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1. INTRODUCTION 

Hydrogen interaction with metals and alloys has been for many years a topic of 

considerable scientific studies and interests in various industrial branches. This 

interaction is manifested, among others, in deterioration of the mechanical properties of 

the metals. As they become more brittle, this type of corrosion is often referred to as 

hydrogen embrittlement. In recent years, interest in this subject has not diminished. This 

is due to the challenges that faced by the industrial societies, involving the replacement 

of the traditional energy sources by hydrogen. In such a scenario, production, storage, 

transportation and use of hydrogen in fuel cells become necessary. Since these hydrogen 

technologies are based on metallic materials, problems caused by hydrogen damage 

could limit the progress in the hydrogen economy. 

Among various methods of avoiding or alleviating the hydrogen embrittlement 

problems, the surface modification of the metal seems to be especially promising. 

Generally, the surface modification involves chemical and metallurgical changes of the 

surface/near surface region and, therefore, it can prevent or reduce the entry of hydrogen 

into the metal, and consequently, the amount of hydrogen absorbed by the metal. For 

instance, electrodeposited metals [1-5], plasma nitriding [6-10] or ion implantation 

[11,12] markedly decrease hydrogen absorption. Another promising way to modify the 

metal surface is a sol-gel technology. Applying the sol-gel process, it is possible to 

produce a wide range of thin films and coatings of ceramic or glass materials [13,14]. 

Since in general, the ceramic materials are more resistant to oxidation than metals, they 

provide corrosion protection by forming a physical barrier between the metallic substrate 

and the environment. Pure and mixed oxide coating, such as ZrO2 [15-25], SiO2 [27-31], 

TiO2-SiO2 [13,19,34], ZrO2-SiO2-TiO2 [35], ZrO2-TiO2 [36] were widely studied as 

potential corrosion-resistance coatings. Among these coatings, ZrO2 and ZrO2-based 

coatings are especially attractive not only because of their inertness, but also of high 

hardness and thermal expandability close to that of many metals [37,38,39]. 

The zirconia sol-gel coatings were mainly considered for the improving of 

corrosion resistance of stainless steels and other metals that naturally form a passive 

layer on their surface [37,40]. The applying of those coatings on mild steels or the other 

active, corroding metals remains questionable [41,42]. The role of sol-gel coating in 

preventing hydrogen absorption is even more unexplored. So far there are no literature 

reports on the application of sol-gel coatings, including zirconia, to counter hydrogen 
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absorption. However, one can expect that the presence of any sol-gel coatings, even in 

spite of its porous nature, should impede, at least in some extent, the entry of hydrogen 

into the substrate metal. Hence, the objective of this work was to study how the sol-gel 

coatings, based on zirconia, influence the entry of hydrogen into a metal, specifically 

into iron. 
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2. LITERATURE REVIEW 

2.1. Hydrogen in iron 

Studying the possible effect of the sol-gel coatings on hydrogen entry into and on 

hydrogen absorption inside the substrate metal, it is worthy to outline these processes in 

relation to the uncoated metal. There has been a great amount of works devoted to these 

processes, and a lot of valuable information were collected in conference proceedings 

[43-50] and in monographs [51-53]. Nevertheless, the interaction of hydrogen with 

metals, especially with iron and steels, still surprises its complexity. The main reasons 

for this state are the ubiquity of the sources of hydrogen and the unique properties of the 

iron-hydrogen system. 

 

2.1.1. Hydrogen entry and hydrogen evolution 

Small size of hydrogen atom and its simple electronic structure cause that this 

element easily enters into metals, especially into those having relatively loose lattice 

structure, e.g. iron. The entry of hydrogen into the metal may occur from both gaseous 

environments and electrolyte solutions. It is commonly believed that regardless of the 

environment, hydrogen entry (HE) is preceded by adsorption of hydrogen atoms on the 

metal surface. Thus, the entry process can be expressed as follows [54,55]: 

 

(1) 

 

where MHads is hydrogen atom adsorbed on the metal surface, and MHabs is hydrogen 

atom already inside the metal, just beneath its surface. Depending on the type of 

environment, the formation of MHads is a result of different processes. In the experiments 

of this work, hydrogen was generated on iron during its cathodic polarization in an 

aqueous NaOH solution. Thus, the entry of hydrogen was directly related to the 

hydrogen evolution reaction (HER) in alkaline solutions and this process will be 

described below. 

In aqueous, alkaline solutions, the HER can be represented by the overall 

equation 

 

(2) 

MHads → MHabs 

2H2O + 2e → H2 + 2OH- 
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The first step of HER is discharging of water molecules and consequently the adsorbed 

hydrogen atoms MHads are produced on the metal surface 

 

(3) 

 

The discharge step is followed by either a chemical desorption (recombination) step 

 

(4) 

 

or an electrochemical desorption step 

 

(5) 

 

Alternatively to the desorption stages (4) and/or (5), some of the adsorbed atoms MHads 

can enter into the sub-surface layer of the metal according to Eq. (1). Thus the processes 

(1) and (4) or (5) compete with each other. Bockris et al. [54]. have studied the HER on 

iron in 0.1 M NaOH and have concluded that the reaction mechanism is coupled 

discharge-chemical desorption at low extent of adsorption of hydrogen atoms , i.e. at low 

coverage θ, with the discharge step being rate determining. 

 

2.1.2. Hydrogen forms in iron 

After entering into the metal, hydrogen atoms occupy the interstitial sites in the 

iron lattice forming a solid solution. This is a basic and clearly defined form of hydrogen 

in the metal. However, it appears that this is not the only form of hydrogen in iron, as it 

is evidenced by the experimental data on hydrogen diffusivity and solubility [56-58]. It is 

characteristic that measurements of the diffusion coefficient for hydrogen in iron at room 

temperature often give much lower values (in range from 10-5 to 10-9 cm2/s), than those 

expected by extrapolation from higher temperatures data (near 10-4 cm2/s). On the other 

hand, a relatively strong hydrogen charging, e.g. using cathodic polarization, involves 

introduction into the iron of much greater amounts of hydrogen (even 100 wt. ppm) than 

those corresponding to the saturated interstitial solid solution (only about 5×10-4 wt. 

ppm). 

H2O + M + e → MHads + OH- 

MHads + MHads → H2 + 2M 

MHads + H2O + e → H2 + OH- + M 
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It is generally acknowledged that the above anomalies are due to the retention of 

hydrogen at defects in the metallic structure. These defects act as traps for hydrogen 

atoms, ions and molecules, slow down the transport of hydrogen and increase the amount 

of absorbed hydrogen. Thus, one can assume that at low and moderate temperatures, 

hydrogen can occur in iron in at least three different forms [59]:  

a) as the above mentioned interstitial solid solution; 

b) as atoms attached to the structure defects, especially to dislocations; 

c) as molecular hydrogen accumulated in the internal microcracks and blisters. 

At the lowest concentrations, the all absorbed hydrogen exists in the form (a), at medium 

concentrations, both the forms (a) and (b) are present, and at the highest concentrations, 

all three forms of hydrogen coexist.  

Strictly speaking, only hydrogen as a component of the interstitial solid solution 

(a) is able to move inside the metal according to the laws of diffusion. Therefore this 

form of hydrogen is often called as the “diffusible” hydrogen and it is denoted as Hd. In 

turn, hydrogen attached to the structural defects is more tightly bound with the metal and 

it shows lesser mobility. Hence, this form of hydrogen is generally called as the 

“trapped” hydrogen and it is designated as Ht. The variety of defects in metal structure 

makes the binding energy of hydrogen with traps, and hence the release energy of 

hydrogen from traps is different. The relatively week hydrogen traps are dislocations, 

grain and interphase boundaries. These defects are considered as more or less reversible 

traps. Finally, the strong bound form of hydrogen in the metal is the molecular (gaseous) 

hydrogen accumulated in the closed blisters and microcracks. The latter form of 

hydrogen may be considered at room temperature as hydrogen irreversibly trapped. 

 

2.2. Hydrogen permeation and desorption techniques 

The electrochemical permeation technique by Devanathan and Stachurski [60] 

and its adaptation [61-64], relating to hydrogen desorption, have proved to be very useful 

in studies of hydrogen in metals and alloys. Since these both techniques are based on the 

electrochemical detection of hydrogen, they are simple, convenient, high sensitive, and 

flexible with regard to experimental condition. While the permeation technique allows to 

characterize the diffusible hydrogen, the desorption one provides information on the 

trapped hydrogen [65-69]. 
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2.2.1. Hydrogen permeation 

In the electrochemical permeation technique, here adapted for the experimental 

conditions of this work (Fig. 1), a thin metal (iron) membrane of thickness L is mounted 

between two independent electrochemical cells. The entry side of the membrane (X = 0) 

is brought into contact with a hydrogen source. For example, it is cathodically polarized 

in the appropriate electrolyte solution at a current density ic or potential Ec. In the case of 

iron and steels, the major part of adsorbed hydrogen atoms MHads, produced on the 

cathode surface (equation (3)), usually undergoes chemical desorption (equation (4). 

However, a part of MHads enters into the membrane according to equation (1), diffuses 

through the membrane and leaving its opposite, exit side (X = L). This exit side is 

anodically polarized in an alkaline solution at a suitable, constant potential Ea, allowing 

the electrochemical oxidation of MHads 

 

(6) 

 

 

 

X = 0 X = L

Iron membrane

Pd

HadsHads HabsHabs

Anodic oxidation of Hads in 
alkaline solution at a constant 
potential Ea

Cathodic polarization in 
alkaline solution

H+
ip

H2O
ic

H2O

X = 0 X = L

Iron membrane

Pd

HadsHads HabsHabs

Anodic oxidation of Hads in 
alkaline solution at a constant 
potential Ea

Cathodic polarization in 
alkaline solution

H+
ip

H2O
ic

H2O

 

Fig. 1. Diagram showing the electrochemical hydrogen permeation technique. 

 

The measured anodic current density (ia), minus the background current density, i.e the 

steady-state anodic current density for the hydrogen-free membrane, is a measure of the 

permeation rate of hydrogen through the membrane (ip). It is worthy to note that the 

electrochemical detection of hydrogen is very accurate - the current density ip of 

MHads + OH- → H2O + M + e 
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1 µA/cm2 corresponds to the hydrogen flux of 1.04×10-11 mol H/cm2s. In the case of iron 

membranes, to maximize the efficiency of the oxidation of hydrogen atoms according to 

equation (6), as well as to minimize the background current, in fact the passivation 

current of iron in alkaline solutions, the membrane exit side is often coated with a thin 

layer of palladium, e.g. by electroplating. 

The practical use of the permeation technique is based on the assumption that 

well defined conditions controlling hydrogen entry are established at the entry side of the 

membrane. It means that the measured hydrogen permeation rate of hydrogen is fully 

controlled by its transport in the membrane. In this case, the hydrogen permeation may 

be described by a relatively simple mathematical model [61]. Namely, when the 

transport of hydrogen atoms consists in the lattice diffusion with a constant coefficient D 

(i.e. the diffusible hydrogen is considered), the diffusion paths are identified with the 

membrane thickness L, and the concentration of hydrogen beneath the entry side of the 

membrane C0 changes rapidly according to Fig. 2a, the permeation rate is described by 

the following equations: 

 

Build-up 

 

(7) 

 

Decay 

 

(8) 

 

 

where ip is the measured permeation rate at time t, o
pi  is the initial steady-state 

permeation rate ( 0=t ), ∞
pi is the new steady-state permeation rate ( ∞→t ). For the 

build-up ∞
pi > 0

pi , and for the decay ∞
pi < 0

pi . The permeation transients are represented by 

the suitable curves shown schematically in Fig. 2b. The fitting of pertinent permeation 

equation (7) or (8) to the experimental permeation transients leads to the determination 

of the diffusion coefficient D. 
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Fig. 2. Schematic presentation of the ideal permeation transients; C0 = const, fully 
diffusion control. 

 

 

The fitting of the permeation equation to the whole experimental permeation 

curve seems to be the most correct way to determine the diffusivity of hydrogen. The 

other, even simpler way is based on the chosen, characteristic points of the permeation 

transient. One of these characteristic points is that corresponding to the so called 

breakthrough time tb, which resulted from the intersection of the tangent at the inflection 

point of the permeation rate-time curve with the initial permeation level [60,70]. In the 

linear time scale, the appropriate relationship between D and tb is as follows 

 

(9) 

 

 

while for the logarithmic time scale 

 

b

2051.0
t
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(10) 

 

 

Knowing D one can calculate, for a given steady state permeation rate ∞
pi , the 

concentration of hydrogen in the membrane at its entry side C0, using the following 

equation for the steady state hydrogen flux: 

 

(11) 

 

 

hence 

 

(12) 

 

 

Since it was assumed that D is constant, independent on hydrogen concentration, the 

steady-state distribution of the diffusible hydrogen in the membrane is represented by a 

linear gradient 

 

(13) 

 

 

and the steady state amount of the diffusible hydrogen in the membrane (in mol H per 

unit area of the membrane) equals 

 

(14) 

 

 

 For iron membranes, the above ideal picture, taking into account only the 

diffusible hydrogen, is rather rare, especially with reference to the first charging of the 

fresh ( 0o
p =i ), hydrogen-free membrane, as well as to the complete decay ( 0p =∞i ), after 

removing the hydrogen source - Fig. 3. In the first case, the permeation rate is not 
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controlled by diffusion only, but also by slow surface processes (involving hydrogen 

entry) and/or hydrogen trapping (involving hydrogen transport). For these reasons, the 

concentration of hydrogen C0 at the entry side does not increase suddenly (Fig. 3a, left) 

and/or hydrogen atoms are stopped by traps and, consequently, the permeation rate of 

hydrogen may be delayed and it increases slowly (Fig. 3b, left). In the second case, in 

spite of the sudden drop of the concentration C0 to zero, after removing the hydrogen 

source at the membrane entry side (Fig. 3a, right), the permeation rate decreases slowly 

(Fig. 3b right). Moreover, after some time, the permeation rate practically reflects the 

release of hydrogen from traps.  
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Fig. 3. Schematic presentation of the real permeation transients: first build-up (a) and 
complete decay (b). 

 

In the above circumstances, it is obvious that there are no exact fitting of the 

equations (7) or (8) to the suitable permeation transients shown in Fig. 3, and the resulted 

values of D can be treated only as values of the effective (apparent) hydrogen diffusivity 

Deff. Values of the effective diffusivity can be significantly, even two order of magnitude 

lower than that of the real, lattice diffusion coefficient [56,57]. 
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However, as it was found earlier [71,72], the undesirable effects of slow surface 

processes (involving hydrogen entry) and trapping (involving hydrogen transport) are not 

observed for the pre-charged membrane during the partial build-up or decay transients 

caused by a relatively small increase or decrease of hydrogen concentration C0. In this 

case, the permeation transients are described by the equations (7) or (8) and their courses 

are like that shown earlier in Fig. 2b. Consequently, the fitting procedure leads to values 

of D which can be considered as the real diffusivity of hydrogen. 

 

 Considering the permeation of hydrogen through the membrane charged with 

cathodically produced hydrogen, it is worthy to note that the steady-state permeation rate 

is at the most proportional to the square root of the cathodic current density 

 

(15) 

 

 

where k is a coefficient characteristic of a given metal and hydrogen charging conditions. 

The above dependence, first observed by Bodenstein [73], has been confirmed in many 

experiments and it is considered as a characteristic feature of the cathodic charging. It is 

also explicit evidence that the entry of hydrogen into the metal is preceded by adsorption 

of hydrogen atoms on its surface. 

 

2.2.2. Hydrogen desorption 

Using the electrochemical permeation technique, under some experimental 

conditions, it is possible to characterize the mobility (D) and solubility or concentration 

(C) of the diffusible hydrogen, because only this form of hydrogen is “visible” by the 

measured hydrogen flux (ip). The other hydrogen forms comprising the reversibly 

trapped hydrogen may be characterized using the electrochemical desorption technique 

[62,63]. A practical approach for the effective use of this technique is described in paper 

[64]. 

The desorption of hydrogen is carried out when hydrogen permeation rate 

through the membrane achieved a steady-state permeation rate ∞
pi . The hydrogen 

charging at the entry side of the membrane (X = 0) is switched off and a suitable anodic 

cp iki =∞  
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potential (usually the same like that at the membrane exit side (X = L)) is immediately 

applied. Subsequently, the anodic currents are measured at both sides of the membrane.  

The anodic current density at the membrane exit side ia,L practically equals to the 

desorption rate of hydrogen at this side iH,L, because the background current density i.e. 

the passivation current density of iron in NaOH after long time is negligible. However, 

the applied anodic potential at the entry side causes also the significant oxidation of the 

cathodically treated metal. Therefore, to obtain the desorption rate of hydrogen at the 

entry side iH,0, the measured current density ia,0 must be corrected by a current density 

iMe, measured in the separate experiment with a hydrogen-free membrane. 

In turn, the desorption rates of hydrogen iH,L and iH,0 are sums of the suitable 

desorption rates of the diffusible hydrogen (iHd,L and iHd,0) and reversibly trapped one 

(iHt,L and iHt,0), escaping from the membrane its exit and entry side, respectively. 

Knowing D and assuming that the steady state permeation rate ∞
p`i is at the same time the 

initial desorption rate of the diffusible hydrogen o
Hd.Li  at the membrane exit side, one can 

reconstruct the desorption rate-time curves for the diffusible hydrogen. For the 

membrane exit side, the following equation, similar to the equation (8) can be used 

 

 

(16) 

 

 

while for the membrane entry side the suitable equation is as follows [62,74] 

 

 

(17) 

 

 

Then, subtracting the desorption rates iHd,L and iHd,0 from the measured desorption rates 

iH,L and iH,0, the suitable desorption rates of the trapped hydrogen iHt,L and iHt,0 are 

determined.  

Finally, integration of the individual desorption rate-time curves with respect to 

time leads to the amounts of the diffusible hydrogen qHd,L and qHd,0, the trapped hydrogen 

qHt,L and qHt,0, their sum qH,L and qH,0 leaving the membrane its exit and entry side, 
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respectively, and the total amount of hydrogen in the membrane qH = qH,L + qH,0. With 

reference to the diffusible hydrogen, an analytical integration is possible. Taking 

equations (16) and (17), the final amounts of the diffusible hydrogen, i.e. for t →∞, are 

 

(18) 

 

 

and 

 

(19) 

 

 

Hence, the total amount of the diffusible hydrogen in the membrane equals 

 

(20) 

 

 

which is consistent with the previous equation (14). 

An important conclusion from the above relationships is that the fraction of the 

diffusible hydrogen escaping at the membrane exit side is qHd,L/qHd = 1/3, while the 

fraction leaving the membrane its entry side is qHd,0/qHd = 2/3. These ratios correspond to 

the linear concentration gradient of the diffusible hydrogen (equation (13)). Therefore, it 

can be inferred by analogy that for the ratios qHt,L/qHt and qHt,0/qHt different than 1/3 and 

2/3, respectively, the distribution of the trapped hydrogen (or strictly speaking, the filling 

of traps) cannot be linear across the membrane. 

2.3. Sol-gel chemistry 

For many years, researchers have become increasingly interested in the sol-gel 

processing. Ebelman was the first (1845) to report the formation of a transparent material 

as a result of slow hydrolysis of an ester of the silicic acid. Today sol-gel methods are 

reaching their full potential, enabling the preparation of new generations of advanced 

materials. In the field of corrosion, the sol-gel materials as protective coatings have been 

extensively studied in recent years. 
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In order to discuss the using of zirconia sol-gel coatings for corrosion protection 

(including its possible application against hydrogen embrittlement), it is worth to review 

briefly the sol-gel chemistry. In this chapter, the main idea of the sol-gel technique, 

factors that influence on the final properties of sol-gel coatings, and their applications for 

corrosion protection will be described. 

 

2.3.1. Basic principles of sol-gel process 

The sol-gel process is a chemical synthesis method. Initially it was used for the 

preparation of inorganic materials such as glasses, ceramics and thin films. Generally, 

the sol-gel process is based on the evolution of the sol (colloidal suspension of very 

small, 1-100 nm particles in a liquid medium) into the form of gel that is defined as a 

colloidal system. The sol-gel chemistry is based on creating the oxide network through 

hydrolysis and condensation of metal alkoxides in organic solvents [75-77]. As known 

[75,78], there are two methods of preparing the sol-gel coating: inorganic and organic. 

The difference is based on the nature of precursors: metals salts in aqueous solution or 

metal alkoxides in organic solvents. In both cases, the result of condensation of „sol” and 

formation of clusters or colloids is the final network in continuous liquid phase - „gel”. 

The initial materials used in the preparation of the sol are mainly metal organic 

compounds, such as metal alkoxides M(OR)z, where, M represents the network-forming 

elements, for example Al, Si, Ti, Zr etc.; R is typically an alkyl group (−CH3, −C2H5, 

etc.); and z is the oxidation state of the metal atom Mz+ [78,79]. Generally, the formation 

of sol-gel occurs in six stages: hydrolysis, condensation, gelation, ageing, drying and 

densification [77,80]. 

 

1. Hydrolysis 

The first step is the hydrolysis of the metal alkoxide (for example zirconium 

alkoxide) and it can occur by acid or base-catalysed processes, as shown in the following 

reactions 

 

(21) 

 

 

nROH(OH)Zr(OR)OnHZr(OR) nn-424 +→+  
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(22) 

 

During the hydrolysis stage, the alkoxide groups (−OR) are replaced with hydroxyl 

groups (−OH) due to the interaction of alkoxide molecules with water. The mechanism 

of reactions (reactions (21) and (22)) proceeds in three stages [13,76]. First, the metal 

atom from the alkoxide molecule undergoes nucleophilic attack by the oxygen atom 

from the water molecule. While the zirconium atom is in the penta-coordinated state, a 

proton is transferred from the water molecule to a −OR group on the same Zr atom. 

Finally, the ROH molecule is released from the zirconium atom [76]. 

 

2. Condensation 

Two partially hydrolyzed molecules can link together in a reversible 

condensation reaction, such as: 

 

(23) 

 

 

(24) 

 

During the condensation reactions, two −OH groups (23) or −OH with −OR group (24) 

produced the same ≡Zr−O−Zr≡ bridge, and low-molecular weight by-products (water 

and alcohol) produced. The hydrolysis and condensation reactions occur simultaneously. 

 

3. Gelation 

With time, the colloidal particles and condensed zirconia species link together to 

become a three-dimensional network. In this structure Zr atom is joined to neighbouring 

Zr atoms by oxygen bridges. Hydroxide or functional groups are attached to some 

zirconium atoms. The gel network depends greatly upon the size of particles and on the 

extent of cross-linking prior to gelation.  

As known [81], the acid or base catalysts can influence both the hydrolysis and 

condensation rates and the structure of the condensed products. Thus, the newly formed 

gel structure depends on the selected catalyst (Fig. 4). Basic catalysis leads to the 

formation of more highly branched polymeric networks. In addition, the highly cross-

n)ROH4(Zr(OH)OH)n4(OH)(Zr(OR) 42nn-4 −+→−+  

HOHZrOZr(OR)(RO)HOZr(OR)OHZr(OR) 3333 +→+  

ROHZrOZr(OR)(RO)HOZr(OR)ORZr(OR) 3333 +→+  
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linked large sol particles are initially formed, which later link to gel with large pores 

between interconnected particles. In the case of the acid-catalyzed hydrolysis-

condensation, the primary linear or randomly branched polymers with the open network 

structure are formed [75,81]. 

 

Fig. 4. Scheme of the gel structure for acid and base catalyzed reactions [75]. 

 

4. Ageing 

Gel aging is an extension of the gelation and during this stage the gel network is 

reinforced through further polymerization, possibly at different temperature and solvent 

conditions. During the ageing the expulsion of solvent from the pores leads to the gel 

matrix shrinkage. As a result, the size of pores, which are under the stress, is changed. 

 

5. Drying 

The drying consists of evaporation of small molecules (water, alcohol and other 

volatile components), and as a consequence the shrinkage of gels occurs. These 

processes are basically affected by the initial reaction conditions, such as pH, 

temperature, molar ratios of reactants, solvent compositions, etc. 
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6. Densification 

Heat treatment at above 500° C is necessary for the production of dense glasses 

and ceramics from gels.  

 

As known [81], the hydrolysis and condensation reactions occur concurrently, but 

one reaction can be favoured over the other depending on circumstances. The 

physicochemical properties (transparency, porosity, pore size, surface functionality) of 

sol-gel derived materials depend on the composition of sol and processing conditions. 

The main variables that will play a significant role on the preparation of sol-gel coating 

and strongly influence on the final morphology and structure are: the nature of the 

precursors (hydrophilic/hydrophobic) [77], type of catalyst (acid or base) [82,83], pH 

[76,77], nature of the solvent and ratio of solvent to precursor [77,84], temperature 

[76,85], humidity and aging (storage) conditions, and another factors. It is the most 

important advantage of the sol-gel process that the desired characteristics of the resulting 

materials can be obtained by the change of preparation procedure. In addition, the sol-gel 

materials have other very important advantages, such as: 

• compatibility with many organic and inorganic reagents, 

• the pore size and shape of sol-gel materials can be controlled, 

• the synthesis can be performed (except densification stage) under mild 

(atmospheric) conditions, 

• the sol-gel method give opportunity to obtain not only one layer coating but also 

multilayer and multicomponents coatings, 

• the sol-gel method is relatively simple and not very expensive, 

• sol-gel coatings can be prepared with high degree of chemical purity and with 

easy control of stoichiometry. 

However, there are some disadvantages of the sol-gel methods. They are: sensitivity to 

the moisture of precursors, time-consuming, changing the dimensions of coatings as a 

result of their densification and shrinkage, and stress cracking during drying [75-77]. 

 

2.3.2. Deposition of sol-gel coatings by spin technique 

Sol-gel coatings can be deposited on the metal substrate through various 

techniques. The most widely used are the spin-coating and dip-coating [86-89]. The 

other applied methods are: spraying [90-92] and electrochemical deposition [93-95]. In 
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this work, the sol-gel coatings were obtained using the spin-coating technique and, 

therefore, this technique will be described in detail. 

Generally the spin coating is carried out in four basic stages: deposition of the sol, 

spin up, spin off, and gelation by solvent evaporation (Fig. 5). 

 

 

Fig. 5. Typical stages of the spin coating [89]. 

 

The first step of spin-coating involves deposition a small amount of sol solution 

onto the centre of a substrate. Then the substrate is rotated at a relatively high speed in 

order to spread the fluid by centrifugal force. Rotation is continued for some time, with 

fluid being spun off the edges of the substrate, until the desired film thickness is 

achieved. The solvent is usually volatile, providing for its simultaneous evaporation. The 

film-forming is primarily driven by two independent parameters - the sol viscosity and 

the spin speed of substrate. In general, lower viscosity, higher spin speeds and longer 

spin times produce thinner films. 

 

2.3.3. Applications of sol-gel materials 

The sol-gel coatings are interesting from both the scientific and application’s 

point of view. These coatings are often used in the various industrial branches. An 

outline of the current and potential applications of the sol-gel materials is given below. 
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Using the sol-gel technology, a wide range of materials can be produced, such: 

thin films and coatings, monoliths, powder, fibres, composites, porous gels and 

membranes, and it is not the last of this long list (Fig. 6). 

 

 

 
 

Fig. 6. Sol-gel preparing and its products [96]. 

 

 

The sol-gel materials are applied in electrotechnics, electronics, chemical technologies, 

biochemistry etc. (Table 1). 
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Table 1. The application of sol-gel materials [13,96]. 
 

Optical and 
photonic functions 

Fluorescence solar collector, solar cell. 
Laser element, light guide, optical switching, 
light amplification, antireflecting coatings, non-
linear optical effect (second generation). 

Electronic functions 
(ferroelectricity, 
electronic and ionic 
conduction) 

Capacitor, piezoelectric transfer. 
Non-volatile memory, transparent 
semiconductors. 
Solid electrolyte (battery, fuel cell). 

Thermal function Refractory ceramics, fibers wood, aerogels. 
Low expansion ceramics. 

Mechanical 
functions 

Protection with hard coat, strong ceramics 
abrasive. 

Chemical functions Catalyst, membrane, gas barrier, repellent film. 

Biomedical 
functions 

Entrapment of enzyme, cell, coated implant, 
medical tests. 

 

 

2.4. Zirconia sol-gel coatings 

In this chapter the application of zirconia (ZrO2) sol-gel coatings for corrosion 

protection of metals and alloys are considered. Zirconia sol-gel coatings are well known 

materials which has excellent properties, such as high mechanical strength, ionic 

conductivity and chemical durability. Hence, zirconia coatings are highly promising for 

use as thermal and diffusion barriers and as barriers against oxidation of the metal 

substrate. In addition, ZrO2 coatings are very hard and they are potentially useful as wear 

resistant coatings, especially in environments where heat and corrosion resistance are 

required [97]. 

Porous ZrO2 sol-gel coatings as membranes can be applied in aqueous filtration 

with much better alkali durability than other ceramic membranes, particularly at high 

temperature and in chemically harsh conditions [37]. Zirconia coatings are also very 

interested as catalysts for some selected reaction [98]. Zirconia sol-gel coatings, owing to 

their excellent chemical stability in aqueous solutions (including basic and alkaline) are 

often used as corrosion-resistance coatings [99]. 
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One of the important applications of zirconia coatings is improving the corrosion 

resistance of some metals and alloys, including stainless steels years [21,97,99,100]. 

Stainless steels, in spite of their natural, high corrosion resistance have a tendency to 

corrode in extraordinary aggressive environments. That is why, in recent years, 

researches have become increasingly interested in preparing the adhesive, stable, 

chemically resistance, inert and long lasting coatings for efficient preventing of 

corrosion. Unlike the stainless steels, there are only a few reports dedicated the effect of 

ZrO2 coatings to corrosion protection of mild steels [21,101,102]. 

Some studies on the protection effect of ZrO2 coatings on metals and alloys 

against high temperature corrosion [16,17], acid attack [17-19,22,23], and corrosion in 

aqueous NaCl solutions [20,24] are described in more detail below. 

 

2.4.1. High temperature corrosion 

Some studies have focused on the using of zirconia sol-gel coating for corrosion 

protection of metals and its alloys in high temperature conditions. Most of that reports 

comes from Atik’s group [16-20,29]. The anticorrosion properties of ZrO2 coatings on 

316L steel at high temperatures was studied by M. Atik and Aegerter [17]. The coatings 

were deposited by the dip technique. The oxidation resistance of the ZrO2 coatings was 

determined by measurements of weight gain (Fig. 7). The experimental results show that 

the weight of the coated membranes remains almost unchanged with time, whereas for 

uncoated membranes a significant weight increasing was observed. The anticorrosion 

properties of zirconia coatings were associated with their thickness. The samples with 

coating less than 40 nm thick had good chemical durability and resistance against 

oxidation. However, the coatings thicker than 40 nm were destroyed and their protective 

effect was lower. 
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Fig. 7. Weight gain (mg/cm2) of 316L stainless steel sheets measured as a function of the 
time of isothermal oxidation treatment in air at different temperatures. (a)-(c) 
Uncoated substrates tested at 950, 870 and 800 °C, respectively. (d)-(e) ZrO2 
coated substrates tested at 800 oC: (d) Film thickness 35 nm, (e) film thickness 
5.5 nm and rapid heating process (samples inserted at 800 oC [17]). 

 

The similar situation was observed in the case of ferritic stainless steel [16]. It 

was also noted, that the anticorrosion properties of ZrO2 coating were mainly depends on 

the heating temperature and the thickness of coating. The total corrosion rate was 

evaluated by measuring the weight gain as a function of heating time, and ellipsometry 

measurements were performed to asses the thickness of coatings. 

 

As it was mentioned, the use of zirconia coatings on mild steel paid less attention. 

As it was shown [101], the corrosion protection effect depended strongly upon the 

thickness of the coatings. The deposited one and three layers of zirconia were not 

effective, because of holes and cracks present in the coatings (Fig. 8). In addition, it was 

noted that the oxidation kinetics is controlled by a uniform diffusion of the reactant 

through a growing dense scale. Namely, the thicker coating is more effective in delaying 

oxidation of the metal substrate. As expected, the single-layer and three-layer coatings 
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were less protective due to short diffusion paths and a few holes, whereas the thickest 

samples coated by six depositions exhibited excellent protective effect. 

  

 

 

 

Fig. 8. SEM micrographs of samples of mild steels without and with zirconia sol-gel 
coatings after oxidation in air at 500 °C for 8h: (a) as received; (b) one layer; 
(c) three layers; and (d) six layers [101]. 

 

2.4.2. Corrosion in acid solutions (H2SO4) 

The anticorrosion protection of 316L steel by the ZrO2 coatings was studied in 

15% H2SO4 solution by potentiodynamic measurements at different temperature up to 

50 oC [19]. The results obtained are shown in Fig. 9. The ZrO2 coatings with thickness 

less than 0.5 µm effectively protected the steel, whereas thicker coatings were less 

effective because of cracks in the coating. The coatings influence on the cathodic and 

anodic branches of the potentiodynamic curves. The slope of the cathodic curves was 

practically the same for the uncoated and zirconia coated specimens. However, the 
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cathodic current for the coated specimen was lower than that observed for the uncoated 

one. The coating had also a strong influence on the anodic parts of the polarization 

curves in the passive region - the suitable current decreased. The obtained results 

indicate that corrosion mechanism for coated and uncoated samples remains unchanged 

and ZrO2 sol-gel coatings act as geometric blocking layers against the corrosion media. 
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Fig. 9. Potentiodynamic polarization curves measured in deareated 15 % aqueous 
H2SO4 at 25 °C for 316L stainless steels: (a) uncoated sample and heat-
treated at 800 °C for 2 h; (b) coated with ZrO2 (800 °C/2h); and (c) coated 
with ZrO2 (800 °C/10h) [19]. 

 

A similar situation was observed for zirconia coated 304L stainless steels [18,22]. 

The sol-gel coatings showed excellent barrier and enhanced corrosion protection of 

stainless steels in aqueous sulphuric acid solution at room temperature (Fig. 10). Again it 

was concluded, that mechanism for hydrogen evolution reaction remains unchanged for 

the uncoated and coated samples, and the zirconia coating act as physical barrier. 
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Fig. 10. Potentiodynamic polarization curves measured in deareated 15 % aqueous 
H2SO4 for 304L stainless steels: (a) uncoated and heat-treated at 800 °C for 
2 h; (b) coated with ZrO2 (800 °C/2h) at 25 °C [18]. 

 

2.4.3. Corrosion in chloride solutions (pitting corrosion) 

Quinson et al. [24] has deposited the ZrO2 sol-gel coatings on 304L stainless 

steel. Aside the deformation capability, the protection effect of the coatings in 0.5 M 

NaCl solution was studied by the potentiodynamic polarization measurements and 

electrochemical impedance spectroscopy. The anticorrosion properties were evaluated 

from the rest and pitting potentials. 

It was recorded that for the zirconia coated samples the rest potential 

insignificantly vary with immersion time in the chloride solution. In addition, it was 

proved that the rest potential for the coated steel was close to that determined for the 

uncoated one. However, the applied zirconia coating influenced on the pitting potential. 

This potential of the coated sample before ageing in chloride solution was much higher 

(more anodic) in comparison with the potential of the uncoated steel, and after ageing the 

pitting potential had a tendency to decrease [24]. 
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The corrosion behaviour of ZrO2 sol-gel coatings on stainless steel was also 

studied by Atik et al. [20]. The potentiodynamic polarization measurements were 

performed in aqueous 3% NaCl solution and it was shown that zirconia has a great effect 

on the anodic and cathodic polarization curves Fig. 11. In the presence of ZrO2 coating 

the corrosion potential shifted toward the anodic direction. Thus, this work also revealed 

that zirconia coating act as geometric blocking layer against exposure to the aggressive 

corrosion media. 
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Fig. 11. Potentiodynamic polarization curves obtained at room temperature in 
aqueous 3 % NaCl for stainless steels (a) uncoated, heat treated at 800 °C for 
2h; (b) coated with ZrO2 (800 °C /2h) [20] 
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3. THE AIM AND SCOPE OF WORK 

As shown in the literature chapter, zirconia coatings were mainly studied as 

corrosion resistant coatings on stainless steels. Fewer reports are related to the use of 

zirconia for corrosion protection of mild steels. So far, there are no literature reports on 

the study and application of sol-gel coatings, including zirconia, to counter hydrogen 

embrittlement. However, the results of the works discussed above seem to be interesting 

also for this type of corrosion. In particular, they indicated for the hindrance of hydrogen 

evolution reaction by blocking the surface of bare metal. One can expect that the ZrO2 

coatings should also affect the entry of hydrogen into the metal and in this way influence 

on the intensity of hydrogen embrittlement. This issue seems to be important and since it 

was not yet examined, its closer understanding is desirable from both the scientific and 

practical point of view. This is a general objective of this work. 

Any layer on the metal surface, including the ZrO2 coating on iron, in the first 

place influence on the entry of hydrogen into the metal. Therefore, an explanation of this 

process is the main purpose of this study. The point is to reveal not only to what extent, 

but also how (mechanism) the coating affects the entry of hydrogen. In this context, an 

important challenge will be the determination of the effective coverage of the iron 

surface by ZrO2 coatings. 

As it was also mentioned in the literature chapter, the relationship between the 

flux of diffusible hydrogen entering the metal and the amounts of various forms of 

hydrogen absorbed inside the metal is not simple. One may expect that in the presence of 

coating, the picture is even more complex. Namely, the concentration of diffusible 

hydrogen beneath the metal surface may be locally disturbed by the coating and, 

consequently, the trapping of hydrogen may change. Hence, the study of hydrogen 

trapping inside the ZrO2 coated iron, including the distribution of the trapped hydrogen 

in the metal, is also the important purpose of the work. 

In order to achieve these goals, the ZrO2 sol-gel coatings were prepared on the 

surface of iron membranes. The coatings were characterized using SEM, XPS, AFM as 

well as the electrochemical polarization and impedance spectroscopy techniques. Then 

the electrochemical studies of hydrogen permeation and desorption were carried out. An 

analysis of the obtained experimental results was an essential part of the work.  
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4. EXPERIMENTAL 

In this chapter, detailed information about the materials used, the preparation of 

zirconia sol-gel coatings on iron membranes, and the characterization of the obtained 

coatings using the surface analysis techniques (XPS, SEM and AFM) are described. 

Then, the main points of experimental conditions for the electrochemical measurements, 

including the essential hydrogen permeation/desorption measurements, potentiodynamic 

polarization curves and electrochemical impedance spectroscopy (EIS) are given. 

 

4.1. Material 

The material used was a commercial Armco iron with the chemical composition 

presented in Table 2. The samples in the form of 1-mm thick disc-membrane were sliced 

from a hot drawn, 25-mm diameter rod, perpendicularly to the rod axis. Owing to such 

orientation, in the hydrogen permeation measurements, the flux of hydrogen was directed 

along the layers o fibers of nonmetallic inclusions and there was no formation of blisters 

filled with gaseous hydrogen. Consequently, the permeation of hydrogen was not restrain 

and there was no irreversibility of the behaviour of membranes in permeation 

measurements [103,104]. This condition is very important, because changes in the steady 

state permeation rate can be attributed to the entry rate of hydrogen into the metal. The 

entry of hydrogen can be, in particular, affected by the surface coating. 

 

Table 2. Chemical composition of Fe-Armco (wt%). 

C Mn Si P S Cr Ni Cu Al Fe 

0.02 0.097 0.009 0.021 0.019 0.009 0.028 0.068 0.041 balance

 

 

Both sides of the membranes were mechanically polished using successively 400, 

800 and 1200 grit SiC abrasive paper. Finally the samples were degreased ultrasonically 

in acetone. The one (entry side of iron membrane) was coated with zirconia sol-gel 

coatings. 
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4.2. Chemicals 

The following chemicals were use to prepare a base electrolytic solution and a 

sol-gel solution: 

• sodium hydroxide (NaOH), pure p. a. (Chempur); 

• zirconium (IV) n-propoxide (Zr(n-OC3H7)4), pure p. a., 70 % w/w in n-propanol, 

(Alfa Aesar); 

• 1-propanol (n-C3H7OH), pure p. a. (Chempur); 

• acetylacetone (CH3CO)2CH2, 99 %, (Aldrich); 

• acetone (CO(CH3)2), pure. p. a. (Chempur); 

• filtered and demineralised water with an ELIX system (Millipore). 

 

4.3. Preparation of zirconia sol-gel coatings 

The zirconia sol-gel was prepared according to a procedure described in detail by 

Li et al. [101]. Zirconium n-propoxide was used as a source of zirconia. The sol 

precursor was prepared at room temperature by dissolving the n-propoxide in n-

propanol, and then acetylacetone and deionised water were added. The molar ratio of 

zirconium n-propoxide: acetylacetone: water: n-propanol was 1: 2: 2: 60. The solution 

was stirred for homogenization during 3 h. 

The prepared sol was deposited onto one side of the iron membrane by spin-

coating at a rate 20 rev/s during 30 s. The resulting gel film on the iron surface was 

initially dried in air for 12 h and then densified at 70 ºC for 15 min. Then, the above 

procedure was repeated two and five times to obtain two-layer and five-layer coatings, 

respectively. Finally, the coated membranes were annealed in vacuum at gradually rising 

temperature up to 800 oC at a rate of 5oC/min, with isothermal holding at 350oC, 550oC 

and 800oC for 30 min, and then furnace cooled. The annealed coating was visible as a 

transparent, straw colour film. 

 

4.4. Surface characterization of sol-gel coatings 

Surface composition of the coated and uncoated iron samples was determined by 

X-Ray Photoelectron Spectroscopy (XPS). The measurements were carried out using VG 

Microtech spectrometer and X-ray source with Al Kα radiation at 10 kV and 10 mA. An 
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ion gun with Ar+ sputtering of about 10 µA /cm2 at 3.0 kV was used for surface cleaning. 

The obtained XPS spectra were analyzed using the NIST XPS Database [105]. 

Scanning Electron Microscopy (SEM) was used to characterize the morphology 

of the coated and uncoated surfaces. These surfaces were compared before and after 

prolonged hydrogen charging to evaluate the deleterious effect of hydrogen. 

 

4.5. Electrochemical studies 

All electrochemical measurements were conducting using a double 

electrochemical cell, especially designed for the electrochemical permeation 

measurements with the electrochemical detection of hydrogen, like in the classical 

permeation method by Devanathan and Stachurski [60]. The prepared membrane was 

mounted between two electrochemical cells (Fig. 12) using a convenient, connecting 

holder made of methyl polymethacrylate (Perspex), having flanges and rubber gaskets in 

the form of flat ring with inner diameter of 8 mm. The geometric area of the membrane 

exposed to solution was 0.5 cm2. 

 

 

Fig. 12. Double electrochemical cell used for hydrogen permeation experiments. 
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The solution used in both cells was 0.1 M NaOH freshly prepared from NaOH of 

analytical grade and demineralised water. The solutions in both electrolytic cells were 

de-aerated with argon; the deaeration was continued during measurements. Both cells 

were equipped with the Pt wire as a counter electrode, and a mercury-mercuric oxide 

electrode Hg|HgO|0.1 M NaOH (~ +0.17 V versus NHE) as a reference electrode. The 

individual membrane sides worked as separate working electrodes. 

 

4.5.1. Hydrogen permeation and desorption measurements 

During the permeation measurements, the entry side (X = 0) of the membrane, 

sol-gel coated or uncoated, was subjected to galvanostatic cathodic charging in 

0.1 M NaOH at a constant current density ic; most often it was 10 mA/cm2 in relation to 

geometric area. The other, exit side (X = L) of the membrane, previously electroplated 

with a thin layer of palladium, was continuously polarized in 0.1 M NaOH at a constant 

potential of 0.15 VHg|HgO|0.1 M NaOH (~ +0.32 V versus NHE). Under this potential, 

hydrogen atoms escaping from the membrane were instantaneously oxidized and the 

measured anodic current corresponded to the permeation rate of hydrogen through the 

membrane. As it was mentioned earlier, the steady state permeation rate informs about 

the entry rate of hydrogen. 

The hydrogen permeation measurements were also used for the determination of 

the hydrogen diffusion coefficient (apparent or real, depending on the membrane used). 

To this end, the non-stationary permeation rate was taken into account. When the 

permeation rate achieved a steady-state level (after approximately 96 h of hydrogen 

charging), the successive permeation build-up and decay transients were recorded by a 

rapid change of the cathodic current density from 10 to 20 mA/cm2, and then back to the 

previous value of 10 mA/cm2. 

Finally, after 5-6 days of the uninterrupted hydrogen charging, the complete 

desorption of hydrogen was examined to determine the amount of hydrogen in the 

membrane. The cathodic current at the membrane entry side was switched off and this 

side was polarized immediately at the same potential of 0.15 VHg|HgO|0.1 M NaOH as the exit 

side. From this moment, the anodic currents were recorded at the both sides of the 

membrane. After subtraction of the suitable background currents, the desorption rate of 

hydrogen at each side was obtained. 
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4.5.2. Electrochemical polarization curves and impedance spectroscopy 

In addition, to the main hydrogen permeation measurements, the polarization 

curves and the electrochemical impedance spectroscopy measurements were performed 

at the membrane entry side. These measurements provided valuable information for 

comparable characterization of the electrochemical behaviour of coated and uncoated 

iron. 

Polarization curves were recorded after 1 min holding at a potential of -1.8 V 

versus NHE, applied for standardizing the surface conditions. The curves were measured 

at a potential scan rate 2 mV/s, starting from a potential of -1.8 to 0.9 V versus NHE. 

The measurements were performed using the Electrochemical Measurement System 

CMS100/CMS105, manufactured by Gamry Instruments, Inc.  

The EIS measurements were performed using the Solartron 1255 Frequency 

Response Analyser in conjunction with the Solatron 1286 Electrochemical Interface. The 

amplitude of the sinusoidal interference signal was 40 mV, and the frequency range of 

1000 kHz to 0.1 Hz was applied. The impedance measurements were performed 

periodically (every 24 h), simultaneously with cathodic polarization at the constant 

current density ic= 10 mA/cm2. ZPLOT software was used for control and analysis of the 

impedance measurements. EIS data were plotted in terms of Nyquist and Bode diagrams. 

 

All the electrochemical measurements were carried out at 30 oC. All experiments 

were repeated 3-4 times, and the average values of the measured parameters are shown 

and they were taken into account for further transformation. 
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5. RESULTS AND DISCUSSION 

The main topic of the work, concerning the effect of the sol-gel coatings on the 

entry of hydrogen into iron, is directly related to the results of the hydrogen permeation 

experiments. However, it seems to be reasonable to discuss in the first place that results 

and observations which characterize the uncoated and coated iron surface. 

 

5.1. Surface characteristic of uncoated and coated iron membranes 

5.1.1. SEM analysis 

SEM observations of the morphology of the entry side of iron membranes, 

without and with the zirconia sol-gel coatings, were performed before and after a long-

lasting hydrogen charging (~5 days) to compare the coated surface with the uncoated one 

(micrographs 1a vs. 2a and 3a in Fig. 13) and to estimate the level of hydrogen 

degradation (micrographs 1b, 2b and 3b in Fig. 13). 

Comparing the micrograph 1a with the micrographs 2a and 3a can be seen that 

the ZrO2 coatings obscured to a certain extent the scratches on the iron surface produced 

during its previous grinding and polishing. There were also some cracks visible on the 

coated surfaces (more distinct on the five-layer coating), presumably formed during 

cooling because of different thermal expansion coefficients for iron and ZrO2. 

The micrographs 1b, 2b and 3b in Fig. 13 show that the long-lasting hydrogen 

charging caused significant changes in both the uncoated and coated iron. Moreover, the 

changes of the uncoated iron surface seem even greater than those observed for the 

coated iron, especially in regard to that for five-layer coating (Fig. 13, 3b).  
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Fig. 13. SEM images of uncoated (1) and zirconia sol-gel coated iron membranes 
with different number of layers: (2) two-layers, (3) five-layers; (a) – before 
and (b) after hydrogen permeation measurements. 

 

As it was found earlier [71], a long cathodic polarization of iron in NaOH 

resulted in the formation of some alien layer on its surface. The longer the cathodic 

polarization the thicker layer was. After a few dozen hours of cathodic treatment, this 

surface layer became visible even to the unaided eye. It was supposed, therefore, that by 

a long hydrogen charging, disintegration of a subsurface iron layer occurred. It was also 
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assumed that the new formed surface layer consisted of a inner sublayer of elemental 

iron and an outer sublayer of some kind of iron hydroxide Fex(OH)y. Comparing the 

micrograph 1b with the micrograph 2b, and especially 3b, one can conclude that the 

zirconia coated iron was less susceptible to the disintegration caused by hydrogen. 

Undoubtedly, it can not be indifferent to the hydrogen evolution reaction and to the entry 

of hydrogen into the metal.  

 

5.1.2. Thickness of ZrO2 sol-gel coatings 

The coating thickness was estimated using the AFM technique working in the 

contact (repulsive) mode. For this purpose, the surface of the coated iron membrane was 

scratched and the scanning was performed along the straight line intersecting the scratch. 

As an example, the AFM image of the annealed, one-layer of ZrO2 sol-gel coating on the 

iron membrane is shown in Fig. 14a, whereas the resulting, relative cantilever deflection 

curve is shown in Fig. 14b. On the basis of this curve, one can estimate the thickness of 

the one-layer ZrO2 coating as about 60 nm. Consequently, one can assume that the 

thickness of the two- and five-layers coatings was about 120 nm and 300 nm, 

respectively. 
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Fig. 14. AFM image of the annealed ZrO2 sol-gel coating on the iron membrane with 
the marked yellow line (a), along which the thickness was measured (b). 

 

5.1.3. XPS spectra 

A comparison of the XPS spectrum for the uncoated iron surface with those for 

the ZrO2 coated iron are shown in Fig. 15a and Fig. 15b, respectively. The XPS spectrum 

for the uncoated iron surface was typical. It indicates only for the presence of Fe and 
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traces of O, which in spite of cleaning (Ar sputtering) are usually detectable in XPS 

measurements. 

The XPS spectra for the ZrO2 coated iron membrane surface (Fig. 15b) include 

mainly characteristic peaks coming from Zr and O, whereas there are no peaks coming 

from iron. It means that the coatings consisted mainly of ZrO2. However, the lack of 

peaks characteristic for iron did not determine of the complete tightness of the obtained 

coatings. More likely, the coatings were porous but their thickness was enough to 

restrain the photoelectrons coming from the iron substrate.  
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Fig. 15. XPS spectra for the uncoated iron surface (a) and for the iron surface coated 
with two and five layers of ZrO2.  
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Analysing the XPS spectra for the coated membranes (Fig. 15b), one can see a 

characteristic pick for carbon (C 1s). It is rather unexpected, since the applied annealing 

of the sol-gel coating up to 800 oC should be effective not only for the complete removal 

of water and organic solvents, but also for organic parts of zirconium n-propoxide (Zr(n-

OC3H7)4), used as a source of zirconia. Probably, it was not true in the latter case and 

during the annealing of the coated membranes under vacuum, a part of hydrogen atoms 

derived from the propyl groups remained in the coating.  
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Fig. 16. XPS spectra for the coated iron membrane surface before and after 5 days of 
hydrogen charging. 

 

 The interaction of hydrogen with the coated iron surfaces was reflected in the 

XPS spectra. After 5 days of the uninterrupted hydrogen charging, the XPS spectrum 

revealed the presence of iron on the coated surface (Fig. 16). However, the peaks derived 

from Zr and O remain the most pronounced. Thus, the ZrO2 coating was quite resistant to 

the damaging effect of hydrogen.  
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5.2. Electrochemical characteristic of uncoated and coated iron 
membranes 

 

5.2.1. Electrochemical polarization curves 

The potentiodynamic polarization curves for the membrane’s entry sides were 

performed to compare the electrochemical-corrosion behaviour of the coated and 

uncoated iron and to examine the stability of the ZrO2 coating. Fig. 17 shows the 

polarization curves for the fresh, i.e. before hydrogen charging, uncoated and coated iron 

membranes. The zero-current (corrosion) potentials of the coated iron were nobler than 

that of the uncoated iron. At the same time, in the presence of coating, both the cathodic 

and anodic polarization curves were shifted towards lower values of current density. 

Consequently, the resulting corrosion current density for the coated iron was also lower 

than that for the uncoated one. As can be expected, the five-layers coated membrane 

showed a better protective properties than the two-layers coated one. 

-1.5 -1.0 -0.5 0.0 0.5 1.0
10-5

10-4

10-3

10-2

10-1

100

101

102

5 layers

2 layers

0.1M NaOH, PSR = 2 mV/s

 

 

C
ur

re
nt

 d
en

si
ty

, i
 (m

A/
cm

2 )

Potential, ENHE (V)

uncoated iron

ZrO2 coated iron

 

Fig. 17. Potentiodynamic polarization curves for the entry side of iron membranes 
without and with ZrO2 coatings (2 and 5 layers), measured before hydrogen 
charging. 
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The most important, however, is that the potentiodynamic polarization curves for 

the uncoated and coated iron membranes had a similar shape. It suggests that the 

mechanism of electrode processes, in particular the mechanism of the hydrogen 

evolution reaction was the same for both the uncoated and coated iron. This is consistent 

with the previously presented data [18,19,22] suggesting that the ZrO2 coatings, blocking 

the metal surface, provided a mechanical barrier for the electrode processes. 

The following figures illustrate the effect of a prolonged hydrogen charging on 

the potentiodynamic polarization curves for the uncoated (Fig. 18) and coated iron (Fig. 

19 and Fig. 20 for two and five layers of ZrO2, respectively). Generally, one can note 

that the long-lasting cathodic polarization influenced to a greater extent on the uncoated 

iron than on the coated one. It means that the ZrO2 coated iron surface was less prone to 

change under the influence of hydrogen charging. 
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Fig. 18. Potentiodynamic polarization curves for the entry side of the uncoated iron 
membranes before and after hydrogen charging (ic = 10 mA/cm2, 
tchar = 120 h). 
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Fig. 19. Potentiodynamic polarization curves for the entry side of the ZrO2 coated 
iron membranes (two-layers), before and after hydrogen charging 
(ic = 10 mA/cm2, tchar = 120 h). 
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Fig. 20. Potentiodynamic polarization curves for the entry side of the ZrO2 coated 
iron membranes (five-layers), before and after hydrogen charging 
(ic = 10 mA/cm2, tchar = 120 h). 
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5.2.2. EIS characteristics 

Electrochemical impedance spectroscopy (EIS), being the technique for versatile 

characterization of electrochemical responses of interfacial processes and structures, has 

been successfully applied to the study of many corrosion systems, including those 

comprising the protective coatings. So it was natural to use it in this work to characterize 

and compare the behaviour of the uncoated and ZrO2 coated iron membranes. 

The EIS spectra for the uncoated and zirconia sol-gel coated iron membranes 

(entry side) were recorded simultaneously with hydrogen charging at the constant 

applied current density (ic = 10 mA/cm2). Thus, the obtained results shown below inform 

about the hydrogen evolution reaction at a given time, as well as about the changes that 

have occurred on the electrode surface during hydrogen charging. 

The EIS spectra acquired after a given time of hydrogen charging are presented in 

the form of Nyquist plots in Fig. 21 for the uncoated iron, and in Fig. 22 and Fig. 23 for 

the coated iron with two and five layers of ZrO2, respectively.  
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Fig. 21. Nyquist plots for the entry side of the uncoated iron membranes, recorded 
after a given time of hydrogen charging (0.1 M NaOH, ic = 10 mA/cm2). 
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Fig. 22. Nyquist plots for the entry side of the ZrO2 coated iron membranes (two 
layers), recorded after a given time of hydrogen charging (0.1 M NaOH, 
ic = 10 mA/cm2). 
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Fig. 23. Nyquist plots for the entry side of the ZrO2 coated iron membranes (five 
layers), recorded after given time of hydrogen charging (0.1 M NaOH, 
ic = 10 mA/cm2). 

 

 Although generally, the impedance spectra for the uncoated and ZrO2 coated 

membranes had similar shape, especially those recorded after a long time (e.g. after 5 

days) of hydrogen charging, there was some difference between them during the initial 
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period of charging. Admittedly, it was not possible to obtain regular spectra shortly after 

the start of hydrogen charging because of large scatter of impedance data caused by the 

hydrogen gas bubbles. Namely, at the beginning of hydrogen charging, the evolution of 

gaseous hydrogen was very irregular; since the relatively small number of sites on the 

membrane surface was engaged in this process and quite large bubbles blocked 

intermittently a part of the electrode area. However, during prolonged cathodic 

polarization more sites became available for the evolution of gaseous hydrogen and the 

evolved gaseous bubbles were relatively small and they did not have very big influence 

on the registered impedance data. Nevertheless, the Nyquist plot for the uncoated 

membrane, recorded after 24 h, distinctly departed from the others plots observed for 

longer times (Fig. 21). Thus, the EIS spectra for the uncoated iron membrane confirm 

previous reports on the surface changes of iron during its cathodic polarization in 

alkaline solutions, consisting in the formation of a new surface layer [71,106,107]. This 

layer was porous and it probably composed of disintegrated iron and hydrated iron 

oxides. As opposed to the unmodified iron, the EIS spectra for the ZrO2 coated 

membranes (Fig. 22 and Fig. 23), especially those for the five layers coated membranes, 

were practically independent on the charging time. It means that the ZrO2 coating was 

quite resistant to hydrogen.  

 EIS characteristics for the uncoated and ZrO2 coated membrane entry sides, after 

5 days of the uninterrupted cathodic polarizations, are depicted in Fig. 24, Fig. 25, and 

Fig. 26, containing the Nyquist, Bode-phase, and Bode-magnitude plots, respectively. It 

is seen that both the uncoated and coated iron surface were characterized by two time 

constants. 
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Fig. 24. Nyquist plots for the entry side of iron membranes without and with ZrO2 
coatings (2 and 5 layers), measured after 5 days of hydrogen charging 
(0.1 M NaOH, ic = 10 mA/cm2). 
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Fig. 25. Bode phase plots for the entry side of iron membranes without and with ZrO2 
coatings (2 and 5 layers), measured after 5 days of hydrogen charging 
(0.1 M NaOH, ic = 10 mA/cm2). 
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Fig. 26. Bode magnitude plots for the entry side of iron membranes without and with 
ZrO2 coatings (2 and 5 layers), measured after 5 days of hydrogen charging 
(0.1 M NaOH, ic = 10 mA/cm2). 

 

One may suppose that the first time constant (in the high frequency region) 

corresponded to the resistance of electrolyte in the pores or cracks of the ZrO2 coating. It 

is understandable, because the sol-gel coatings are inherently porous and have other 

defects (cracks, etc). In the case of the uncoated iron membrane, the EIS spectra confirm 

the formation of a new surface layer, which was also porous. In turn, the second time 

constant (in the low frequency region) may be ascribed to the charge transfer resistance 

of the hydrogen evolution reaction on the uncoated places of the ZrO2 coated iron 

membranes as well as of the bare (working) places of the uncoated iron membranes. 

As it is known, the most common method used to analyse EIS spectra is 

equivalent circuit modelling. Usually, several cell elements and cell characteristics such 

as the electrode double layer capacitance, electrode kinetics, diffusion layer and solution 

resistance contribute to the EIS spectrum. The behaviour of each element may be 

described in terms of electrical components (resistors, capacitors) and specialized 

electrochemical elements (Warburg diffusion elements).  

http://rcin.org.pl



 52

  

Rp

C2
Rs

Rct

C1

Coating IronSolution

Rp

C2
Rs

Rct

C1

Coating IronSolution
 

 

Fig. 27. Equivalent circuit used for analysis of EIS spectra of iron with ZrO2 coatings 
and of iron with a porous surface layer. 

 

To analyse the EIS spectra observed for the metal with damaged, untight or 

porous protective coatings, an equivalent circuit shown in Fig. 27 was often used 

[108,109]. However, the term coating can mean not only the intentionally produced 

coating, but also other kinds of layers on the metal surface, such as sediments, corrosion 

products etc., which can prevent the electrochemical reactions. Therefore, the above 

equivalent circuit was used to analyse the EIS spectra acquired for the ZrO2 coated, as 

well as for the originally uncoated iron. In this circuit Rs represents the electrolyte 

resistance, Rp is called the pore resistance [110], C1 is related with the non ideal 

capacitance of the surface layer (in particular ZrO2 coating), Rct is the charge transfer 

resistance, and C2 is the corresponding capacitance. 

Changes in the pore resistance Rp and charge transfer resistance Rct during long-

lasting hydrogen charging are shown in Fig. 28. Since in the given case, the permeation 

efficiency (expressed by the ratio ip/ic ) was very low, the changes of the above 

resistances can be ascribed to the hydrogen evolution reaction on the membrane entry 

side. It is seen that the charge transfer resistance for the uncoated iron membrane was 

higher than that for the zirconia coated membranes. It means, that the hydrogen evolution 

reaction, and strictly speaking its desorption step(s) (equation (4) and/or (5)) on the 
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uncoated membrane run more difficult. Under the galvanostatic charging (ic = const), the 

higher value of Rct corresponds to higher impediment of the desorption of hydrogen 

atoms Hads and, consequently, to enhanced hydrogen entry, as it was observed. Changes 

in the pore resistance are less obvious and they are hard to explain. 
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Fig. 28. Changes of the pore and charge transfer resistance for the entry side of the 

uncoated and ZrO2 coated iron membranes during their hydrogen charging. 
 

 

5.3. Hydrogen permeation measurements 

According to the main goal of this work, the electrochemical measurements of 

hydrogen permeation of hydrogen performed on the uncoated and ZrO2 coated iron 

membranes proved to be the most important and informative. Therefore, this chapter is a 

pivot of this work. The main attention was paid to examine to what extent and how the 

zirconia sol-gel coatings influence the hydrogen entry into. 
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5.3.1. Hydrogen permeation 

Hydrogen permeation rate (ip) vs. time (t) curves recorded during the first 6 min 

of the cathodic polarization of the iron membranes with and without the ZrO2 coating are 

shown in Fig. 29. During this initial period, the effect of the applied coatings on the 

hydrogen permeation was not satisfactory. Initially, the permeation rate through the 

coated membranes was even higher than through the uncoated one. Undoubtedly, this 

rather unexpected effect was related to the surface processes occurring on the cathode 

and affecting the entry of hydrogen. 
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Fig. 29. Changes of hydrogen permeation rate through the uncoated and ZrO2 coated 
iron membranes during the initial period of hydrogen charging. 

 

Namely, taking into account extremely high diffusivity of hydrogen in iron, 

values of the so-called breakthrough time for both the coated membranes (tb ≈ 60 s), and 

especially for the uncoated membrane (tb ≈ 180 s) seem to be too long. Assuming that the 

permeation rate of hydrogen was controlled by its diffusion inside the membrane with 

the diffusion coefficient of hydrogen D ≈ 8×10-5 cm2/ s [111], an expected value of the 

breakthrough time for the 1-mm thick membrane equals only 6.4 s. Thus, the observed 
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values of breakthrough time in Fig. 29 were rather related to slow surface processes, 

influencing the entry of hydrogen, than to hydrogen transport through the membrane. 

These slow surface processes probably consisted in the cathodic reduction of the air-

formed oxides and/or hydroxides formed in NaOH solution on the metal surface. In other 

words, at the beginning of the galvanostatic hydrogen charging, the applied current was 

consumed for the reduction of iron oxides and/or hydroxides. Therefore, at the initial 

period of charging the hydrogen evolution reaction was diminished. A much shorter 

breakthrough time for the coated membranes indicates that the oxidation of the coated 

iron was even less intense than the uncoated one. The main reason was that the oxidized 

iron area, and hence the amount of oxides was lesser than that for the uncoated iron. 

However, the above behaviour of the zirconia coated membranes during the 

initial, relatively short period of the cathodic charging (Fig. 29) did not determine the 

beneficial effect of the coatings as a hindrance to hydrogen entry. A quite different 

picture was observed when the cathodic charging was continued for a long time. As 

shown in Fig. 30, after several hours, the permeation rate of hydrogen through the coated 

membranes attained almost constant level of about 7 µA /cm2 and about 4 mA/cm2, for 

two and five layers of ZrO2, respectively. 
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Fig. 30. Changes of hydrogen permeation rate through the uncoated and ZrO2 coated 
iron membranes during their long-lasting cathodic charging. 
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In the case of the uncoated iron membrane, after a few hours of hydrogen 

charging the permeation rate was even lower than that observed for the coated 

membranes, but then it increased quite rapidly within approximately 3 days, attaining a 

much higher value of about 34 µA /cm. The detail explanation of this favourable effect 

observed during long-lasting hydrogen charging of iron in alkaline solutions was found 

many years ago [71,72] and it was studied using various experimental techniques [112-

115]. Independently of its explanation, the enhanced hydrogen flux means that the 

working area of the iron cathode became activated, i.e. more prone to hydrogen entry 

into the subsurface region. 
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Fig. 31. Relationship between the measured hydrogen permeation rate and the square 
root of cathodic current density for the uncoated and ZrO2 coated iron 
membranes. 

 

One of the most significant, experimentally proved relationships, characterizing 

the hydrogen charging of metallic membranes, cathodically polarized in aqueous 

solutions, is a linear relationship between the steady state permeation (entry) rate of 

hydrogen and the square root of the applied cathodic current density. As seen in Fig. 31, 

this characteristic relationship was complied with the uncoated iron membranes over 
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whole applied range of ic, i.e. up to 100 mA/cm2. In the case of uncoated iron membrane, 

hydrogen permeation rate was a linear function of the square root of cathodic current 

density over its whole applied range, i.e., up to 100 mA/cm2. However, for the ZrO2 

coated membranes this relationship was valid only for the current density up to 3-4 

mA/cm2. Then, the permeation rate increased insignificantly with increasing ic, and 

further increase of ic above about 16 mA/cm2 do not influence on the permeation rate. An 

explanation of this interesting and crucial effect will be provided later in this work 

(Section 5.3.3). 
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Fig. 32. Changes of the electrode potential of the entry side of the uncoated and ZrO2 
coated iron membranes during their long-lasting cathodic charging. 

 

An important observation related to the role of ZrO2 coating in the hydrogen 

evolution reaction and hydrogen entry is shown in Fig. 32, showing changes of the 

electrode potential of the membrane entry side with time. During the initial period of 

cathodic polarization, the potential of both the uncoated and coated iron membranes 
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shifted into the negative direction. This was presumably related to the reduction 

(removal) of the oxide layer. However, the most important is that during long-lasting 

cathodic polarization the electrode potential of the ZrO2 coated iron was much more 

negative than that for the uncoated iron. 

The more negative value of the cathode potential suggests that the overpotential 

of the hydrogen evolution reaction on the coated iron was greater than that for the 

uncoated iron. The greater overpotential means that the actual (real) current density on 

the zirconia coated iron was higher. Since the applied cathodic current (or current density 

in regard to the geometric area of electrode) was the same, the working area of the coated 

membrane had to be smaller than that of the uncoated membrane. Undoubtedly, that was 

because the zirconia coatings blocked the iron surface. Further considerations on this 

issue are given in the next section. 

 

5.3.3. Zirconia surface coverage 

As it is known, zirconia is a superior insulator. The electrical bulk conductivity of 

zirconia at room temperature is of the order 10-12 Ω-1m-1 [116]. One may suppose that the 

electrical conductivity of the ZrO2 sol-gel coatings studied in this work was low enough 

to exclude them from the participation in the electrode reactions, in particular in the 

hydrogen evolution reaction. Consequently, under the imposed cathodic current, the 

hydrogen evolution reaction, or strictly speaking its first step - the discharge of 

hydronium ions or water molecules - took place on the uncoated iron surface on the 

bottom of the pores. A question arises what was the effective coverage of the iron 

surface by the applied ZrO2 coatings? 

To solve this problem, an assumption was made that both the hydrogen evolution 

and hydrogen entry occurred only on the ZrO2-free iron surface. This surface 

corresponds to the geometric area A of the uncoated membrane and the area AFe of the 

coated membrane - Fig. 33. The ZrO2 coverage θ is defined as 
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and hence 
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Fig. 33. Schematic presentation of hydrogen permeation through the uncoated (left) and coated (right) iron membranes, of constant 
geometric area A, cathodically polarized with constant cathodic current Ic).
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Under the same applied cathodic current Ic (as it has just occurred in the permeation 

measurements), the real cathodic current density ic,real for the uncoated membrane is 

 
 
(27) 
 

 
and for the coated it is also a function of θ 

 
 
(28) 
 

 
At this point, a characteristic relationship between the real steady-state 

permeation rate of hydrogen ( ∞
realp,i ) and the real applied current density (ic,real) on the 

uncoated iron turned out to be helpful. It is common knowledge and it was also observed 

in this work (Fig. 31), that the permeation (entry) rate of the cathodically produced 

hydrogen is at most proportional to the square root of the current density (equation (15)). 

It is obvious that equation (15) applies primarily to the real current densities 

 
(29) 
 

 
where k is a coefficient characteristic of a given metal and hydrogen charging conditions. 

Turning to the measured steady-state permeation current ∞
pI  through the uncoated 

membrane 

 

(30) 

 

and the suitable current ∞
coatp,I  for the coated membrane may be expressed as 

 

(31) 

 

 

The comparison of equation (30) with equation (31) leads to the following expression for 

the ZrO2 coverage 
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(32) 

 

or passing to the current densities related to the geometric area A 

 

 

(33) 

 

 

 

Using the last equation (33) and substituting, for example, the following steady state 

hydrogen fluxes for ic = 10 mA/cm2, read from Fig. 31: ∞
pi  = 34.0 µA/cm2 for the 

uncoated membrane, ∞
coatp,i  = 7.1 and 3.8 µA/cm2 for the coated membranes with two and 

five layers of ZrO2, respectively, the values of ZrO2 coverage: θ = 0.956 (two layers) and 

θ = 0.988 (five layers) were obtained. However, these values seem to be overstated and 

the reason for this is rather simple. Namely, looking at Fig. 31 one can note that values 

of ∞
coatp,i taken into account and corresponded to ic = 10 mA/cm2, lie beyond the initial 

linear part of the curves 2/1)( cp ifi =∞ . This is even more visible on Fig. 34, which is the 

re-plotted part of Fig. 31. 
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Fig. 34. An analysis of the relationship between the measured hydrogen permeation 
rate and the square root of cathodic current density for the uncoated and ZrO2 
coated iron membranes, as regard to low cathodic current densities (re-plotted 
from Fig. 31). 

 

 To obtain correct values of θ, one should take into account the values of ∞
pi and 

∞
coatp,i  for a such value of ic, which corresponds to the linear dependence of the steady-

state permeation rate on the square root of ic. Alternatively, and even more properly, one 

can take the pertinent slopes (Fig. 34), i.e. values of the factors k* and *
coatk  in the 

following relationships for the uncoated membrane 

 
(34) 
 

 
and for the coated one 
 

(35) 
 

 
Thus 
 

c
*

p iki =∞  

c
*
coatcoatp, iki =∞  
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(36) 
 

 
In this way, the following values of θ were evaluated: θ = 0.933 and θ = 0.967 for the 

membranes with two and five ZrO2 layers, respectively. 

Knowing correct values of θ and using equation (26) one may calculate the 

uncoated area AFe, and then the real cathodic current density ic,real and the real permeation 

rate ∞
realp,i . As an example, values of the pertinent parameters for the uncoated and coated 

membranes charged with hydrogen at ic = 10 mA/cm2 for 5 days are given in Table 3. 

 

Table 3. Parameters (in evaluating order) characterizing the hydrogen evolution and 
permeation (entry) for the uncoated and ZrO2 coated iron membranes 
cathodically charged with hydrogen. Charging conditions: 0.1 M NaOH, 
ic = 10 mA/cm, tchar = 5 days. 

ZrO2 coated iron 
membrane Parameter Unit Uncoated iron 

membrane 2 layers 5 layers 
k* /cmuA  10.4 - - 

k*
coat  /cmuA  - 2.7 1.90 

θ - 0 0.933 0.967 

AFe cm2 0.5 0.034 0.017 

ci  mA/cm2 10 10 10 

realc,i  mA/cm2 10 147 294 

∞
pi  µA/cm2 34 7.1 3.8 

∞
realp,i  µA/cm2 34 148 200 

 

 

 In the same way, taking the values of AFe (Table 3), the experimental relationship 

between the measured hydrogen permeation rate ∞
pi  and the square root of cathodic 

current density ic (related to the geometric area A, Fig. 31) were recalculated. The 

obtained dependence of the real permeation rate ∞
realp,i on the real cathodic current density 

ic,real is shown in Fig. 35. 
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Fig. 35. Relationship between the real cathodic current density and the real 
permeation rate of hydrogen through the uncoated and ZrO2 coated iron 
membranes. 

 

As shown from the last figure, in the cathodic current range up to about 

100 mA/cm2, the real permeation rate of hydrogen was the same, linear function of the 

square root of the real cathodic current density (k = 10.1). It means that regardless of 

whether the iron membrane was coated with ZrO2 or not, the entry of hydrogen into the 

uncovered (bare) iron proceeded according to the same mechanism. As it was mentioned 

earlier (equation (15)), the linear relationship between ∞
realp,i  and 1/2

realc,i  clearly confirms 

that the entry of hydrogen into iron is preceded by adsorption of hydrogen atoms on its 

surface, and the entry rate is directly dependent on the production rate adsorbed 

hydrogen atoms. The same relationship between ∞
realp,i  and 1/2

realc,i  for all membranes also 

confirms the assumption made that ZrO2 partially blocked the iron surface and that both 

the hydrogen evolution and hydrogen entry occurred only on the ZrO2-free iron surface. 

When the ic,real increased more than 100 mA/cm2, the hydrogen permeation rate 

grow up slower and slower (Fig. 35). It is understandable, because at the high current 

density range, other factors can influence on the hydrogen evolution reaction and hence 
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on the hydrogen entry. Among other things, one can assume that the capability of the 

bare iron surface to absorb hydrogen atoms (equation (1)) is limited. Unfortunately, the 

last assumption is difficult to verify experimentally on the uncoated membrane, because 

it requires extremely high applied currents, practically impossible to obtain from 

conventional power supplies. 

 

5.4. Hydrogen desorption measurements 

The electrochemical permeation measurements, described in the previous chapter, 

have focused on the entry of hydrogen into iron and on the role of ZrO2 coating in this 

process. However, no less interesting is the role of this coating in the absorption of 

hydrogen inside the metal. This issue is complex because, as mentioned earlier, the 

absorbed hydrogen includes the so-called diffusible and trapped hydrogen. In 

quantitative terms, one should determine the amounts of these hydrogen forms, and 

possibly their distribution inside the metal (membrane). 

The diffusible hydrogen is visible in the permeation flux (ip). On the basis of 

equation (12), one could determine the steady-state concentration of the diffusible 

hydrogen beneath the membrane entry side (C0), and then, assuming a linear gradient of 

hydrogen concentration (equation (13)), the steady state amount of the diffusible 

hydrogen qHd (equation (14)). However, to use equation (12), it is necessary to know the 

hydrogen diffusivity D. In turn, the reversibly trapped hydrogen may quantitatively 

determined by an analysis of the desorption rate of hydrogen from both sides of the 

previously charged membrane. This analysis also requires knowledge of the diffusion 

coefficient of hydrogen. Thus, correct determination of D is crucial. 

 

5.4.1. Hydrogen diffusivity 

After 5 days, at the end of the hydrogen charging, the successive partial build-up 

and decays permeation transients were recorded after changes of the cathodic current 

density from 10 to 20 mA/ cm2 and then back to the previous value of 10 mA/ cm2. 

The obtained build-up and decay permeation transients for the uncoated iron 

membrane are shown in Fig. 36. It is seen that the experimental and computer-fitted 

permeation transients, using equations (7) and (8) for the build-up and decay, 

respectively, practically overlap each other. This indicates that the conditions required by 

equations (7) and (8) were fulfilled and that the obtained value of D = 8.0×10-5 cm2/s, 
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taken as an average value of that resulted from the build-up and decay transients, may be 

considered as the lattice diffusivity of hydrogen in Armco iron at 30 oC. This value of D 

agrees with the reliable data for the lattice diffusivity of hydrogen in α iron [57,117]. 
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Fig. 36. Successive partial build-up and decay permeation transients for the uncoated 
iron membrane. 

 

 The pertinent permeation transients for the coated membranes with two and five 

layers of ZrO2 are shown in Fig. 37a and Fig. 37b, respectively. In this case, there were 

small discrepancies between the experimental and computer-fitted permeation transients. 

Therefore, the resulted values of hydrogen diffusivity should be considered as the 

effective diffusion coefficients Deff, characterizing rather the transport of hydrogen 

through whole given membrane, but not the mobility of hydrogen inside them. By the 

way, it was not surprising since the coated membranes were not homogeneous (uniform) 

as the uncoated membrane. 
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Fig. 37. Successive partial build-up and decay permeation transients for the coated 
iron membranes with two (a) and five (b) ZrO2 layers. 

 

One can note that the permeation transients for the coated membranes (Fig. 37) 

were somewhat delayed in relation to the transients for the uncoated one (Fig. 36), and 

hence Deff < D. Formally, this fact could be considered as a contribution of the coatings 

to the hindrance of hydrogen transport. On the other hand, the real (lattice) diffusivity of 
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hydrogen in the iron substrate of the coated membrane should be the same like that in the 

uncoated membrane, i.e. D, and the lower values of Deff are presumably caused by not 

sufficiently rapid change or rather settlement of the hydrogen concentration C0 in the 

subsurface layer of iron of the coated membrane. As it was expected, the five-layer 

coating, as being thicker and probably more complex than the two-layer one, somewhat 

more influenced the concentration C0. 

 

5.4.2. Complete desorption of hydrogen 

An analysis of the desorption rate of hydrogen from uncoated iron membrane, 

previously charged at its entry side in 0.1 M NaOH at ic = 10 mA/cm2 for 5 days, is 

shown in Fig. 38a and Fig. 38b, for the exit and formerly entry side, respectively. For 

both sides, the measured desorption rates ( LH,i and H,0i ; black curves) were the sum of the 

pertinent desorption rates of the diffusible hydrogen ( LHd,i and Hd,0i ; green curves) and the 

trapped hydrogen ( LHt,i and Ht,0i ; red curves). Knowing D and assuming that the steady-

state permeation rate ∞
pi  corresponds to the initial desorption rate of the diffusible 

hydrogen at the exit side ( o
LHd,i ), the desorption rates of the diffusible hydrogen at the exit 

side LHd,i  (Fig. 38a) and at the entry side Hd,0i  (Fig. 38b) were reconstructed using 

equation (16) and equation (17), respectively. Then, subtracting LHd,i from LH,i , and 

Hd,0i from H,0i , the desorption rates of the trapped hydrogen at the exit side LHt,i  and at the 

entry side Ht,0i , were obtained. Finally, integration of the relevant current densities in Fig. 

38 gives the suitable amounts of the diffusible hydrogen ( LHd,q and Hd,0q ), the amounts of 

the reversibly trapped hydrogen ( LHt,q and Ht,0q ), and their appropriate sums ( LH,q and 

H,0q ). The total amount of the absorbed hydrogen qH = LH,q + H,0q . It should be noted that 

the amounts of the diffusible hydrogen qHd,L and qHd,0, as well as their sum qHd, can be 

calculated directly using equations (18), (19) and (20), respectively.  

The same analysis was performed for hydrogen desorption from the coated iron 

membranes with two (Fig. 39) and five (Fig. 40) layers of ZrO2. All hydrogen amounts, 

originally obtained in electric charge units, were converted into molar units (mol H/cm2) 

and they are summarized in Table 4. 
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Fig. 38. An analysis of the desorption rate of hydrogen from the previously charged 

uncoated iron membrane at its exit (a) and entry (b) side. 
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Fig. 39. An analysis of the desorption rate of hydrogen from the previously charged 

ZrO2 coated (two layers) iron membrane at its exit (a) and entry (b) side. 
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Fig. 40. An analysis of the desorption rate of hydrogen from the previously charged 

ZrO2 coated (five layers) iron membrane at its exit (a) and entry (b) side. 
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Table 4. Partitioning of hydrogen desorbed from the previously charged uncoated 
and ZrO2 coated iron membranes into their separate sides and into the 
different forms of the absorbed hydrogen. Charging conditions: 
0.1 M NaOH, ic = 10 mA/cm2, tchar = 5 days. 

H diffusible H trapped H diffusible and 
H trapped 

 
qHd×108 

(mol H/cm2) 

 

% 
qHt×108 

(mol H/cm2) 

 

% 
qH×108 

(mol H/cm2) 

 

% 

Uncoated iron membrane 

X=L 0.74 33,3 20.5 12.5 21.2 12.7 

X=0 1.48 66.7 144.0 87.5 145.5 87.3 

X=0 and X=L 2.22 100 164.5 100 166.7 100 

% 1.3 98.7 100 

ZrO2 coated iron membrane (2 layers) 

X=L 0.22 33.3 13.4 11.9 13.6 12.0 

X=0 0.44 66.7 99.4 88.1 99.8 88.0 

X=0 and X=L 0.66 100 112.7 100 113.4 100 

% 0.6 99.4 100 

ZrO2 coated iron membrane (5 layers) 

X=L 0.17 33.3 10.2 11.0 10.4 11.2 

X=0 0.34 66.7 82.3 89.0 82.6 88.8 

X=0 and X=L 0.51 100 92.5 100 93.0 100 

% 0.5 99.5 100 
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 Looking at the data in Table 4, first of all, attention is drawn to the fact that the 

diffusible hydrogen was a very small part of the total amount of hydrogen in the 

membrane. Most of the absorbed hydrogen was the trapped hydrogen. With regard to the 

uncoated membrane it is normal since it was observed many times for iron membranes 

[10,118-120]. However, it is interesting that in the coated membranes, the contribution of 

the diffusible hydrogen in the total amount of hydrogen was even smaller. 
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Fig. 41. Hydrogen permeation rate (a) and hydrogen balance for the cathodically 

charged uncoated and zirconia coated iron membranes. Charging in 0.1 M 
NaOH at ic = 10 mA /cm2 for tchar= 120 h. 
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Another conspicuous fact is that total amounts of hydrogen absorbed in the 

coated membranes were lower than that in the uncoated one. However, this decrease in 

the absorption of hydrogen was not too large - the ratio qH/qH,coat was only about 1.5 and 

1.8 for two and five layers of ZrO2, respectively. In any case, the effect of the ZrO2 

coating on the entry of hydrogen was much higher - the pertinent ratio ∞∞
coatp,p / ii  was 4.8 

(2 layers) and 8.9 (5 layers) – Table 3. This fact is even more perceptible in Fig. 41 

comparing the permeation rate of hydrogen (a) with the hydrogen balance (b) for the 

cathodically charged uncoated and zirconia coated iron membranes. Since the trapped 

hydrogen composed a majority of the total amount of absorbed hydrogen, one can 

conclude that the ZrO2 did not impede, but actually intensified hydrogen trapping. 

The question is how the above behaviour of the coated membrane can be 

explained? It seems that the answer to this question can be found in the actual, higher 

values of the real cathodic current density ic,real, and the resulting higher permeation 

(entry) rate of hydrogen ∞
realp,i  at the ZrO2-free sites of the coated membrane (Fig. 33). 

Namely, remembering equation (11), the steady-state permeation rate is proportional to 

the concentration of hydrogen beneath the entry surface (C0), and inversely proportional 

to the hydrogen diffusivity D and the membrane thickness L. The actual concentration C0 

can be calculated substituting into equation (12) suitable values of the real permeation 

rate ∞
realp,i  (Table 3), hydrogen diffusivities D (Fig. 36) and Deff (Fig. 37). The obtained 

values of C0 are given in Table 5. On this basis one can deduce that the local 

concentration of the diffusible hydrogen beneath the uncovered sites of the coated 

membranes was about 4.4 (for 2 layers) and 5.9 (for 5 layers) times higher than the 

concentration C0 beneath the entry side of the uncoated membrane. Undoubtedly, higher 

concentration of the diffusible hydrogen means more intensive hydrogen trapping by the 

structural defects in the vicinity of the uncovered sites. Ultimately, although the amount 

of trapped hydrogen in the coated membrane was lower than that in the uncoated one 

(Table 4), however, this effect was smaller than expected from the measured permeation 

rates (referred to the geometric area).  
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Table 5. Real parameters characterizing the hydrogen charging (ic,real), hydrogen 
transport (D, Deff), hydrogen permeation ( ∞

realp,i ) and the resulting 
concentration of hydrogen (C0). Charging conditions: 0.1 M NaOH, 
ic = 10 mA/cm2, tchar = 5 days. 

 

ZrO2 coated iron 
membrane Parameter Unit Uncoated iron 

membrane 2 layers 5 layers 
realc,i  mA/cm2 10 147 294 

D 8.0×10-5 - - 

Deff 
cm2/s 

- 5.6×10-5 5.4×10-5 

∞
realp,i  µA/cm2 34 148 200 

C0 mol H/cm3 6.29×10-7 2.74×10-6 3.84×10-6 

 

 

It is obvious that a rather weak effect of the ZrO2 coating on the hindrance of 

hydrogen trapping is not beneficial for the prevention of hydrogen embrittlement. 

However, one should underline that the above considerations relate to hydrogen charging 

under the applied constant current. In this case, the cathodic evolution of hydrogen, in 

quantitative terms the same, was limited to a small part of the metal surface. Presumably, 

under different charging conditions, e.g. under potentiostatic charging, the ZrO2 coating 

may be more effective. 

Coming back to Table 4, one can note that a majority of the trapped hydrogen 

(more than 2/3 its amount) escaped from the uncoated and coated membranes their entry 

sides. It means that the distribution of the trapped hydrogen in the membrane was not 

represented by the linear concentration gradient (equation (13)), as it was for the 

diffusible hydrogen. One can conclude that the distribution of the trapped hydrogen, or 

strictly speaking the filling traps with hydrogen occurred mainly in the membrane region 

close to its entry side. 
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SUMMARY 

Two-layer and five layer sol-gel zirconia coatings were deposited on one side of 

the Armco iron membranes by spin -coating, densified in air and annealed up to 800 oC 

in vacuum. The obtained ZrO2 coatings were characterized using SEM, XPS and AFM 

techniques. The coatings were porous and their thickness was in the range of 120-300 

nm, depending on the number of applied layers. Electrochemical examinations by the 

potentiodynamic polarization curves and the impedance spectroscopy (EIS) confirmed 

that the coatings were not completely tight, i.e. some sites on the iron surface were 

uncovered by ZrO2. 

According to the main goal of the work, hydrogen entry into the membranes, 

coated and uncoated, cathodically charged under galvanostatic control in 0.1 M NaOH 

solution was studied using the electrochemical permeation technique. During the initial 

period of charging, the effect of ZrO2 coatings on hydrogen permeation (entry) was 

insignificant. However, the coatings quite efficiently prevented the iron surface become 

more active to hydrogen entry during a long-lasting cathodic charging. After 5 days of 

the uninterrupted charging, the overall permeation (entry) rate for the coated membranes 

was about 5 and about 9 times (for two- and five-layer coating, respectively) lower than 

the permeation rate through the uncoated membrane. At the same time, the cathodic 

potential of the ZrO2 coated iron was much more negative than that for the uncoated 

iron. Both these effects strongly confirm the assumption that the ZrO2 coatings blocked 

largely the iron surface for the hydrogen evolution reaction and, consequently, for the 

hydrogen entry into iron.  

Assuming that both the hydrogen evolution and hydrogen entry occurred only on 

the ZrO2-free iron surface, the effective coating coverage θ was determined by 

comparison of the hydrogen fluxes permeating the coated and uncoated membranes. The 

evaluating values of θ are ~0.93 and ~0.97 for the membranes with two and five ZrO2 

layers, respectively. Knowing θ, the real local entry rate of hydrogen and hence the real 

concentration of diffusible hydrogen beneath the ZrO2-free iron site were evaluated. 

Under the same charging conditions, this local subsurface concentration of diffusible 

hydrogen was about 4 (for two-layer coating) and about 6 (for five-layer coating) times 

higher than the concentration of diffusible hydrogen beneath the entry side of the 

uncoated membrane. 
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The local increase in the concentration of diffusible hydrogen resulted in more 

intensive hydrogen trapping. Admittedly, the total amount of the trapped hydrogen, 

relatively to the membrane as a whole decreased, but not very strongly. Since, moreover, 

the trapped hydrogen accounted for almost the entire amount of absorbed hydrogen, the 

ZrO2 coating was rather not very effective barrier to hydrogen absorption.  
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SYMBOLS 

Latin symbols 
A geometric area of the uncoated iron membrane, cm2 

AFe geometric area of the uncoated (free) sites on the zirconia coated membranes, cm2 

C capacitance, F/cm2 

C hydrogen concentration, mol H/cm3 

C0 hydrogen concentration in the membrane at its entry side (X=0), mol H/cm3 

D hydrogen diffusivity, cm2/s 

Deff effective hydrogen diffusivity, cm2/s 

F Faraday’s constant, 96 485 C/mol 

cI  cathodic (charging) current, mA 

ic cathodic (charging) current density, mA/cm2 

ic,real real cathodic current density, mA/cm2 

pi  hydrogen permeation rate, µA/cm2 

o
pi  initial steady-state permeation rate of hydrogen, µA/cm2 

∞
pi  a new steady-state permeation rate of hydrogen, µA/cm2 

∞
realp,i  real hydrogen permeation rate, µA/cm2 

∞
pI  steady-state hydrogen permeation current through the uncoated membrane, µA 

∞
coat p,I  steady-state hydrogen permeation current through the zirconia coated 

membranes, µA 

iH desorption rate of hydrogen 

iH,L desorption rate of hydrogen at the membrane exit side (X=L), µA/cm2 

iH,0 desorption rate of hydrogen at the membrane entry side (X=0), µA/cm2 

iHd,L desorption rate of the diffusible hydrogen at the membrane exit side, µA /cm2 

iHd,0 desorption rate of the diffusible hydrogen at the membrane entry side, µA /cm2 

iHt,L desorption rate of the trapped hydrogen at the membrane exit side, µA/cm2 

iHt,L desorption rate of the trapped hydrogen at the membrane entry side,  µA/cm2 

k hydrogen permeation (entry) coefficient characterizing a given metal and 
charging conditions 

∗k  slope in the linear dependence of steady-state permeation rate on the square root 
of cathodic current density for the uncoated membrane 

∗
coatk  slope in the linear dependence of steady-state permeation rate on the square root 

of cathodic current density for the zirconia coated membrane 
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L  thickness of the membrane, mm 

NHE normal hydrogen electrode 

Rs electrolyte resistance, Ω/cm2 

Rp pore resistance, Ω/cm2 

Rct charge transfer resistance, Ω/cm2 

Hq  total amount of hydrogen in the membrane, mol H/cm2 

coatH,q  total amount of hydrogen in the for zirconia coated membrane, mol H/cm2 

Hdq  total amount of the diffusible hydrogen, mol H/cm2 

Htq  total amount of the trapped hydrogen, mol H/cm2 

LHd,q  amount of the diffusible hydrogen leaving the membrane its exit side, mol H/cm2 

Hd,0q  amount of the diffusible hydrogen leaving the membrane its entry side, 
mol H/cm2 

LHt,q  amount of the trapped hydrogen leaving the membrane its exit side, mol H/cm2 

Ht,0q  amount of the trapped hydrogen leaving the membrane its entry side, mol H /cm2 

t time, s 

tb breakthrough time, s 

tchar charging time, s, h, days 

X distance in the membrane, mm 

Z' the real part of impedance (resistance), Ω cm2 

Z'' the imaginary part of impedance (reactance), Ω cm2 

 

Greek symbols 
f frequency, Hz 

φ phase angle, deg 

θ  coating coverage 
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