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CORROSION BEHAVIOR OF ELECTRODE MATERIALS IN THE
PRODUCTION OF HYDROGEN
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We study the corrosion behavior of electrode materials in the alkaline-water electrolysis within a broad
range of electrolyte concentrations and for electrodes of different nature. It is discovered that the use of
steel materials with low contents of chromium and vanadium impurities (0.1-0.3%) increases the corro-
sion resistance of the electrodes and weakens the dissolution of iron of steel anodes. The operation of
anodes made of aluminum- and zinc-based alloys is accompanied by their dissolution. This fact makes
it possible (due to the depolarization of the anodic process) to exclude the oxygen release by the mecha-
nism of hydrogen depolarization, substantially simplify the technology of electrochemical synthesis of
hydrogen, and to reduce the losses of materials and energy for the electrolysis.

Keywords: corrosion, electrosynthesis, depolarization, electrochemical protection, hydrogen overvolt-
age.

In the contemporary hydrogen power-generating industry, an important role is played by the electrode mate-
rials used in the alkaline-water electrolysis. In industrial electrolyzers, carbon steels play the role of cathodes,
whereas nickel-plated carbon steels serve as anodes. Under the conditions of electrolysis on anodes, parallel
with the oxygen release in alkaline solutions, we observe a partial dissolution of iron accompanied by the for-
mation of ferrite ions according to the reaction

Fe + 30O0H™ — HFeO, +H,0 +2¢".

In the process of electrolysis, HFeO, ions diffuse through diaphragms into cathodic chambers, are reduced
on the cathodes in the form of dendritic oxides of iron, and affect the surface state of the cathodes, which changes
the electrochemical parameters of hydrogen release (working current density and the overvoltage of hydrogen re-
lease). According to the Pourbaix diagram [1, 2], the equilibrium potential of the transition of iron into ferrite ions
is given by the formula

E = 0.493-0.088 pH + 0.0295 log AHFe0; -

For pH 14, within the range of concentrations of HFeO, 107107 mole/dm?, the equilibrium potential
becomes equal to

E,=(=0.797-(-0.827)) V.
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As a result of the anodic polarization, the actual anode and cathode potentials become as high as (1-1.5) V
and (- 0.7—(— 1)) V, respectively.

In addition, the corrosion fracture of steel electrodes playing the roles of anodes and cathodes occurs in the
process of operation of electrolyzers as a result of contact with the materials of leads and structural components
made of various metals, such as copper, tin, nickel, and zinc. Therefore, the crucial aspect in the investigation of
the electrolysis of water is connected with the analysis of the electrochemical behavior of the anode and cathode
materials in which the processes of formation of ferrites and corrosion processes are absent. In this case, copper,
tin, and zinc can be introduced in the anodic and cathodic chambers. First of all, the indicated group of materials
contains iron alloys doped with chromium, nickel, vanadium, and molybdenum and, e.g., 12Kh1MF (chromium-
vanadium) steel.

The analysis of the physicochemical characteristics of 12Kh1MF steel and AMTs (Al-Mn) alloys shows
that the chromium-vanadium steel exhibits high corrosion resistance in aggressive alkaline-chloride and alka-
line-sulfate electrolytes in broad ranges of their concentrations and temperatures. The phase composition of this
steel includes o.-iron containing chromium (Fe, Cr),3C¢, vanadium, and molybdenum (VMo)C carbides [3].

The role of materials guaranteeing the depolarization of the anodic reaction due to high negative potentials
is played by aluminum and zinc alloys (AMTs and TsAM). In alkaline solutions on these materials, the poten-
tials of the anodic processes are more negative than the potentials of oxygen release, which enables us to per-
form the electrolysis of water at voltages of 0.1-1 V without oxygen release. The investigation of these reac-
tions proves to be quire promising for the practical electrolysis [4].

Experimental Procedure

We studied the electrochemical and corrosion behaviors of 12Kh1MF steel and AMTs alloy (96.35-99% Al
and 1-1.5% Mn) under the conditions of electrolysis of water in alkaline-chloride and alkaline-sulfate solutions
extensively used in the electrochemical processes.

The investigations were carried out on specimens made of 12Kh1MF steel, mechanically treated up to
the sixth or seventh class of purity, degreased, and chemically polished in concentrated phosphate acid at ¢ =
140-150°C.

The corrosion tests were carried out by the weight method with evaluation of the corrosion rate according to the

10-point scale of corrosion resistance in NaOH solutions (20 g/dm3) with admixtures of NaCl and Na,SO4 (1 and

20 g/dm3, respectively). The tests were performed at a temperature of 18-20° for 720 h. For the sake of com-
parison, we measured the corrosion rate of carbon steel in a reference solution for the water-alkaline electrolysis.

The electrochemical studies were performed on similar electrodes with the use of an RS-485 programmed
impulsive current source in membrane and membraneless electrolyzers under static and dynamic conditions of
electrolysis with recording the potentials, current strength, amount of electricity used for the electrolysis, and the
volume of released hydrogen. On the anodes made of AMTs aluminum alloy, we determined the parameters of
anodic reactions in the presence of the negative differential effect. These parameters included the total amount
of hydrogen released due to the chemical and electrochemical dissolution of aluminum.

Results and Discussion

In Table 1, we present the results of corrosion tests showing that the corrosion processes on 12Kh1MF steel
are more rapid in NaOH solutions with admixtures of sodium chloride then in the solutions with sodium-sulfate
admixtures.
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Table 1. Corrosion Tests of 12Kh1MF Steel

Composition of the solution
Corrosion rate, Depth index K,
: 5 Mark
Concentration, Alem mm/yr
Compounds 3
g/dm
NaOH 20
-6
NaCl ) 72.10 0.083 5
NaOH 20
-6
Na,SO, ) 14-10 0.008 3
NaOH 20
-5
NaCl 10 1.05-10 0.74 6
NaOH 20
-5
Na,SO, 20 701-10 0.09 5
NaOH' 300
-5
NaCl | 95-10 0.048 6
Na,SO4 20 68-107° 0.23 5
NaCl 20 46-107° 0.23 6

Comment: 1. Corrosion processes were studied on 20 carbon steel.

The maximum corrosion rate was detected on a carbon steel used in the industrial electrolysis of water. Its
decrease on 12Kh1MF steel is explained by the action of chromium and vanadium admixtures in steel participat-
ing in the formation of oxide and carbide compounds of chromium, vanadium, and molybdenum. In contact
with electrolytes, these compounds strongly decrease the rate of corrosion accompanied by the hydrogen depo-
larization due to their chemical resistance in alkaline solutions [4, 5].

The corrosion processes on the AMTs alloy for pH > 12 run with high rates as a result of the chemical in-
teraction of aluminum with the electrolyte and are accompanied by the hydrogen release and the formation of
aluminate compounds and manganese oxide by the following reactions:

on the AMTs alloy:
Al +OH™ — AIOH 4. +e,

AIOH 4. + 20H™ — AIOOH +2¢,
AIOOH +OH™ — [AI(OH),]",

2H20 —> HZ +20H - 26'_,
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Fig. 1. Anodic voltage-current dependences in a NaOH (20 g/dm3) + NaCl (10 g/dm3) solution on the AMTs alloy (1), 12ZKh1MF
steel (2), and 20 steel (3).

on manganese:

Mn +20H™ — Mn(OH), +2¢~,

Mn(OH), — MnO +H,O0.

The results of investigations of the corrosion rate of AMTs alloy in a solution of NaOH (20 g/dm3) with

NaCl (1 g/dm3) at temperatures of 20-25° demonstrate that it is equal to i = 2.8 - 1073 A/cm? and that the cor-
rosion process runs, as a rule, with hydrogen depolarization.

The determined anodic and cathodic behaviors of the analyzed materials in alkaline electrolytes with admix-
tures of chlorides and sulfates confirm the indicated characteristic of the electrode materials.

In Fig. 1, we display the anodic galvanostatic dependences for the electrodes made of AMTs alloy and
20 and 12Kh1MF steels in alkaline-chloride solutions. They show that, within the interval of current densi-
ties 5-30 mA/cm?, the anodes made of AMTs alloy (curve 1) are in the active state with negative values of
potentials E =(-1)-(-0.1) V.

Due to the negative differential effect, hydrogen is released on the anode and aluminum ions pass into
the solution. In the presence of Cl™ and SO}( ions in the electrolyte, the protective film fails under the condi-
tions of anodic polarization. The indicated ions either lead to the transformation of the film into the soluble state
(as a result of the chemical reactions) or, as a result of adsorption on the metal surface, promote the process of
anodic dissolution (act electrochemically). Similar processes also run in alkaline-sulfate and alkaline-chloride
solutions. For the same current densities, the electrodes made of chromium-vanadium steel (curve 2) are charac-
terized by insignificant variations of the potentials, while the potentials of steel electrodes shift to the positive
region up to E =1.5V. For current densities higher than 10 mA/cm?, oxygen is released on these anodes.
The presented dependences on the semilogarithmic coordinates have no linear section, which reveals the com-
plicated mechanism of the anodic reaction caused not only by the ionization of electrodes but also by the for-
mation of compounds and diffusion processes running in the near-anode layer [6].

In the cathodic polarization dependences within the range of current densities 1-30 mA/cm?, the poten-
tials of 20 steel and AMTs alloy changedto E =-1.5-1.82 V as compared with the stationary values, whereas
the potentials of 12Kh1MF steel and nickel are lower by 150-200 mV. The given current density corresponds to
the stable potential of the electrode. The surfaces of cathodes remain invariable (with the exception of the
AMTs alloy).
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Fig. 2. Cathode semilogarithmic polarization dependences on the electrodes: (1) AMTs alloy, (2) 20 steel, (3) 12Kh1MF steel, (4) Ni.
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Fig. 3. Behaviors of voltage in the electrolysis of water with the use of cathodes made of 20 steel (1, 2) and chromium-vanadium steel
(3,4) and anodes made of AI-Mn alloy (5, 6) in the solutions: (1, 3,5) NaOH (20 g/dm3) + NaCl (1 g/dm3 ), (2,4,6) NaOH
(20 g/dm?) + Na,SO, (1 g/dm?).

On the semilogarithmic coordinates, we observe linear sections in the curves of cathodic polarization of
these electrodes (Fig. 2). These sections reveal the electrochemical nature of the overvoltage of cathodic reac-
tion M caused by the reduction of water [6]. On the chromium-vanadium steel, the overvoltage of hydrogen
release is lower than for the carbon steel, which is explained by the catalytic action of vanadium and molyb-
denum carbides present on the surfaces of cathodes [7].

The presented experimental results reveal the advantages of cathodes made of the chromium-vanadium steel
in the alkaline electrolysis of water. They are connected with its high corrosion resistance and the low overvoltage
of hydrogen release [8].

In Fig. 3, we present the results of long-term tests of the electrode materials made of AMTs alloys and 20
and 12Kh1MF steels in alkaline solutions with admixtures of chlorides and sulfates.

The highest voltage of electrolysis for a current density of 30 mA/cm? was observed on electrodes made
of carbon steel (Fig. 3, curve 2). On the electrodes made of 12Kh1MF steel, it was lower by 0.3-0.5 V (curve 4).
If we use AMTs alloy as the anode and 12Kh1MF steel as the cathode, then the voltage of electrolysis decreases
to 0.5-0.7 V (curves 5 and 6) due to the negative values of the anode potentials in alkaline solutions. Instead of
the oxygen release as a result of depolarization of the anodic reaction, we observe the dissolution of aluminum
accompanied by the hydrogen release. Due to the use of aluminum anodes, it is possible to realize the electroly-
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sis of water in membraneless electrolyzers in which hydrogen is released on the cathodes and anodes, which en-
ables us to significantly decrease the energy losses.

CONCLUSIONS

On the basis of the results of investigations of the corrosion behaviors of electrode materials in the process
of alkaline electrolysis of water, we determined the corrosion rates of carbon and 12Kh1MF chromium-
vanadium steels in alkaline solutions with admixtures of chlorides and phosphates and evaluated the electro-
chemical parameters of the anodic and cathodic reactions on carbon and chromium-vanadium steels and AMTs
alloy under the conditions of electrolysis of water. We revealed a decrease in the overvoltage of hydrogen re-
lease on the cathodes made of 12Kh1MF steel and the anode process in the case where the AMTs alloy is used
as the anode. We computed the rate and the depth index of corrosion of 20 and 12Kh1MF steels in the alkaline
media containing sulfate or chloride ions. The 12Kh1MF steel has a higher corrosion resistance in this medium
than 20 steel. The AMTs alloy chemically reacts with the compounds of electrolyte with the formation of hy-
drogen. The detected variations of the voltage of electrolysis are caused by the electrochemical behavior of the
electrode materials, which enable one to decrease the losses of materials and energy for the electrolysis.
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