the impact of hydrogen treatment temperature on the 

crystal populations was not studied in this thesis, a temperature 

increase is in general assumed to enhance the growth rates, leading 

to larger mean crystal sizes [12, 30]. However, the results in chapter 

5 indicate that an increased treatment temperature also increases the 

redox rate velocity and thus metal species supply, which in turn 

increases the nucleation probability. 

With increasing the metal oxide content in the base glasses, 

the mean crystal size increases, which was observed for a low CoO 

bearing aluminosilicate glass versus a high CoO bearing borosilicate 

glass (chapter 6), as well as for borosilicate glasses containing low- 

versus high amounts of NiO (chapter 4-5). Consistent with the 

tarnishing model, increasing the metal oxide content decreases the 

tarnishing layer thickness due to a higher hydrogen consumption and 

the concurrent steeper decay of hydrogen partial pressure with depth. 

Simultaneously, a strong increase of mean size was observed for 

both, Ni- and Co nanocrystals, which is assumed to be due to 

enhanced growth rates stemming from an increase in metal species 

supply. Therefore, an independent tailoring of tarnished layer 

thickness and crystal size distribution seems unlikely. However, 
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further analyses of the positive influence of glass structure on the 

crystal nucleation rate, as indicated by the results of chapter 5 are 

necessary to exclude an independent control of both parameters. One 

has to note, that even though acceleration of the hydrogen diffusion 

and increased layer thicknesses with glass composition are 

achievable, according to Fick´s first law, the maximum layer thickness 

cannot be overcome [58, 59]. This was already shown by Shelby 

(1980), who reported on the maximum hydroxyl concentration during 

tarnishing reaction, independent of treatment time and temperature 

[42].  

The tailorability of transition metal nanocluster composite 

glasses with glass composition was tested for Ni nanocrystals in three 

borosilicate glasses. While an enhancement of K2O content in glass B 

did not lead to a noticeable difference in the nanocrystal populations 

compared to glass A, an enhancement of the B2O3 amount (glass C) 

significantly increased the homogeneity of the crystal size distribution 

with distance to the surface. This finding was suggested to be a result 

of lowered glass basicity which increases Tg and leads to a partly 

reduction of Ni2+ to Ni+ [45, 168], enhancing the redox reaction 

velocity. Even though, these results are not sufficient to guarantee a 

general trend for homogeneous size distributions, they basically show 

the feasibility of controllable MNCG properties. 

Finally, the targeted Co allotrope precipitation was found to be 

achievable by a control of the parameters T, t and glass composition. 

As α-, β- and ε-Co do not just exhibit differences in their magnetic 

behavior [41, 89], the larger coefficient of thermal expansion of ε- 

compared to β-Co (chapter 7) may also limit the applicability for certain 
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MNCG materials. The β-Co allotrope is found to be precipitateable by 

almost all parameters tested (borosilicate vs. aluminosilicate, 300–

3260 min, 500–600 °C), with the exception of < 530 °C for less than 

1110 minutes of hydrogen treatment in the borosilicate glass 

containing a high CoO amount. Conversely, α-Co crystals were only 

detected in the borosilicate glass A independent of time in the range 

of 530–570 °C and from 500–530 °C for treatment times longer than 

2190 min. The metastable ε-Co allotrope could be stabilized when 

both glasses were treated below 570 °C, although aluminosilicate 

glass B showed ε-Co formation also in the range 570–600 °C when 

annealed less than 600 min. The results indicate that short hydrogen 

treatment times favor the ε-Co stability, while time and increasing 

crystal size during growth induce the transformation to the more stable 

allotropes α- and β-Co. To obtain a material exclusively consisting of 

a single allotrope, long treatment t above 570 °C can be utilized for β-

Co, and borosilicate glasses with short treatment t and low T can be 

recommended for ε-Co.  
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9 Future perspectives 
 

The Ni- and Co nanocrystal population analyses in different 

glass matrices, conducted within this thesis, revealed novel insights 

into the kinetics of transition metal tarnishing reactions with regards to 

mechanism and rate determining parameter. Therefore, the results 

and the thus gathered conclusions offer an important prerequisite for 

future MNCG tailorability, for instance in health care or for magnetic 

data storage [4, 17], where size homogeneity plays a critical role for 

material performance. Especially, discovering the possibility for 

producing narrow and depth-homogeneous Ni nanocrystal size 

distributions via glass composition variation represents a milestone for 

targeted nanocrystal synthesis. As the B-to-Si ratio was found to be 

most promising for nucleation rate enhancement, a future systematic 

research on high boron oxide contents with temperature and time 

appears reasonable. In the same sense, an increase of NiO content 

in correlation to high B-to-Si ratios would be very beneficial for the 

clarification of nucleation- and growth dependencies with regards to 

small scale - high number density MNCG as desired for ultrahigh-

density data storage [169]. A series of varying amounts of Al2O3 in the 

glass composition is a valuable addition for the identification of glass 

basicity impact on nanocrystal populations, as Al2O3 was suggested 

to increase tarnishing layer thickness due to more effective hydroxyl 

formation [58, 59]. For these investigations, the use of TEM for 

analyzing the depth-dependent nanocrystal number and -size 

distributions is crucial. Besides direct visualization, consulting SQUID 
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and XAS measurements for the determination of the metal content and 

relative redox reaction velocity. Furthermore, for a thorough kinetic 

analysis of the tarnishing reactions involving transition metal 

nanocrystal formation, hydrogen permeability determination of the 

individual glasses is essential, yet was far beyond the scope of the 

present thesis.  

Owed to the strongly differing magnetic properties of the Co 

allotropes, soft- or hard magnetic applicability of cobalt nanocrystal 

composite glasses involve a profound understanding of their formation 

kinetics. Therefore, the results on the t-T stability of α-, β- and ε-Co 

obtained in this thesis represent a cornerstone in terms of adjustable 

parameters for controlled phase synthesis. Next to time and 

temperature, the glass composition was found to play a critical role for 

the stabilization of the individual Co allotropes, which may be ascribed 

to the CoO content and, following the conclusions drawn from the Ni 

investigation, the glass basicity. In order to clarify the impacts exerted 

by these parameters on the allotrope formation and -transformation 

rates, a future research on the B-to-Si and the Co2+ concentration of 

the base glass should be targeted. In addition, a higher precision of 

the “stability” fields would be gathered by utilization of an in-situ 

HTXRD. This would further enable the determination of the true 

allotrope formation sequence, i.e., ε → β → α versus ε → α → β. New 

application possibilities for data storage materials or optical devices 

may also open up for ε-Co synthesis in sol-gel derived thin layers via 

hydrogen gas-flow treatment, as high number densities of small 

nanocrystals may be reached like shown for similar preparation 

methods [27, 170].  
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As the synthesis of ε-Co presented in this thesis, is the first 

evidence on the stabilization of this otherwise metastable Co allotrope 

in the glass matrix, which is moreover found to persist up to 

temperatures of 600 °C. Due to the usual ε-to-α transformation around 

300 °C, the determination of the temperature dependent coefficient of 

thermal expansion so far has not been feasible. The high temperature 

stability of ε-Co nanocrystals may further enable the determination of 

the still unknown Curie temperature using SQUID or DSC. While a 

high Curie temperature such as that of β-Co (1118 °C) would pose a 

high demand on the stabilizing glass matrix, the Curie temperature of 

α-Co was reported between 427 °C and 627 °C, which would be 

accessible via the presented borosilicate and aluminosilicate glasses 

[171].  
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10 Summary and conclusions 
 

This thesis comprises four different studies concerning the 

methodology and kinetics of Ni- and Co nanocrystals in glasses 

synthesized via hydrogen gas-flow treatment, where the focus was 

held on the compositional effects of glass matrices on Ni crystal 

populations and Co allotrope formation.  

In the first step, a methodological viability study on the 

synthesis of Ni nanocrystals from a 4.8 mol% NiO containing 

borosilicate glass and the successive characterization of the 

analyzation procedure for an accurate determination of depth-

dependent nanocrystal populations was performed. By the utilization 

of two direct visualization methods, TEM and XRM, a thorough 

comparison of 2-dimensional and 3-dimensional data was conducted. 

The obtained results lead to the valuable recognition of TEM and XRM 

crystal size distribution agreement, while TEM crystal number 

densities and volume fractions were strongly overestimated due to the 

erroneous estimation of glass volume. A correction method for the 

TEM derived crystal number densities was introduced, that can be 

applied to large crystal containing samples, where crystal dimensions 

exceed the TEM wedge.  

With the methodology set, the subsequent study was 

performed to address the compositional impact of the glass matrix on 

the Ni nanocrystal size distributions with distance to the surface. From 

the three ~ 0.4 mol% NiO containing borosilicate glasses with varying 

network connectivity, only the glass of highest B-to-Si ratio exhibited 
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a narrow and homogenous crystal size distribution with depth and time 

as determined by TEM micrograph montages. Using XAS and SQUID 

measurements, the increased crystal population homogeneity could 

be ascribed to a higher redox reaction efficiency due to an elevated Tg 

and a partially reduced oxidation state of Ni2+ in the base glass. As 

glass basicity is known to affect the electronic state of incorporated 

transition metal ions [45, 168], a focused adjustment of the glass 

composition may in general be utilized as a means for increasing 

nucleation rates and thus to enhance crystal population homogeneity.  

In the same sense, the effect of glass composition on the 

formation of different cobalt allotropes was targeted in the third 

investigation as a function of hydrogen treatment time and 

temperature. Next to the common hcp α-Co and the fcc β-Co the 

metastable pc ε-Co allotrope was detected by XRD and SAD-TEM in 

borosilicate and aluminosilicate glasses, which is the first evidence of 

ε-Co in glass matrices. From the relative Co allotrope fractions with 

hydrogen treatment time, as determined via Rietveld analyses, ε-Co 

is found to be the first allotrope forming in both glasses. This finding 

closely agrees with the Ostwald rule of stages, as well as the Ostwald-

Volmer rule, stating the initial precipitation of the phase of lowest 

stability and the phase of lowest density change between crystal and 

glass, respectively [46, 141]. Using a semi-logarithmic time scale, the 

slope of the Co fraction curves provides information on the allotrope 

transformation rates [140], thus indicating that the transformation 

sequence follows ε → α → β. In contrast to the ε-to-α transformation 

at ~ 300 °C for organically stabilized nanocrystals [75], ε-Co in glass 
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matrices were found to persist up to 600 °C, enabling a broader field 

of high temperature applications for the metastable allotrope.  

Arising from the high thermal stability of ε-Co in glass 

matrices, a valuable addition to this thesis with respect to MNCG 

tailorability was the identification of the unknown ε-Co thermal 

expansion coefficient. Using 2θ peak shift as analyzed via HTXRD, 

the unit cell dimensions of β- and ε-Co in borosilicate- and 

aluminosilicate glass matrices were calculated. A comparison to a β-

Co reference powder of similar size revealed that Co nanocrystals in 

both glasses are strained due to a higher expansion coefficient of the 

glass matrices, as determined via optical dilatometry. A correction of 

the lattice constants measured below Tg was performed for both Co 

allotropes, displaying a slightly higher CTE of ε-Co (10.1 ppm∙K-1) 

compared to β-Co (9.4 ppm∙K-1) in the range of 298 to 873 K.  

Finally, all performed investigations fulfill the objectives set for 

this thesis and constitute a solid foundation for a future production of 

transition metal nanocrystal composite glasses with targeted material 

properties such as crystal number densities, crystal size distribution 

and allotrope type. The general feasibility for material tailoring was 

thereby fostered by kinetic considerations of the crystal formation, -

growth and -transformation mechanisms, featuring one step towards 

an overarching concept of the kinetics of tarnishing reactions.  
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A    Appendix 
 

A.1     Supporting information on methodology 
 

A.1.1  Glass characterization 
 

The as prepared base glasses were analyzed for crystalline 

content, as this would have an undesired impact on the kinetics of 

nanoparticle nucleation and growth. Especially for high amounts of 

Co2O3 or Ni3O4 addition to the glass batch, a complete dissolution of 

the crystalline transition metal oxide is important. These analyses 

were conducted using X-ray diffraction, from 10 – 90 °2θ with a step 

size of 0.013 °2θ and a scan time of 80 s per step. For this purpose, 

sample pieces of approx. 20 x 15 x 5 mm3 were cut and ground (> 46 

μm) at one face (directed to the X-ray beam). An exemplary diffraction 

pattern of the CoO containing borosilicate glass A (chapter 6) can be 

seen in Fig. A-1. No crystalline content was detected as indicated by 

the absence of diffraction peaks.  
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Fig. A-1: Diffraction pattern of CoO containing base glass A (chapter 6). The 

absence of diffraction peaks shows that there is no crystalline content 

detected before hydrogen treatment. 

 

Chemical compositions of the base glasses were 

characterized via inductively coupled plasma optical emission 

spectrometer (Agilent ICP-OES 5100, Santa Clara, US). For the 

element analysis of B, K, Li, Na, Co and Ni, a microwave-pressure 

digestion (MLS START, Leutkirch, Germany) with a mixture of nitric- 

and hydrofluoric acid was used. The elements Si, Al and Ca were 

analyzed using a lithium tetraborate melt digestion with a subsequent 
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melt leaching by diluted hydrochloric acid. The thus calculated 

normalized oxide amounts (mol%) for the Co- and the Ni-glass series 

are shown in Tab. A-1 and Tab. A-2, respectively. The error of element 

concentration is < 5%. 
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Tab. A-1: Analyzed chem
ical com

position (m
ol%

) of the N
iO

 containing glasses. N
um

bers in parenthesis give the 

uncertainty of the last digit. 
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xide (m
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C
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2  
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2 O
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2 O
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2 O

 
Li2 O

 
N

iO
 

 

N
i-ref 

71.8(3)  
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4.76(3) 
4 

N
i-A

 
77.4(4) 
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0.628(3) 
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0.402(2) 
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i-C

 
75.0(4) 

3.44(2) 
10.6(1) 

0.691(3) 
9.98(5) 

 
0.358(2) 

5 
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A.1.2  Hydrogen gas-flow treatment 
 

For the gas-flow treatment, base glass samples were cut to ~ 

10 x 20 x 5 mm3 and subsequently ground and polished (< 1 μm) at 

one side. The samples were then placed with the polished side 

upwards on an aluminum oxide sample boat and placed in a silica 

glass tube with a wall thickness of 3.8 mm). The tube was then closed 

gas-tight using a flange essay supported with high-temperature 

sealing paste. The flange essay additionally comprises a small (ᴓ 7 

mm) tube for insertion of a thermocouple. This tube is open at the 

flange essay side and closed within the sample tube, so there is no 

gas exchange between inside and outside possible (Fig. A-2).  

 

 
Fig. A-2: Silica glass tube setup for hydrogen gas-flow treatment 

 

The tube setup was then placed in a hinged tubular resistance 

furnace (Linn High Therm SO 12, Eschenfelden, Germany), which is 

situated in a fume cupboard for gas evacuation, and the hoses for gas 

in- and outlet were connected. The furnace setup provides a parallel 

usage of nitrogen and hydrogen gas, controlled by flow-through 

meters. Gas flow-through can be turned on and -off by separate gas 

valves. Yet, H2 is additionally secured by an electronic flame safety 
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guard that disables the flow-through when the flame for controlled H2 

combustion is not burning. A further security against hydrogen 

accumulation in the atmosphere is a gas meter giving an acoustic 

warning when H2 concentration rises above 2 vol% (Fig. A-3).  

 

 
Fig. A-3: Furnace setup in the fume cupboard with explanatory indications. 

 

The thermocouple was then inserted so that the tip was 

located above the sample. Using a thermo-logger (± 1 °C), the sample 

temperature can be controlled during the experiment. When the setup 

was completed, N2 flow-through was switched on and the tube flushed 

for at least 5 min to remove all O2. With a tube volume of 4.76 l and 

an N2 flow-through rate of 102 l∙min-1, the minimum time necessary to 

fill the silica tube with nitrogen is 2.8 min. Subsequently, the sample 
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was heated with 5 °C min-1 to the target temperature under constant 

N2 flow-through. When the target temperature (TH2) was reached, H2 

flow-through (385 l∙h-1) was started parallel to the N2 flow-through 

before N2 valve was closed. During the dwelling time (tH2), flow-

through was kept at least for 2 h. Experiments exceeding 2 h of 

hydrogen treatment time, H2 flow-through was stopped after 2 h by 

closing fist the influx and then the efflux, to preserve ambient pressure 

in the tube. The samples were then left in the hydrogen atmosphere 

for the remaining target time, with a maximum of 16 h. The H2 volume 

consumed by one sample over 16 h was calculated to be ~ 0.1 %. 

Using approximation of quadratic mean distance t = x2 (2∙DH2)-1 [172] 

with an H2 diffusion constant approximated for 600 °C according to 

[173] of 1.2E-10 m2∙s-1, the mean diffusion time is ~ 17 h. Therefore, 

hydrogen atmosphere can be assumed constant during a dwelling 

time of 16 h. When the hydrogen treatment was finished, the N2 flow-

through was started before the hydrogen gas supply was switched off. 

Then the furnace was cooled with 5 K∙min-1 under constant N2 flow-

through to room temperature.  
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A.1.3    X-ray absorption spectroscopy (XAS) 
 

XAS was conducted to derive information on the ionic- and 

metallic share of Ni for different hydrogen treatment times compared 

to the base glasses. In the XAS method, samples are irradiated with a 

highly monochromatic X-ray source, i.e., synchrotron radiation, of 

energies in the range where core electrons absorb the X-ray photons. 

The thus emitted photoelectrons scatter with surrounding atoms which 

leads to a backscatter wave that results in interferences visible as 

oscillations in the measured spectrum. XAS can be divided into two 

regions, X-ray absorption near-edge structure (XANES), and 

extended X-ray absorption fine structure (EXAFS). XANES is nearest 

to the absorption edge and exhibits a sharp resonance peak. While 

XANES is characterized by multiple scattering events, single 

scattering is the main contribution to EXAFS signal that appears in the 

region farther from the absorption edge (Fig. A-4). Due to the 

summarized scatter signals, XANES can be used to analyze chemical 

environment and the oxidation state and EXAFS provides information 

on neighbor distances and number of neighbors. Further information 

on the XAS method can be found for example in [174]. 
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Fig.A-4: Exemplary XAS spectrum of Ni-K edge of glass Ni-C after 35 min of 

hydrogen treatment. 

 

For XAS measurements, samples were cut (~ 5 x 5 x 1 mm3) 

and polished at one side (< 1 μm). Afterwards, samples were glued 

with a conductive carbon pad (polished side upwards) to an aluminum 

mount and a silver lacquer was applied for charge transfer. For the 

analysis, untreated glasses of the Ni-series, as well as glasses treated 
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for 35 and 1080 min were used. Measurements were conducted at the 

Canadian Light Source (SLS) at the University of Saskatchewan in 

Canada. For a detailed analysis, Ni-K edge extended X-ray absorption 

fine structure (EXAFS) analyses were performed using the SXRMB 

beamline (1700–10000 eV). All samples were measured at room 

temperature for 2–3 times in fluorescence yield mode, i.e., samples 

are in 45 ° angle to a fluorescence yield detector. Therefore, surface 

information of a few micrometer depth was obtained. The storage ring 

was operated at 2.9 GeV with an average circulating current of 220 

mA. The recording energy step width was set to 0.4 eV across the 

edge and an average accumulation time of 6 s per step in k space was 

used. 

Derived spectra are given as absorption coefficient μ(E) 

versus energy and were analyzed using Athena software [115]. First, 

a background subtraction is conducted, where μ0(E) is in principle 

assumed to be a linear function between two points in the pre-edge 

region. The absorption edge E0 is defined as the maximum of the first 

derivative of the XAS spectrum and was automatically determined by 

Athena software. Lastly, an edge step normalization is performed to 

define the EXAFS fine-structure function χ(E) as  

 

𝜒𝜒(𝐸𝐸) =  𝜇𝜇(𝐸𝐸)− 𝜇𝜇0(𝐸𝐸)
𝛥𝛥𝜇𝜇0(𝐸𝐸)

       A-1 

 

where Δμ0 is the difference in absorption between the background 

μ0(E) and the threshold energy E0. 
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A.1.4  X-ray diffraction (XRD) 
 

For a detailed description of the basics of this method, the 

reader is referred to relevant literature [159, 175, 176]. Analyses were 

performed using an X-ray diffractometer (PANalytical Empyrean 

Series 2, Amelo, Netherlands) with Cu-Kα radiation (40 mA and 40 

kV). For the measurements, a monochromatized divergent incident 

beam (Bragg-BrentanoHD module) and a linear (1D) detector in 

scanning mode (PIXcel3D) were utilized. Because of the low thickness 

of the Co- or Ni-crystal containing layer, derived peak intensities were 

low. Additionally, crystal sizes were in the nm range, therefore, leading 

to small but very broad peaks. For the measurements, Bragg-

Brentano geometry and long measurement times (8999 s per step) 

were chosen with step sizes of 0.013 °2θ. Long measurement times 

were especially important for subsequent Rietveld analyses. On the 

other hand, grazing incidence (GI-XRD) analyses of the same 

samples were not successful as no peaks could be detected. This can 

be explained by the low concentration of transition metal nanocrystals, 

the small information depth by using GI-XRD analyses and the 

increased background due to fluorescence. Due to the strong X-ray 

fluorescence of Co when using Cu-radiation, the diffraction pattern 

background, i.e., noise, is strongly increased. For this reason, the 

pulse height distribution level (PHD) was decreased from 25–80% to 

50–75% (8.05–11.27 keV) for measurements of the Co-series, which 

significantly improved the signal-to-noise ratio [137]. The glass 

samples were inserted onto the sample stage with the polished face 



Appendix 
 

226 
 

upwards and a thorough height adjustment was conducted to avoid 

2θ-shifts due to zero point shift.  
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A.1.5  Calculation of XRD information depth 
 

In order to derive the information depth of an XRD 

measurement, the mass absorption coefficient of the compound 

needs to be calculated using je [138]: 

 
𝜇𝜇

𝜌𝜌𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
=  𝑤𝑤1 ∙ ( 𝜇𝜇

𝜌𝜌
 )1 + 𝑤𝑤2 ∙ ( 𝜇𝜇

𝜌𝜌
 )2 + ⋯+ 𝑤𝑤𝑛𝑛 ∙ ( 𝜇𝜇

𝜌𝜌
 )𝑛𝑛   A-2 

 

where ( 𝛍𝛍
𝛒𝛒
 )i is the mass absorption coefficient of the elements i with the 

atomic weight fractions wi of the absorbing phase. The linear mass 

absorption can then be estimated using the density of the absorbing 

phase ρ: 

 

𝐼𝐼𝐿𝐿 =  𝐼𝐼0 ∙ 𝑒𝑒
−( 𝜇𝜇

𝜌𝜌𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
)𝜌𝜌 ∙ 𝑑𝑑𝑥𝑥      A-3 

 

with dx being the path length, i.e., the length of the X-ray beam 

travelled through the absorbing phase until merely 1% of I0 is 

transmitted ( 𝑰𝑰𝑳𝑳
𝑰𝑰𝟎𝟎

 = 1000). The information depth is given for an incident 

angle θ by 

 

𝜏𝜏 =  1
2
∙  𝑑𝑑𝑥𝑥  ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃)      A-4 

 

This formula is only valid for Bragg-Brentano geometry. For 

clarification, the parameters are visualized in Fig. A-5. 
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Fig. A-5: Bragg-Brentano geometry for XRD analysis showing incident angle 

θ, information depth τ and path length L.  

 

The information depth calculated according to Eq. A-2 to Eq. 

A-4 by utilizing X-ray mass attenuation coefficients from [177, 178] for 

the Ni- and Co-glass series can be found in Tab. A-3. 

 
Tab. A-3: X-ray information depth τ of Bragg-Brentano geometry for Ni- and 

Co-glass series. 

Glass τ (μm) 

θ = 10 ° θ = 20 ° θ = 30 ° 

Co-A 41 81 118 

Co-B 55 109 159 

    

Ni-A 56 111 162 

Ni-B 54 106 155 

Ni-C 57 113 165 
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A.1.6  Rietveld refinement 
 

Rietveld refinement is a method to quantify the amount of 

crystalline phases in a sample measured with XRD by theoretically 

reconstruction of the diffraction profile. Therefore, different structural 

parameters are consecutively refined and checked for reasonability. 

The Rietveld refinement was performed with HighScore Plus 

(Panalytical) software. To account for the error of each XRD 

measurement introduced by the instrument itself, an LaB6 standard 

(NIST 660c) was measured with identical instrumental setup as the 

sample measurements. Then, a Rietveld refinement was conducted 

for the standard to determine the instrumental line shape.  

For each sample refinement, the background was determined 

by setting manual base points. The refined lattice and symmetry data 

are introduced as “crystal information files” (CIF) that were taken from 

the Crystallography Open Database according to the publication of 

[146] for α- and β-Co. For ε-Co the crystal information data was taken 

from β-manganese structure from [179] that has been described to be 

similar [48]. In the first refinement step, the zero shift and the phases´ 

scale factors were refined. In the second step, lattice parameters of 

the unit cell, i.e., a, b and c, were refined for all phases. In the third 

step, profile variables W and U were added to the refinement, that 

provide information on crystallite size and microstrain, respectively. 

Lastly, atomic coordinates of general positions and the isotropic 

displacement parameters B of all phases are refined. In the last step, 

special care was taken to avoid big changes of atomic coordinates or 

unrealistic B-values [159]. As Co crystals have grown in an amorphous 
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matrix, no texture effect was expected and a refinement test lead to 

worsening of the fit result. 

The quality of the refinement was identified by the difference 

between the raw data and the calculated profile, as well as the 

reliability factors, i.e., Rwp (weighed profile), Rexp (expected), GoF 

(Goodness of fit), Rbragg (reliability of individual phases). Details on the 

R-values can be found in [176,180] 

The samples investigated could not be measured as powders 

because the amount of crystal-containing glass was too small and the 

production of high amounts of analyzable material would have been 

too expensive. Solid samples could successfully be measured, yet no 

internal standard could be used for absolute weight fraction 

determination. Additionally, Rietveld analyses had to suffer from high 

information depth. As X-ray information depth can reach several 

hundred micrometers (Tab. A-3), it has to be expected (from 

microscopy investigations), that it exceeds the layer containing Co 

crystals (Fig. 6-7). Because of the crystal containing layer thickness 

being dependent on sample composition, time, temperature and CoO 

content, a direct comparison was not possible with the X-ray pattern 

thus obtained.  
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A.1.7  Depth-profiling of crystal size distributions 
 

 For the analysis of the depth-dependence of the Ni 

crystal size distributions in chapter 5, the image stack was segmented 

into 2 μm steps, starting at the sample surface. Therefore, a surface 

line is drawn in Arivis Vision 4D that was used by the software to 

calculate the crystal distance to the surface (Fig. A-6). A segment filter 

was then applied in order to separate the detected crystals into the 

individual depth segments, e.g., 0–2 μm, 2–4 μm, etc.  

 

 
Fig.A-6: TEM micrograph illustrating the depth-segmentation performed using 

Arivis software. 
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A.1.8  Uncertainty analysis 
 

After image processing, each crystal is rendered with a certain 

error. The error is due either to poor image data, to insufficient image 

processing steps or to limitations of the software. An exemplary result 

of image processing as described in chapter 5.2.2 of a HAADF TEM 

micrograph is shown in Fig. A-7. It can be seen that there is a high 

concordance between the crystals in the original image (B) and the 

crystals as rendered by Arivis software (A). 

 

 
Fig. A-7: Example of crystals rendered with Arivis Vision 4D after image 

processing according to chapter 5.2.2 (A) and original image before 

processing (A) 

 

A possible quantification of uncertainty is via the pixel size of 

the image. TEM images of the NiO containing borosilicate glasses 

were collected with a pixel size of 3.1 nm. A hand-measured cubic 

nickel crystal oriented orthogonal to the optical axis gives edge lengths 

that are very close (Fig. A-8). However, there are no straight edges 
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where to put the start- and end point of the line. The uncertainty 

therefore was estimated to be ± 1 pixel. 

 

 
Fig. A-8: Example of edge lengths of edge 1 (A) and edge 2 (B) as measured 

by hand for a crystal oriented orthogonal to the optical axis. 

 

Another problem is the measurement of crystals that show a 

random orientation (Fig. A-9). When the crystal planes are not 

orthogonal to the optical axis, the real length of the edges is 

underestimated. Therefore, for a realistic crystal size distribution and 

a minimum error, it is crucial to use the right method for size 

determination.  
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Fig. A-9: Example of edge lengths of edge 1 (A) and edge 2 (B) as measured 

by hand for a crystal of random orientation. 

 

One example is the so-called mean Feret diameter. Therefore, 

parallel tangents on opposite sides of the object are drawn for all 

angles from 0 to 90 °. The minimum and the maximum Feret diameter 

are then used to obtain the mean Feret diameter [181]. A second 

possibility is to use the 2D projected area for the edge length 

determination. For square-shaped crystals, like the fcc Ni-nanocrystal 

in this example, the projected area AP is calculated with 

 
𝐴𝐴𝑅𝑅 =  𝑙𝑙2  ∙ cos (𝛽𝛽)       A-5 

 

where β is the difference between the optical axis and the normal of 

the crystal plane 𝑠𝑠�⃗ = (𝑎𝑎, 𝑏𝑏) and l is the edge length. However, this 

would request a knowledge of the angle β for each crystal in the 

system, which is analytically highly expensive. Therefore, a common 

method is to approximate a sphere of equivalent area with Asphere = AP, 

where the diameter can be calculated with  
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𝑑𝑑𝐴𝐴 =  �4 𝐴𝐴𝑃𝑃
𝜋𝜋

        A-6 

 

Yet, dA is actually only valid for spheres and introduces substantial 

errors when using for cubic crystals. Similarly, Feret diameter is only 

a rough approximation for edge length determination. As there was (to 

the authors knowledge) no available correction for the erroneous edge 

lengths of cubic crystals, a new model was invented, which is 

presented in chapter 5.2.2. 
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A.4     Abbreviations 
 

MNCG: Metal nanocluster composite glasses 

TEM: Transmission electron microscopy 

STEM: Scanning transmission electron microscopy 

HAADF: High-angle annular dark field 

XRM: X-ray microscopy 

XAS: X-ray absorption spectroscopy 

SQUID: Superconducting quantum interference device 

UV-Vis: Ultraviolet-visible light spectroscopy 

XRD: X-ray diffractometry 

HTXRD: High temperature X-ray diffractometry 

SAXS: Small-angle X-ray scattering 

WAXS: Wide-angle X-ray scattering 

CTE: Coefficient of thermal expansion 

Tg: Glass transition temperature 

SPR: Surface plasmon resonance 

DSC: Differential scanning calorimetry 

EDXS: Energy-dispersive X-ray spectroscopy 
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A.5     List of variables 
 

a, b, c :  Lattice parameters 

ac :   Corrected lattice constant 

A1; AR :  Projected area with QS = 1; Projected area of 

analyzed crystal 

B :   Displacement parameter 

Cg :   Concentration of trapped H2 

Cm :   Concentration of molecular H2 

Csat :   Saturation concentration 

Ct :   Total hydrogen concentration 

Cx :   Concentration of species x 

D :   Mean crystal diameter  

DH2 :   Hydrogen diffusion constant 

di :  Feret diameter, i.e., mean of maximum (dmax) and 

minimum diameter (dmin) of each nanocrystal i 

dl :   Thickness of the reduced layer 

dx :   Path length of travelled X-ray beam 

E :   Redox potential 

E0 :   Threshold energy in the XAS spectrum 

𝑬𝑬° :   Standard electron potential 

E631 :   Extinction of UV-Vis spectrum at 631 nm 

f :  Correction factor for determining the correct edge 

length l0 

F :   Faraday constant 

G :   Molar percentage of glass formers 
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g(d) :   Gaussian distribution as a function of diameter d 

GOF :   Goodness of fit used in Rietveld analysis 

H :   External magnetic field 

HC :   Magnetic coercivity 

𝑯𝑯�𝑪𝑪 :   Temperature dependent coercivity 

𝑯𝑯𝑪𝑪
′  :   Mean coercive field of the blocked particles 

IL :   Linear mass absorption 

K :   Magnetocrystalline anisotropy 

kB :   Boltzmann constant 

KH2 :   Hydrogen permeation 

l :   Uncorrected edge length of a cube shaped crystal  

L :   X-ray path length 

m :   Mass 

M :   Magnetization 

MR :   Remanence magnetization 

MS :   Saturation magnetization 

n :   Number of exchanged electrons 

N :   Total number of crystals 

NV :   Crystal number density 

pH2 :   Hydrogen partial pressure 

q :   Sample thickness 

Q :   Equilibrium constant 

QS :   Side ratio dmax/dmin 

R :   Ideal gas constant 

rC :  Critical radius below which ferromagnetic materials 

become superparamagnetic 
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RP, Rwp :  Coefficients of determination for XRD profile and 

weighed profie, respectively, used in Rietveld analysis 

Rexp, RBragg :  Expected coefficient of determination and single 

phase coefficient of determination used in Rietveld 

analysis 

R2 :   Coefficient of determination 

SH2 :   Hydrogen solubility 

t :   Time 

T :   Temperature 

TB :   Mean blocking temperature 

Tg :   Glass transition temperature 

V :   Volume 

VS :   Mean volume of the superparamagnetic particles 

µ :   Expectancy value 

w :   Weight fraction 

W; U :  Profile variables for crystallite size and microstrain 

(Rietveld refinement) 

x :   Crystal volume fraction 

𝒙𝒙𝑵𝑵𝑵𝑵[𝟒𝟒] :   Molar fraction of fourfold coordinated Ni2+ 

x0, y, z :  Base thickness, width and depth of the TEM wedge 

α :   Thinning angle of the TEM wedge 

ɛ𝑵𝑵𝑵𝑵[𝟒𝟒] :   Molar extinction coefficient of Ni[4] 

θ :  Glancing angle (angle between in incident X-ray beam 

and crystal face) 

κ :   Inelastic mean free path 

λ :   X-ray wavelength 



Appendix 
 

248 
 

Λth :   Lewis optical basicity 

μ(E) :   X-ray absorption coefficient 

ρ :   Density  

σ :   Standard deviation  

τ :   X-ray information depth 

χ(E) :   EXAFS fine-structure as a function of energy 
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