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HYDROGEN PRODUCTION IN A COMBINED ELECTROCHEMICAL SYSTEM: CATHODE
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Abstract. Today, hydrogen is recognized as a promising fuel, which is characterized by high heat generation and
combustion temperature. It is also characterized by environmental safety due to the fact that no greenhouse gases are
formed during the combustion of hydrogen. There are various methods of hydrogen production: traditional methods,
which include electrolysis of water and conversion of hydrocarbons, and thermochemical ones. A cheap method of
hydrogen obtaining from natural gas and coke is accompanied by the carbon oxides formationio Thermochemical
methods are require high temperatures (up to 1000°C). The method for hydrogen production by electrolysis of aqueous
solutions of alkali metal hydroxides is the most energy-intensive. However, it is considered one of the most promising in
the European Union.

To reduce energy consumption for hydrogen production, the authors suggest replacingthe positive electrode, which
normally produces oxygen, with a dissolving anode with an equilibrium potential lower than that of oxygen, such as an
iron electrode. In this case, with such a combined electrochemical method, the decomposition voltage in the system will
be 0.44 V against 1.23 V with traditional water electrolysis. The overvoltage of iron dissolution in a chloride medium is
several tens of millivolts. However, the potential difference between the anode and cathode AU becomes smaller than
the equilibrium potential difference AEy = 0.44 V.

This research aims to substantiate the choice of the composition and concentration of electrolytes: catholyte —to
ensure conditions for reducing energy consumption for hydrogen release; anolyte — to prevent passivation of the iron
anode, which can lead to the oxygen release. This work results in research of the cathodic process of hydrogen release
in the following solutions: 1 M (= mol/L) NaCl with the addition of 1 M hydrochloric acid in the amount of 5, 10, 15, 20 mL.
Platinum is used as a cathode for the electrolysis process. The anode material is an iron, St3 grade. It has been found
that in the range of changes in the composition of the electrolyte from neutral (1 M NaCl) to acidic (1 M HCI), a change in
the mechanism of water discharge is observed. In a neutral medium, the discharging occurs according to the Heyrovsky
mechanism, and in an acidic medium - according to the Volmer mechanism. The choice of the anolyte composition and
concentration is complicated by the need to provide an acidic medium containing chlorine ions to prevent passivation of
the anode. The acidity of the solution must be at least 3 for the successful extraction of dissolution products of the iron
anode.

Keywords: hydrogen, electrolysis, cathode, soluble iron anode, hydrogen energy.

1. Introduction

Global warming and climate change are primarily related to the formation and
accumulation of greenhouse gases in the atmosphere, including carbon oxides. The
primary source of carbon oxides is industry, transport, and energy. Therefore, the
development of renewable energy sources (RES) becomes an integral part of the
transformation of global energy. There is a change in the structure of electricity
production and consumption balances due to a significant increase in carbon-free
technology, which includes hydrogen energy. Hydrogen energy is a branch of energy
based on the use of hydrogen as a fuel. However, at the same time, hydrogen energy
includes systems of transportation, accumulation, production, and consumption of
energy.

Hydrogen has been chosen as an energy carrier for several reasons.

Firstly, hydrogen is the most abundant chemical substance in the universe and
forms approximately 75 % of its total mass. On Earth, hydrogen is present in
chemical compounds with oxygen (water) and carbon (hydrocarbons: coal, oil, and
natural gas), its mass fraction being about 1 %.
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Secondly, hydrogen has a very high combustion temperature and specific heat of
combustion. It is approximately 140 MJ/kg, which is several times higher than the
specific heat of combustion of hydrocarbon fuels (for methane - about 50 MJ/kg).
This determines its use in metallurgy, chemical industry, and energy.

Thirdly, the product of oxygen combustion is water:

H>+ 1/20.=H>O

The absence of greenhouse gases in combustion products contributes to the
reduction of carbonation in the atmosphere.

The most common methods of producing hydrogen are hydrocarbon conversion,
water electrolysis, and thermochemical method. In 201975 million tons of hydrogen
were used in the world. More than 3/4 of them were produced from more than
205 billion cubic meters of natural gas. This method is called steam methane
conversion. It is carried out at 1000 °C, pressure 20-35 atm. [1]:

CHs + HoO=CO + 3H>

The second method is coal gasification - the oldest one in hydrogen production.
Hydrogen production from coal is related to the thermal decomposition of water, and
coal is used as an energy resource and a chemical reagent [2].

The process of hydrogen production can be written as follows:

C+H.0=CO+H;

The main disadvantages of hydrogen production from natural fuels are significant
capital and operating costs, which significantly increase the cost of the final product.
In addition, while ideal for large-scale production, the method does not adapt well to
low-capacity installations required for decentralized hydrogen production (e.g. gas
stations, autonomous energy systems, etc.).

Another drawback of the method is the presence of CO and CO, impurities in the
final product, which imposes additional requirements for hydrogen purification. For
these reasons, the production of hydrogen from natural fuels is generally considered a
transition technology, moving from today's energy market infrastructure to hydrogen
energy in the future.

There is also plasma-arc decomposition. During hydrogen production by the
method of plasma-arc decomposition when natural gas (mainly methane) is
decomposed into hydrogen and carbon due to the effect of high-temperature plasma
on it. The formation of hydrogen and carbon as a result of the methane decomposition
reaction can be written as:

CH4 — C (solid) + 2H> (gas)

Such production uses high voltage (for decomposing natural gas/methane into
carbon black and hydrogen gas) and high temperatures (more than 1400 °C). This
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method satisfies the principles of green chemistry, such as atomic efficiency and
reduction of by-products. However, carbon black production conflicts with the
prevention of waste generation. The raw material in this process is not renewable.

It is possible to release hydrogen by the plasma method through acetylene
production at the high-temperature methane decomposition. The reaction for
hydrogen production by this method will look like this:

2CH4 — CyH> + 3H> (gas)

This process takes place at about 1100-1250 °C, being its main disadvantage.
However, acetylene is the main product of this decomposition, being a reaction
intermediate for organic synthesis. Due to its high calorific value, acetylene is used
for metal welding and gas flame cutting [3].

More than 10,000 different thermochemical cycles of hydrogen production are
also known [4, 5]. They use multi-stage chemical reactions that take place at different
temperatures, in the range from 500 to 1000 °C, to produce hydrogen.

If the products of one reaction are the starting substances in another reaction, and
only heat energy is used, this method is called a thermochemical cycle. Due to
economic feasibility, in addition to heat, water, and electricity, they use reagents (X,
Y, etc.), which are industrial waste: hydrogen sulfide, sulfuric anhydride, various
sulfides, metal-based halides, carbon compounds, sulfur-based cycles, etc. The most
competitive cycles use cheap and available reagents: oxides of iron, sulfur, carbon,
and iron chlorides.

The thermochemical cycle of hydrogen production can be presented in the form of
a scheme:

HO+X —->H,+Y
Y - X+0.50,

A common disadvantage is the use of high temperatures, which require the use of
special heat-resistant materials, and a source of cheap heat. It is considered
appropriate to use thermochemical cycles in combination with high-temperature
reactors of nuclear power plants.

A method for producing hydrogen by electrolysis of aqueous solutions of alkali
metal hydroxides [6], which do not discharge on the electrodes, but provide the
necessary electrical conductivity, is particularly interesting to us. At the same time,
the reaction takes place in the electrolyzer:

H,O £ 2F =H; + 1/20,,

where F' is Faraday's number, which is equal to the amount of electricity of
Avogadro's number of electrons, 96500 C (=A-s) or 26.8 A-h.
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Hydrogen produced by the electrochemical method is the purest. For example, the
purity of the gas at the exit from the ThyssenKrupp electrolyzer is 99.95 %. After
purification, the hydrogen content in the gas i1s 99.999 % [7]. At the same time, at a
temperature of about 90°, the water consumption is less than 1 liter per m® of
hydrogen. The disadvantage of the electrochemical method is the considerable energy
consumption of the process. This is because the voltage of the decomposition of a
water molecule is 1.23 V when the voltage on the electrolyzer is 1.8 V. Despite this,
in the European Union, the method is considered to be one of the most promising. In
this regard, there is a tendency to introduce the electrolytic method of hydrogen
production. In particular, conditions allowing to increase significantly the
electrolyzers' efficiency and reduce their cost have been determined. After
considering the advantages and disadvantages of thermo- and electrochemical
methods of water decomposition, combined cycles have been proposed, their
implementation being the simplest.

Analyzing the current state of the problem of producing high-purity hydrogen
with reduced energy consumption, the aim of this research can be formulated as
follows:

- to substantiate the composition of the electrolyte in the cathode space
(catholyte) and its concentration;

- to ensure the condition of reducing the energy consumption for the release of
hydrogen in a new combined system open for mass transfer;

- to determine the parameters of the cathodic process of hydrogen release
depending on the type of electrolyte.

2. Methods

The research on the process of hydrogen release in an acidic medium was carried
out by studying the polarization curves in the potentiostatic mode at a temperature of
20 °C.

The research was carried out in 1 M NaCl (100 mL) with the addition of 1 M
hydrochloric acid in the amount of 5, 10, 15, 20 mL; 1 M HCI and Na,SO4 solution
with a concentration of 1 mol/L. For each electrolyte, the pH of the solution was
determined using a pH meter.

The following electrodes were used: cathode - platinum, size 9 x 9 mm?; soluble
anode - St3 grade iron, size 5 x 5 mm?; the reference electrode is a saturated chlorine-
silver Ag/AgCl electrode.

The current load on the electrolyzer was carried out from the B5-49 current
source, the potentials of the electrodes were measured relative to the chlorine-silver
reference electrode using the B7-16A voltmeter.

3. Theoretical part
In traditional electrolysis, oxygen is released in an acidic medium according to the
reaction:
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2H,0 — O +4H" +4e”

The equilibrium potential of the reaction Eo is equal to 1.229 V. To reduce the
energy consumption for hydrogen production by the electrochemical method, we
propose replacing the anode, on which oxygen is released, with a soluble anode. A
mandatory condition for the material is the value of the equilibrium potential below
the oxygen release potential. Such a material can be iron, for example, metal scrap
sent for processing. The iron anode dissolves at room temperature according to the
reaction:

Fe’-2e =Fe*" (Ey=0.44 V)
At the platinum cathode, the reaction of hydrogen evolution takes place:
2H"+2e=H2 (Eo=0V)

In this case, the decomposition voltage in this system is 0.44 compared to 1.23 in
traditional water electrolysis. The overvoltage of iron dissolution in a chloride
medium is several millivolts and the cathode potential shifts to the negative side
when the current density increases. As a result, the anode and cathode potential
difference AU becomes smaller than the equilibrium potential difference
AEy=0.44 V.

The principle technological scheme (Fig. 1) can be described as follows: the
hydrogen-saturated catholyte enters the separator, where the liquid and gas phases are
separated.
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1 — reactor; 2 — separator for separating hydrogen from catholyte, 3 — sediment tank;
4 — saturator; 5 — coagulator; 6 — filter press

Figure 1 — Schematic diagram of an electrochemical method of hydrogen production open by mass
transfer
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The anolyte from the electrolyzer is sent to the saturator, where it is oxidized by
air oxygen to the trivalent state and, at pH >3, it is hydrolyzed, turning into the
water-insoluble form Fe(OH);:

Fe*" + 0.50, + 2H,0 — Fe(OH); + H*

The iron hydroxide enters the sediment tank, where the solid phase particles are
aggregated (coagulated), filtered on filter presses, and subjected to heat treatment to
remove moisture. The resulting sediment can contain about 66% of pure iron and can
be processed at a metallurgical enterprise. The solution containing dissolved oxygen
is returned to the anode space of the electrolyzer. To prevent dissolved oxygen from
reaching the cathode, it is necessary to separate the cathode and anode space with a
diaphragm or membrane.

4. Experimental part

The scheme of the experimental setup is presented in Fig. 2. It shows / — the
distance between the cathode and anode, /. — the distance between the working
electrode (anode) and the reference electrode (x = I./[). The scheme allows
measurements either at a small distance 1 between the electrodes or at a significant
distance between the electrodes (shown by an arrow in Fig. 2).
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Figure 2 — Scheme of the experimental setup for hydrogen release process studying

5. Results and discussion

For stable operation of the combined hydrogen release system, the electrolyte
must meet the following requirements:

1. Minimum possible overvoltage of hydrogen release at the cathode.

2. Lack of passivation of the iron anode.

3. Solid phase of iron hydroxides should not form in the anode space of the
electrolyzer.

4. Maximum possible electrical conductivity.



122 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 164

5. Low corrosion activity to the material of the equipment.

6. Availability and low cost.

The 1% requirement is met by acidic solutions, in which the overvoltage of
hydrogen evolution on platinum is minimal. At the same time, the use of sulfuric or
nitric acids is undesirable, since they have an oxidizing effect that contributes to the
passivation of the anode and the release of oxygen on it.

The 2" requirement is met by solutions, for example, containing fluorine or
chlorine ions.

Acidic solutions have the maximum possible electrical conductivity. In addition,
to prevent the hydrolysis of ferrous ions formed during the anode dissolution, the pH
of the medium should be about 3. However, the use of acidic solutions contradicts the
5™ requirement, which complicates the process leading to an increase in the cost of
the equipment.

Sodium chloride sufficiently meets the 6 requirement.

Based on the listed requirements and features, solutions of 1 M NaCl (100 mL)
with the addition of 1 M hydrochloric acid in the amount of 5, 10, 15, 20 mL, as well
as a 1 M HCI solution have been analyzed. The acidity of the working electrolytes
ranges from 3 to 1. The polarization curves (dependence of current density i on
electrode potential E) of hydrogen release on the platinum cathode are presented in
Fig. 3.
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4—-1MNaCl+10mL 1 MHCL,5—-1MNaCl+5mL 1 M HCI; 6 — 1 M NacCl

Figure 3 — Polarization curves of hydrogen release on the platinum cathode in solutions

The different position of the polarization curves in Fig. 3 demonstrates that the
hydrogen release overvoltage on platinum is highly dependent on the composition
and concentration of the electrolyte. In a pure 1 M hydrochloric acid solution, the
polarization at a current density of 1000 A/m? is about 400 mV (curve 1), and in a
1 M NaCl solution, the polarization is about 1000 mV (curve 6).
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The difference in the course of the curves and the magnitude of the overvoltage is
associated with different mechanisms of the first stage of hydrogen release in a
neutral environment, by the Heirovsky mechanism, and in an acidic environment, by
the Vollmer mechanism [8, p. 588]:

H30" + ¢ — Hags + H20 (Heyrovsky)
H>0O + e — Hags + OH™ (Vollmer)

where Hags 1S an atom adsorbed on the electrode surface.

It is obvious that the hydration energy of the H" cation is less than the energy of
the H'—OH" bond in the water molecule. Therefore, the energy consumption for the
elementary act of discharging a hydrogen ion in an acidic medium is lower than in a
neutral (or alkaline) medium. In this case, the process of hydrogen release proceeds
at a higher speed and with a lower electrode polarization.

Theoretically, the dependence of overvoltage on the composition and pH of the
electrolyte was substantiated by A.M. Frumkin in the theory of delayed discharge [9].

In a neutral medium or an acidic medium in the presence of an excess of a foreign
electrolyte (HCl+ KCl), the overvoltage value increases as the current density
increases and the acid concentration decreases:

RT 1—a RT n
= const + Ini — InfH
T aoF a F 2]

where: 57 — value of overvoltage; R — universal gas constant, J/mol; 7 — temperature
on the Kelvin scale, K; a ~ 0.5 — transfer coefficient; i — current density, A/cm?; [H']
— hydrogen concentration, mol/L.

Based on the shape of the obtained polarization curves 3-5 in Fig. 3, it can be
concluded that the magnitude of polarization is much greater than could be expected
from the proposed equation. This fact may be related to the fact that sodium ions,
which are present in the solution in a large excess, form a dense liquid part of the
electric double layer, which prevents the delivery of hydrogen ions to the electrode
surface.

According to the data obtained, it is possible to conclude that the catholyte
composition of 1 M NaCl + 20 mL of HCI is appropriate for use in the cathode
chamber as the one that best meets the above requirements.

6. Conclusions

1. The release of hydrogen on a platinum electrode in a neutral medium (1 M
NaCl) is carried out at a significant polarization, which reaches 1 V.

2. When the working solution 1s acidified with hydrochloric acid, the polarization
decreases and reaches 0.5 V at a current density of 1500 A/m?.

3. In the range of changes in the composition of the electrolyte from neutral (1 M
NacCl) to acidic (1 M HCI), a change in the water discharge mechanism is observed.
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In a neutral medium, the discharge occurs according to the Heyrovsky mechanism,
and 1n an acidic medium - according to the Vollmer mechanism.
4. It is advisable to use 1 M NaCl + 20 mL of HCI as a catholyte.
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OTPUMAHHS BOJHIO B KOMBIHOBAHIW ENEKTPOXIMIYHIA CUCTEMI. 1. KATOOHWWU NPOLEC
Hegedos B.I., Mameees B.B., YenuHcbka O.O., lNoniwyk FO.B.

AHoTauifa. HacborogHi BodeHb € BW3HAHUM Yy CBIiTi NEPCMEKTUBHUM ManvBOM, SKe BIAPI3HAETLCS BMCOKOH
TENMoreHepaLjielo Ta TeMnepaTypor 3ropsiHHS. Takox BiH XapakTepuayeTbCa eKONOriYHOK Be3nekor 3aBAskN TOMY, Lo
MPW 3ropsiHHi BOOHIO He YTBOPIOKTLCS TENMNYHI rasu.

Bigomi pisHi cnocobu BupobHWLTBA BOAHIO: TpaguLilHi, O SIKMX BIGHOCATb KOHBEPCIO BYINEBOAHIB, €NEKTPONI3
BOAM i TepMmoxiMiuHi meToau. [eleBuit cnocid OTpUMaHHs BOAHK 3 MPUPOAHOrO rasy Ta KOKCY CynpOBOKYETLCS
YTBOPEHHSIM OKCMAIB BYIMeLt0, a TEepMOXiMiyHi meTogu noTpebyoTe Bucokmx Temnepatyp (go 1000°C). Cnocib
OTPUMAHHS BOAHIO €NEKTPOMi30M BOAHWX PO3YMHIB TJPOKCUAIB NYy)XHUX MEeTaniB po3rnsfaeTscs B €BPONENCHKOMY
Cot03i 51K OAMH 3 HAMEePCNEKTVBHILLKMX. anewe HanbiNbLL eHeproeMHuiA crnocio.

Llo6 3meHWWTU CnoXuBaHHS eHeprii Ans BMPOOHWLTBA BOAHIO, aBTOPWM MPOMOHYIOTb 3aMiHATW MO3NTUBHMIA
enekTpoa, KW 3a3Biyail BUPOOMSE KNCEHb, HA aHOA, LU0 PO3YMHSE, 3 PIBHOBAKHAM MOTEHLIANOM, HUKYMM 3a
KMCHEBWI, HanpuKnag, 3anisHWA enekTpod.. TakuM YWHOM, MpW TakoMy KOMOGIHOBAHOMY eNEKTPOXiMiYHOMY cnocobi
Hanpyra posknagaHHa B cucteMi gopisHioBatume 0,44 B npotn 1,23 B npu TpaguuiiHomy enekTponisi Boau.
lNepeHanpyra po34YMHEHHS 3aniza B X/IOPUAHOMY CepefdoBWLLi CTAHOBUTL Kinbka AECATKIB MINIBOMbT, a pisHWLS
noTeHLuianie aHoaa i katoga AU cTae MEHLLOK 3a PisHWLO piBHOBaXHWX noTeHuianis AEy = 0,44 B.
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MeToto AaHoro focnigxeHHs € obrpyHTyBaHHS BMOOPY Cknmagy Ta KOHLEHTpaLii enekTponiTie: KaTonity — Ans
3abe3neyeHHst YMOB 3MEHLLEHHS EHEPTOBIUTPAT Ha BUOINEHHS BOAHIO; aHOMITY — AN 3anobiraHHs nacuBallii 3ami3Horo
aHogy, sika MOXe NpU3BECTU 40 BULINEHHS KUCHIO.

B naHinn poboti npeacTaBneHi pesynbTati AOCHIZXEHHS KaTOAHOrO MPOLECY BUAINEHHS BOAHIO Y po3uymHax: 1 M
NaCl 3 pogaBaHHsAM CONsHOT KMCMOTK KoHUEHTpauii 1 M y kinbkocTi 5, 10, 15, 20 mn. Y akocTi katogy Ans NpoOBeAEeHHS
npoLecy enekTponisy BWMKOPUCTOBYBanM nnatuHy. Matepian aHogy — 3aniso, mapka CT3. Byno BCTaHOBMEHO, WO B
pianasoHi 3miHW cknagy enektponity Big HewntpanbHoro (1M NaCl) go kucnoro (1 M HCI) cnoctepiraetbes 3miHa
MeXaHi3My po3psigy BOAW: B HENTpanbHOMY CepefoBuLL po3psd NpoTikae 3a MexaHi3MoM [eMpOBCHKOro, B KUCHOMY —
3a MexaHiamom dorbmepa.

Bubip cknagy Ta KOHUEHTpaLii aHOMITy YCKNagHIETLCS HEOBXigHICTIO 3abe3neyveHHs KMCMOro cepefoBulla, B
SKOMY MICTATBCS iOHW Xropy, ANs 3anobiraHHs nacusalii  aHogy. [N BUIyYeHHs! MPOAYKTIB PO3YMHEHHS 3aMi3HOrO
aHoAy KVUCMOTHICTb po3ynHy pH mae byTi He MeHLe 3.

KntoyoBi cnoBa: BofgeHb, €NeKTPOni3, KaTod, PO3YMHHMIA 3ani3HWUA aHOd, BOBHEBA EHEPreThka



