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a b s t r a c t

The decentralized production of hydrogen as a renewable energy vector targets large

markets and potential applications: mobility, electricity and fixed heat generation, elec-

tricity storage in the form of gas. Hydrogen is today in France and in the industrialized

countries an emerging industrial sector, leading to an increasing development of electro-

lyzers. The study of the behaviour of grade 2 titanium used in these electrolyzers for

hydrogen production, using a characterization of parts by Scanning Electron Microscopy

(SEM), surface analysis by Glow Discharge Optical Emission Spectrometry (GDOES)

demonstrating the hydrogen diffusion in titanium, and electrochemical measurements,

will make it possible to understand and interpret the mechanisms that caused degradation

after 5000 h of operation and to validate the choice of grade 2 titanium.
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Introduction

The rapid depletion of energy resources, fossil energies being

non-renewable, added to the growing environmental prob-

lems, have led to urgent need for clean and sustainable energy

sources [1e4]. Hydrogen is a promising alternative today

because of its environment benignity and high gravity energy

density [5e7]. Hydrogen hardly exists in its natural state. More

than 95% of the world's hydrogen is still produced by steam

reforminghydrocarbons, particularly natural gas, a process for

dissociating carbonmolecules in the presence of water vapour

and heat. Alongside this production route, in response to the

imperatives of the fight against climate change, processes are

developing, using renewable primary sources (renewable

electricity, solid biomass, biogas) to synthesize hydrogen,

which we describe as therefore renewable [8]. Among them,

electrolysis of water offers an easymethod for cleanliness and

safety hydrogen production [9e11]. This electrochemical pro-

cess produce hydrogen and oxygen from water, in electro-

lyzers, whose electrodes and gas storage tanks (gas/liquid

separators), as part of this study, are grade 2 titanium. It should

benoted that thechoice touse titaniumfor thehydrogen/liquid

separator, even if it is not common in electrolyzers because of

its high cost, is a strategic choice of our industrial partner in

order to increase component durability.

The hydrogen thus produced can be used as an electricity

storage solution, an interesting solution in the case of inter-

mittent renewable electricity generation. The electricity is

then transformed into hydrogen by electrolysis of water,

which is then recovered as a fuel gas or converted back into

electricity by a fuel cell in mobile or stationary applications.

The emergence of these renewable production routes and

these applications implies a more decentralized mode of

production than is currently the case in industry, particularly

because the resources (water, renewable electricity, biogas

and biomass) will be mainly available in the local scale and

that uses (service stations or domestic use) will be decentral-

ized. Electrolysis of water and steam reforming of biogas are

currently the closest decentralized and renewable hydrogen

production routes to themarket in France for mobility, energy

storage and energy supply applications of isolated sites. A

number of French companies are developing these technolo-

gies, and many pilot or demonstration projects are underway

at a more or less advanced level of development [12]. This

study, aimed at characterizing the corrosion resistance of

titanium used in the design of electrolyzers for hydrogen

production, fits perfectly within this framework and is there-

fore of particular interest.

In addition, just like other combustible gases or energy

sources, handling hydrogen involves risks. The peculiarities of

hydrogen, compared to other fuels such as natural gas or gas-

oline, have imposed new know-how and new practices to

ensure the safety of exposed people. In France, the regulatory

framework for decentralized hydrogen production facilities is

that of texts designed for larger-scale hydrogenproduction. It is

therefore necessary today to ensure the resistance of all mate-

rials used in the design of these facilities, materials of which

titanium is now a part, to capitalize knowledge andmethods of

risk control, and to disseminate them to the actors who will

intervene in the development of the hydrogen-energy sector.

Titanium is widely used in the aerospace, automotive,

chemical, and biomedical industries for its excellent corrosion

resistance, bio-compatibility, high specific strength and low

density [13e15]. Many studies have shown that the excellent

corrosion resistance of titanium is mainly due to the presence

of a very stable oxide film (TiO2) on its surface [16e18].

Although this oxide film is very thin, it is a barrier to protect

the metal in a corrosive environment. In addition, when the

film is destroyed, it tends to reform very quickly in response to

the aggressiveness of the environment. Indeed, the corrosion

resistance property of titanium does not come from its resis-

tance to oxidation, as for noble metals such as gold or plat-

inum. Titanium is a very reactive metal that oxidizes

spontaneously. The formed oxide layer becomes very pro-

tective and tight and its thickness increases slowly. Titanium

resists well in acidic environments, except when the pH

becomes too low, and it also resists in oxidizing media. The

International Committee on Industrial Chimneys (ICIC), for

example, recommends the use of pure titanium as an inser-

tion material in the design of the chimney of coal-fired power

plants, which means that pure titanium can resist in a

strongly acidic medium (mixture of sulfuric acid, nitric acid

and hydrochloric acid). However, it does not resist corrosion in

the presence of fluoride ions and in very reducing media.

Finally, the welds are as strong as the base metal and the

moulded parts are not a problem, as are the machining and

shaping by plastic deformation.

Water electrolyzers for hydrogen production

A water electrolyzer is the simplest as the conversion device

from renewable energy into hydrogen. Two major
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technologies currently in use for water electrolyzers are

alkaline electrolysis and proton exchange membrane (PEM)

electrolysis [19,20].

In large scale industrial applications, alkaline electrolysis

using liquid electrolyte consisting of 20e30 wt% potassium

hydroxide (KOH) solution is dominant. Indeed it is the mature

technology but, because hydrogen produced by an alkaline

electrolyzer is derived with strong alkaline solution from the

stacks, the balance of plant for the hydrogen purification

process is complex and not suitable for buffering an inter-

mittent power supply.

In contrast, PEM electrolysis is suitable for intermittent

power input, and also capable of operation at higher current

density (greater than 3 A/cm2). PEM water electrolysis tech-

nology is frequently presented in the literature as a potentially

very effective alternative to more conventional alkaline water

electrolysis. PEM electrolysis systems offer several advantages

over traditional technologies, including higher energy effi-

ciency, higher production rates and more compact design. At

given current density, PEM electrolysers have higher stack

efficiencies than alkaline systems. However, a major draw-

back of PEM electrolysis is its high capital cost per power input

and the acidic medium of the PEM technology limits the type

of material that can be used for cell components to titanium.

These technical advantages of PEM electrolysis over alka-

line electrolysis are mainly attributed to the membrane

potential and cell structure. High proton conductivity and

high mechanical/chemical stability of the proton exchange

membrane technology enables stable electrolysis up to high

current density (3e5 A/cm2) [21].

PEM electrolysers technology

Electrolyzers studied, similar in design to PEM technology

[22,23], mainly consist of a stack grouping a set of electrolytic

cells for hydrogen production capacities ranging from 10 to

120 Nm3/h. The hydrogen production capacity of a stack de-

pends on the number of electrolytic cells composing it. For

reasons of confidentiality, all the technology and the specific

design of the stacks will not be developed in this article.

An electrolytic cell consists of two grade 2 titanium elec-

trodes, separated by an ion exchange membrane, made from

ceramic materials, the electrolyte being an aqueous solution

of sulfuric acid (H2SO4 1 M). These electrodes are connected to

the opposite poles of a DC source. The H2SO4 molecule dis-

sociates in water into sulphate (SO4
2�) and hydrogen (2Hþ)

ions. In the cell, the hydrogen ions accept electrons at the

cathode to form gaseous hydrogen (H2), depending on the

reduction reaction (1) [24]:

2Hþ þ 2 e� / H2 (1)

While an oxidation reaction of water occurs at the anode

according to the reaction (2):

H2O / ½ O2 þ 2Hþ þ 2 e� (2)

The equation of decomposition by electrolysis of water,

generating the production of oxygen and hydrogen, can

therefore be written as follows (3):

H2O(l) / H2(g) þ ½ O2(g) (3)

This decomposition requires a supply of electrical energy

depending essentially on enthalpy and reaction entropy.

The typical values of industrial cell potentials are of the order

of 1.7e2.1 V [25e27].

The electrolysis power P is defined by (4):

P ¼ Ucell � I (4)

where I is the current and Ucell the electrolysis voltage of the

cell. The molar flow rate of hydrogen Dn is given by Faraday's
law (5):

Dn ¼ I
n F

(5)

where F is the Faraday constant and n the number of electrons

exchanged during the reaction.

The dihydrogen (H2) and dioxygen (O2) produced (equation

(3)) are recovered in titanium tanks (gas/liquid separators)

through hoses in which the electrolyte circulates (Fig. 1). The

titanium used to develop the electrodes and the tanks is a

grade 2 titanium. The crystallographic structure of grade 2

titanium at a temperature below 882 �C (phase a) is hexagonal

pseudo compact. Above this temperature, the structure is

cubic centred (phase b) [28].

Definition of the study

Significant degradations on different parts of the electro-

lyzers, namely the hydrogen/H2SO4 separator (hydrogen

recovery tank), the first electrodes input and output stacks,

the cathodes of the electrolytic cells, could be observed after

several hours of operation.

All these parts, grade 2 titanium,must be able to withstand

the conditions proposed in the electrolyzers: temperature

conditions (up to 60 �C), pressure (up to 16 bar) andmedium of

use (H2SO4 1 M).

Indeed, although titanium is a chemically very reactive

species, it is extremely oxidizable and, thanks to the forma-

tion on the surface of a protective oxide layer of a few

Fig. 1 e Operating principle of an electrolytic cell.
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nanometres thick, is deemed to have a high corrosion resis-

tance. This very adherent natural oxide layer reforms spon-

taneously if scratching of the surface in the presence of air

or water [29]. However, very reductive conditions, as in

concentrated sulfuric medium, decrease the protective na-

ture of the layer and can cause corrosion. Therefore, in the

case of the use of titanium in the design of electrolyzers for

hydrogen production, the risk of degradation of parts is real.

In addition, the presence of hydrogen in the system increases

this risk and can exacerbate damage. Generally, hydrogen

exerts a significant influence on almost all types of metallic

materials, and titanium is no exception [30e32]. Many tita-

nium equipment is still attacked in operation by hydrogen,

because they may be in cathodic polarization condition

or exposed to environments that can serve as sources of

hydrogen. As a result, hydrogen can still diffuse into the

surface oxide film until it contacts the titanium substrate,

which can result in the formation of surface hydrides. The

titanium dihydride (TiH2) formed can notably induce radical

changes in the properties of the film [33]. In addition, even

small concentrations of hydrogen, not necessarily sufficient

to form titanium hydrides, can also lead to failure after

diffusion of hydrogen into the metal [34]. And if the solubility

limit of hydrogen in titanium is reached, there may also be a

precipitation of hydrides resulting in embrittlement.

Hydrogen can distinctly alter the composition and adversely

affect the performance of the oxide film and titanium, which

can introduce uncertainties in the use of titanium in the

design of electrolyzers for hydrogen production. It is there-

fore appropriate in this study to verify it and characterize

more widely the corrosion resistance of titanium in sulfuric

medium. These two phenomena, corrosion and hydrogena-

tion, can cause a decrease in the lifetime and efficiency of

electrolyzers, hence the need to determine the exact origin

and to characterize the nature of the damage.

Material and methods

The work performed at the Metallic Industrial Materials Labo-

ratory of the Conservatoire National des Arts et M�etiers (CNAM) in

Paris (France), was to characterize morphology of damage and

determine corrosion mechanisms using Scanning Electron

Microscopy (SEM), analyse, by Glow Discharge Optical Emis-

sion Spectrometry (GDOES), the possible embrittlement of

titanium by hydrogen, and study the corrosion behaviour of

grade 2 titanium using electrochemical methods, in the

closest possible conditions on the operating conditions of an

electrolyzer [35].

Scanning Electron Microscopy (SEM)

Many samples of degraded areas of grade 2 titanium parts

were taken, respectively from the hydrogen/H2SO4 separator

and electrodes of the stacks, after 5000 h of operation, at a

temperature between 30 and 50 �C, a pressure up to 16 bar and

a current of 0.3 A/dm2 running through the electrolyte (H2SO4

1 M). SEM observations of these areas were performed using a

Carl Zeiss EVO MA10 microscope to characterize the

morphology of the degradations of titanium parts.

Glow Discharge Spectrometry (GDOES)

GDOES is a surface analytical technique, an atomic emission

spectrometer system employing a non-thermal glow discharge

source for atomic excitation [36]. In a glow discharge, cathodic

sputtering is used to remove material layer by layer from the

sample surface. The atoms removed migrate into the plasma

where they are excited through collisions with electrons or

metastable carrier gas atoms. The characteristic spectrum

emitted by these excited atoms is measured by the optical

spectrometer [37].

GDOES was used to characterize the possible embrittle-

ment of titanium by hydrogen and to determine the diffusion

depth of hydrogen in degraded areas of grade 2 titanium parts

after 5000 h of operation.

The distribution of elements was determined qualitatively

by depth profiling using a Horiba JY 10000 RF spectrometer

equipped with a 4 mm diameter anode. The power to the

plasma was supplied by a radio-frequency generator at a fre-

quency of 13.56 MHz. A moderate power of 35 W was used for

all analyses. High-purity argonwas employed as the discharge

gas, at a constant pressure of 650 Pa. The following atomic

emission lines (H: 121.574 nm, O: 130.223 nm, C: 156.149 nm, S:

180.738 nm, Ti: 365.355 nm) were selected.

Resolution degradation occurred with increasing depth

caused by non-uniform sputter erosion resulting in a deformed

crater shape [38]. To counteract this inherent feature and to

obtain optimum interface resolution, different discharge

parameters were studied. The crater shape sputtered with the

chosen parameters is relatively clean: the crater bottom is

sufficiently flat and, the bottom and the surface roughness

similar (Fig. 2).

The roughness profile of each crater thenmakes it possible

to measure the eroded depth during the analysis, to deduce

the sputtering rate and thus to calculate the thickness of the

layers as well as the depth of diffusion of the hydrogen in each

sample analysed.

Electrochemical measurements

The open-circuit potential (OCP) measurements as well as

the potentiodynamic polarization curves are generally used

to characterize corrosion behaviour of metallic materials

[39e41]. Given this fact, we investigated the corrosion behav-

iour of grade 2 titaniumusing those electrochemical methods:

Fig. 2 e GDOES crater profile in a grade 2 titanium plate.
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i.e. OCP and polarization curves to determine the corrosion

currents (icorr) by Tafel slopes [42].

All electrochemicalmeasurements were performed at room

temperature in a cell corrosion in sulfuric acid medium (H2SO4

1M). A saturated calomel electrode (SCE)with aKNO3 extension

was used as the reference and a platinum sheet was employed

as the counter electrode. The exposed surface of the working

electrode, a sample of a grade 2 titanium plate, was 1 cm2

(Fig. 3). A Radiometer Analytical PGZ 100 potentiostat under

computer control was used as the electrochemical analyser

system. The OCP of various grade 2 titanium samples were

measured for about 24 h (1440 min) when they were immersed

into the sulfuric acid solution. The polarization curves were

recorded in a potential range frome 800mV/SCE toþ 1200mV/

SCE with a scanning rate of 1 mV/s and the corrosion currents

were deduced from the Tafel slopes. Then, the corrosion rate of

titanium in themediumwasdetermined fromFaraday's law (6):

m ¼ 1
F
M
n

icorr t knowing that m ¼ rSe (6)

with m the corroded titanium mass, M and n respectively the

molarmass and the valence of grade 2 titanium, F the Faraday

constant, t the immersion time of the sample, r the grade 2

titanium density, S the surface of the sample and e the

corroded thickness, which was calculated for a one-year

immersion time [43].

Results and discussion

Corrosion morphology

SEM observations of degraded areas of grade 2 titanium parts,

respectively taken from the hydrogen/H2SO4 separator and

electrodes of the stacks, after 5000 h of operation of the

electrolyzer, were performed.

Degradation of the hydrogen/H2SO4 separator

The first degraded part corresponds to the hydrogen/H2SO4

separator. This grade 2 titanium tank, electrically connected

to the ground to avoid stray currents, contains the electrolyte

(H2SO4 1 M) in the lower part and the hydrogen produced as

well as vapours of sulfuric acid in the upper part (Fig. 4).

To observe this tank, having a significant degradation, sam-

ples were taken from the lid.

The SEM observations of the underside of the tank lid, a

particularly degraded area directly in contact with hydrogen

gas and sulfuric acid vapours, reveal at low magnification an

intergranular fracture on the surface (Fig. 5). This type of

fracture, characteristic of the embrittlement at grain bound-

aries of a metallic material after hydrogen absorption [44,45],

is particularly detrimental to the mechanical strength of the

part, the embrittlement causing a grain boundaries decohe-

sion and consequently a decrease in the mechanical proper-

ties of the material. Indeed, when the atomic hydrogen (H)

diffuses into the titanium, the inclusions and impurities can

allow to initiate its recombination in its diatomic form (H2),

thus generating very high pressures and causing the internal

rupture of the material observed on the small-scale micro-

graph (Fig. 5).

Other SEM micrographs under greater magnification, still

from the bottom of the tank lid, allow to highlight the pres-

ence of a very strongly degraded deposit on the surface of the

titanium, the deposit having in fact significant cracks (Fig. 5).

This deposit probably corresponds to a titanium oxide layer,

covering itself, following the absorption of hydrogen, a hy-

dride layer. The Glow Discharge Spectrometry (GDOES)

analyses carried out during this study make it possible to

verify this hypothesis.

In a second step, in order to characterize the depth of

degradation of the underside of the titanium lid, a micro-

graphic section of the degraded zone was also performed. The

SEM observation of the section makes it possible to estimate

the average depth of degradation of titanium at about 192 mm,

which seems relatively important, even if the conditions of

use are very severe (temperature between 30 and 50 �C,
hydrogen pressure up to 16 bar and H2SO4 vapours), for an

operating time of 5000 h, less than a year (Fig. 6).

To best characterize the degradation of the underside of

the tank lid, SEM observations from the top of the lid, in

contact with ambient air during the operation of the electro-

lyzer, were also performed. The images obtained reveal, at

high magnification, only a very slightly degraded surface

(Fig. 7). In addition, the absence of intergranular rupture

confirms the role of hydrogen in the degradation of the

surface of the underside of the tank lid.

Degradation of the electrodes

The SEM micrographs of the central zone of the electrodes,

coated with Kynar® to protect titanium (not directly exposedFig. 3 e Corrosion cell.

Fig. 4 e Diagram of the hydrogen/H2SO4 separator.
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to sulfuric acid) and reduce contact resistance, do not allow to

observe a real degradation, in accordance with the expecta-

tions related to the design of the stack. They reveal a granular

structure and a slight natural porosity between the grains of

titanium, according to the design of the electrodes (Fig. 8a1

and a2).

However, the characterization of an area at the edge of the

electrodes, uncoated, reveals a significant degradation and, in

addition to natural intergranular porosity, a high porosity in

the grains themselves, mainly due to grain corrosion in sul-

furic medium (Fig. 8b1). Many studies have been conducted to

understand the mechanism of corrosion of titanium in sul-

furic medium. It is generally accepted that the corrosion

resistance of titanium can be destroyed by chemical dissolu-

tion of the protective oxide film, thus exposing the new tita-

nium surface. Nevertheless, most studies have obtained this

mechanism under the condition of anodic polarization by

various electrochemical and surface analysis techniques

Fig. 5 e SEM micrographs of a degraded area of the grade 2 titanium hydrogen/H2SO4 separator (underside of the tank lid)

after 5000 h of operation.

Fig. 6 e Micrographic section of the degraded zone of the

underside grade 2 titanium lid after 5000 h of operation.

Fig. 7 e SEM micrographs of the grade 2 titanium hydrogen/H2SO4 separator. (top of the tank lid) after 5000 h of operation.
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[46,47]. In this case, the circulation of the electrolyte, with a

flow rate of 6 m3/h, intervenes on the adhesion of the films

and deposits and on the morphology of the surfaces. It facil-

itates the dissolution of the protective oxide film, which is less

resistant in a strongly reducing medium (H2SO4 1 M), by

creating an inhomogeneity of attack when the electrolyzer is

in operation. The SEM observations make it possible to verify

that the edge of the electrodes has indeed a more accentuated

relief than the central area described above. This phenome-

non is accentuated by the fact that the edge of the electrodes is

directly in contact with the electrolyte since this zone is not

coated (Fig. 8b1). Finally, the SEM micrographs carried out

with a higher magnification (1000e2500 x) confirm this

mechanism: they allow to observe the details of the grain and

to highlight the corrosion in certain crystallographic planes as

well as the presence of relatively large cavities on the grain

surface (Fig. 8b2 and 8b3).

On the other hand, it is important to note that no inter-

granular rupture, as was the case for the tank, was observed

on the electrodes. It is therefore possible to affirm that the

corrosion of titanium is heremainly due to the aggressiveness

of sulfuric acid (1 M) [48], to the temperature (between 30 and

50 �C), to the mechanical and catalytic stresses generated by

the circulation of the electrolyte, and not to embrittlement by

hydrogen. Finally, the current flowing through the electrodes

(0.3 A/cm2) also tends to accelerate the dissolution of

titanium.

Characterization of hydrogen embrittlement

Glow Discharge Optical Emission Spectrometry (GDOES)

was used to characterize the possible embrittlement of the

degraded parts by hydrogen and to determine the diffusion

depth of hydrogen on the surface after 5000 h of operation of

the electrolyzer.

In order to carry out these investigations, a non-corroded

grade 2 titanium plate was analysed to establish a reference

profile (Fig. 9). This qualitative profile indicates the presence of

carbon (grey curve), hydrogen (green curve) and oxygen (pink

curve) on the surface of titanium (blue curve), due to pollution,

Fig. 8 e SEM micrographs of the central zone (a) and of areas at the edge (b) of grade 2 titanium electrodes of the stacks after

5000 h of operation.
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oxidation and hydration of the non-corroded plate. Indeed,

the more the analysis time increases, corresponding to the

depth eroded by the argon plasma and characterized by the

x-axis, the more the content, characterized by the y-axis, of

hydrogen, oxygen and carbon, decreases while that of tita-

nium increases. Therefore, after determining the sputtering

rate (cf. Material and methods), it is possible to say that only a

thin hydrated layer in extreme surface, 0.2 mm thick, contains

hydrogen.

With the same method, the underside of the tank lid,

strongly degraded, was analysed too. The profile obtained

reveals the significant presence of hydrogen up to a great

diffusion depth of about 12 mm, given the high roughness of

the surface of the analysed part, due to the corrosion (Fig. 10).

With the increase in hydrogen content, the surface structure

of the film transforms from compact to porous, and the sur-

face constituents from titanium oxides to titanium hydrides.

Thus, it can be deduced that the electrochemical character-

istics of the parts are affected because the corrosion resis-

tance of the titanium is closely related to the structure and

composition of the surface film exposed to the corrosive

media [49e51]. This result tends to confirm the absorption of

hydrogen having caused the degradation observed by SEM:

intergranular fracture due to embrittlement at grain bound-

aries of the grade 2 titanium surface. However, since the

corroded depth is much higher (192 mm on average according

to measurements previously carried out by SEM), the embrit-

tlement of titanium by hydrogen is not the only phenomenon

responsible for the observed degradations.

Finally the degraded areas of the electrodes of the stacks

were also characterized by GDOES (Fig. 11). The presence of

carbon, hydrogen and oxygen is always observable. However,

hydrogen is present to a slightly greater depth (0.5 mm) than

for the non-corroded grade 2 titanium plate (0.2 mm). These

results make it possible to confirm that the corrosion of the

electrodes is not due to the diffusion of hydrogen in the

titanium and thus following an embrittlement. The damage

observed on these parts is the consequence of the aggres-

siveness of the electrolyte (H2SO4 1 M), the parameters of use

of the electrolyser (temperature, current) and mechanical

phenomena (circulation of the electrolyte), causing the

destruction of the protective passive film and the attack of

titanium in uncoated areas, as has been interpreted from the

characterizations performed by SEM [52].

Corrosion behaviour

The open-circuit potential (OCP) measurements and the

potentiodynamic polarization curves to determine the corro-

sion current (icorr) by Tafel slopes were performed in sulfuric

acid medium (H2SO4 1 M) at room temperature.

Firstly, the observation of the OCP curves shows that the

behaviour of the grade 2 titanium samples is reproducible

from one test to another (Fig. 12). The analysis reveals that the

titanium is in the passive state at first, its potential, charac-

terized by the y-axis, around e 400 mV/SCE, does not evolve.

The samples, left in the open air before the curves were

drawn, covered with a thin film of titanium oxide which

protects them from an attack of the immersion medium. This

passive layer thus isolates the surface of the titanium from

sulfuric acid. However after several hours of immersion (be-

tween 100 and 400 min), characterized by the x-axis, titanium

becomes less and less noble: its potential decreases because

its surface is attacked by the electrolyte. The protective oxide

film is less efficient and titanium thus passes into solution in

Ti3þ ion form. Then, the EOCP stabilizes again fairly quickly at a

value of e 675 mV/SCE. The corrodibility of titanium is then

higher but a balance is created at the metal/solution (tita-

nium/H2SO4) interface. The surface of the titanium is no

longer totally passive: the protective oxide film, composed of

corrosion products of titanium, oxides and/or titanium

hydroxides, is formed continuously on the metal side but is

Fig. 9 e Qualitative reference depth profile of a grade 2 titanium non-corroded plate.
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destroyed at the same time on the side of the solution,

particularly aggressive (H2SO4 1 M) [47]. The dissolution of

grade 2 titanium, relatively slow, is then controlled by this

equilibrium at the metal/solution interface. The EOCP, of e 675

mV/SCE, no longer evolves until the end of the analyses (24 h

duration) (Fig. 12).

In a second step, the evolution of current density versus

potential was analysed using polarization curves. And again,

the behaviour of grade 2 titanium samples is well reproducible

(Fig. 13). It should be noted that the value of the detected

corrosion potential, about e 250 mV/SCE, characterized by the

x-axis, may vary depending on the initial surface condition of

the samples. This is the corrosion potential of grade 2 titanium

in the passive state, without preparation, and therefore having

a passive oxide film on its surface. In the case of a mechani-

cally polished or pickled sample, the value would be of the

order of e 450 mV/SCE. By following the evolution of current

density, characterized by the y-axis, from low potentials to

high potentials, it is possible to observe, after switching to

EOCP, that the current density continues to increase slightly

until the end of the test (Fig. 13). Titanium dissolves continu-

ously in the sulfuric acid solution according to the reaction (7):

Ti / Ti3þ þ 3 e� (7)

Fig. 10 e Qualitative depth profile of a degraded area of the grade 2 titanium hydrogen/H2SO4 separator (underside of the

tank lid) after 5000 h of operation.

Fig. 11 e Qualitative depth profile of grade 2 titanium electrodes of the stacks after 5000 h of operation.
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The absence of a significant corrosion peak on the

curves, added to the fact that the current density increases

only slowly (from icorr to 0.07 mA/cm2), shows that the

corrosion of the titanium is relatively slow. On the other

hand, despite a certain equilibrium at the metal/solution

interface slowing titanium dissolution, the absence of a

passivation plateau shows that corrosion, even slow, is

not negligible (Fig. 13). Indeed, the continuous formation

of the protective oxide film on the surface of grade 2

titanium slows down its corrosion but, given the aggres-

siveness of the electrolyte, does not make it possible to

suppress it.

Fig. 12 e (EOCP-t) curves of grade 2 titanium samples in sulfuric acid medium (H2SO4 1 M) at room temperature.

Fig. 13 e Polarization curves of grade 2 titanium samples in sulfuric acid medium (H2SO4 1 M) at room temperature.

Fig. 14 e Tafel curves of grade 2 titanium samples in sulfuric acid medium (H2SO4 1 M) at room temperature.
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Finally, in order to determine the grade 2 titanium corro-

sion current in the electrolyte (H2O4 1 M) by Tafel slopes, the

corresponding curves were plotted (Fig. 14). The corrosion

current density thus measured is of the order of 1.7 mA/cm2

(average of all tests performed). And its average corrosion rate,

under the same conditions, may therefore, by applying Fara-

day's law (equation (6)), estimated to be 20 mm/year, which

seems very reasonable given the aggressiveness of the elec-

trolyte. The actual conditions of use of the electrolyzers for the

production of hydrogen are, however, slightly more severe,

particularly in temperature (between 30 and 50 �C), pressure
(up to 16 bar) and current (of 0.3 A/dm2 running through the

electrolyte), than the chosen parameters during the tests

carried out in the laboratory. Therefore, the corrosion rate of

the grade 2 titanium of the electrodes in operation is most

certainly slightly higher than the estimated corrosion rate.

Conclusions

This study allowed, after characterization by Scanning Elec-

tron Microscopy and Glow Discharge Spectrometry of the

observed deteriorations on the different grade 2 titaniumparts

used in the electrolyzers for hydrogen production, to deter-

mine the corrosion mechanisms for each type of part. It has

thus been possible to demonstrate that the electrodes of the

stacks corrode, given the aggressiveness of the medium and

the operating parameters of the electrolyzers, according to a

fairly conventional generalized corrosion (destruction of the

passive oxide film, accelerated by the circulation of the elec-

trolyte, and dissolution of titanium by sulfuric acid). With re-

gard to the hydrogen/H2SO4 separator, a significant diffusion

of hydrogen in titanium (up to a depth greater than 12 mm) has

been characterized by GDOES, the SEM analysis revealing in

turn an intergranular fracture on the surface, the embrittle-

ment of titanium with hydrogen could be demonstrated.

In a second step, the electrochemical methods of corrosion

analysis made it possible to verify that the choice of grade 2

titanium was justified for the design of the electrodes of the

stacks. Its free potential in a sulfuric medium tends to stabi-

lize over time and its corrosion rate, probably slightly greater

than 20 mm/year under the actual operating conditions of the

electrolyzers, is acceptable.

Therefore, in the context of use in the manufacture of

electrolyzers for hydrogen production, it would be interesting

to test corrosion behaviour of certain grades of stainless steels

in the same conditions, for use in the design of the hydrogen/

H2SO4 separator instead of titanium. And as regards the

various titanium stacks parts, an electrochemical study car-

ried out in sulfuric medium in the presence of inhibitors could

demonstrate that it is possible to improve the corrosion

resistance of titanium in the electrolyte.

These two points will be the subject of a future study.

Data availability

The raw/processed data required to reproduce these findings

cannot be shared at this time as the data also forms part of an

ongoing study.
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