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This paper presents theoretical and experimental studies of the process of
electrochemical generation of hydrogen and oxygen with a parallel and
serial connection of electrodes in one electrolyte volume. This study is
based on the laws of conservation of mass, thermodynamics, electrical
engineering, electrochemistry, using data obtained from the methods of
mathematical and physical modeling. Data on the development and re-
search of two designs of electrode assemblies, namely, with a parallel
and series connection of electrodes, and with the subsequent placement of
each assembly in one electrolyte volume. Experimental and calculated
data revealed the regularities of the electrochemical reaction of decom-
position of the liquid electrolyte into hydrogen and oxygen, the distribu-
tion of voltage when the electrodes are connected in parallel and in series
in one electrolyte volume. A change in the electric potential between the
internal electrodes was also found. Voltage measurement was performed
from electrode 1 to electrode 4. The results of experimental studies were
displayed graphically. The graphs show that the voltage at the terminals
of the internal electrodes is lower than necessary for the electrochemical
reaction of decomposition of the liquid electrolyte with the generation of
gaseous hydrogen and oxygen. To implement the concept of placing a
series (bipolar) connection of electrodes in one electrolyte volume, it is
necessary to focus on the design of the electrolyzer that will be able to
disconnect the electrodes electrically and provide galvanic isolation be-
tween them (separately isolated electrolyte volumes for each electrode
pair). This will increase the operating pressure of the generated hydrogen
and oxygen to 20.0 MPa, reducing the current load of the electrolysis
process when using alternative energy sources.

Keywords: electrolyzer, series and parallel connection of electrodes, hy-
drogen, oxygen, high pressure.

The growing number of energy installations using renewable energy sources, which are part of en-

ergy supply systems at the regional, national, and international levels of Ukraine [1], requires that attention
to energy conversion and storage technologies be increased [2, 3] to compensate for energy fluctuations and
balance energy surplus and deficit in accordance with the needs of the energy market [4, 5].

Compared with other methods of hydrogen generation [6, 7], electrolysis is characterized by the
simplicity of technological scheme, possibility of efficient use of renewable energy sources [8—15], availabil-
ity of raw materials, and relative ease of maintenance of power plants [16—18]. A significant disadvantage of
the electrochemical method of hydrogen generation is the high power consumption of the water decomposi-
tion process [19, 20].

Generation of hydrogen and high-pressure oxygen with the help of a cyclic method using a gas-
absorbing electrode is one of the technologies that can provide storage of large amounts of energy in the form
of hydrogen under high pressure [21, 22] and use it as an environmentally friendly fuel for vehicles [23, 24].

The problems associated with the widespread use of water electrolyzers are their high power con-
sumption and operating costs, which must be reduced by optimizing work processes [25]. Experimental re-
sults are presented differently, which complicates the conclusion about the ways to optimize the electrolysis
process [26]. To ensure the comparison of process effectiveness evaluations, there is a need to unify test
methods and protocols [27]. To do this, the methodology of the experiment was first developed, the main
elements of the research equipment were designed, followed by the verification of the effectiveness of its
application to ensure the specified accuracy of measuring the parameters of the working process of liquid
alkaline electrolyte solution electrolysis. Subsequently, a minimum set of requirements for the equipment of
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the test complex was determined. This paper confirms the urgent need to determine one or more reference
measurement parameters in addition to the methodology to conduct the experiment and structure of the
equipment to ensure an accurate comparison of results. This approach creates the preconditions for the study
and development of new gas-absorbing electrode structures [28] and, on their basis, conceptually new hy-
drogen and high-pressure oxygen generators [29].

Particular attention should be paid to the test conditions and electrolyser type (monopolar or bipolar) [30],
the method of electrical connections (parallel or series) [31] to obtain reliable performance.

Analysis of the Existing Circuits for Connecting Electrodes in the Electrolyzer to Generate Hydrogen
and Oxygen

Fig. 1 shows the con-
nection options for electrode
assemblies of different types.
According to the type of elec-
trode connection, there exist
monopolar electrode assem-
blies (electrodes electrically
connected in parallel)
(Fig. 1,a) and bipolar elec-
trode assemblies (electrodes
connected in series)
(Fig. 1, c). To reduce current
loads and increase the produc-
tivity of monopolar electro-
lyzers, they are connected to
the mains in series by means
of conductive bus bars

Fig. 1. Wiring diagrams of electrode assemblies:
a — parallel connection of electrodes;

(Fig. 1, b). Today, filter-press b — series connection of monopolar electrodes;

bipolar electrolyzers are ¢ — series connection of bipolar electrodes;

widely used due to the smaller 1 — cathode electric lead; 2 — anode; 3 — cathode; 4 — dielectric inserts;
overall dimensions of elec- | 5 - anode electric leads; 6 — intermediate electrodes of bipolar-type series connection;
trolysis systems and lack of 7 — voltage measurement terminal for intermediate electrode 3;

multiple electrical connec- 8 — voltage measurement terminal for intermediate electrode 2;

9 — main electrodes of bipolar-type series connection;

tions. In addition, a battery 10 Hictive bus b
— conductive bus bar

with bipolar electrolyzers is

designed for high total voltage, while a battery with monopolar electrolyzers requires large current loads at low
voltage.

The main disadvantages of filter-press electrolyzers include a large number of sealing materials,
technological difficulties in ensuring the tightness of many multi-cellular batteries.

Theoretical Foundations of Calculating the Working Characteristics of the Electrolyzer with a Parallel
and Series Connection of Electrodes

The value of current / in the power supply circuit of the electrolyzer is maintained within the in-
versely proportional dependence on the number of connected modules [32]:

m VM

I=—or[=———,
Nkt 22.4 Nkt
where m is the mass of the gas released at the electrode, kg; I is the amount of current in the electrical circuit of
the electrolyzer, A; ¢ is the time of electrolysis, s; M is the molar mass of gases generated; N is the number of
the electrolyzer modules connected to the electrical circuit; V is the volume of gases generated, m’.

In relation to the scheme of operation of the electrolyzer, the dependence of the current in the power
supply circuit of electrolyzer modules is determined by Faraday's law [32]

m=kQ =klt, (1
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where Q is the amount of electricity, C; k is the electrochemical equivalent due to the ratio
M
Na-e-z’
where M is the molar mass of the gas generated at the electrode; e is the electron charge; z is the valence of
the released substance ions that are present in the process; Na is the Avogadro number.
The number of moles of gas released [32]

n=—,

M
taking into account the volume of moles of gaseous substance under normal conditions, is 22.4 1, and the
volume of gas released is defined as

V=n-24=""204, (2)
M

or, if we substitute in formula (2) the mass of gas from formula (1), then the volume of gas released will be
defined as
V= Mt 22.4.
M
For a series connection scheme, the mass of gas released will be [32]
m = Nklt ,
where N is the number of modules.
In this case, the total voltage consumed by the electrolyzer increases due to an increase in volt-
age by a factor of [32]
Us,=NU,,
where U, is the voltage on each electrolyzer module.

Conducting the Experiment and Discussing the Results of the Study

To perform an experi-
mental study of the processes of H, ﬁ 0

hydrogen and oxygen genera-
tion, the department of hydro-
gen energy of A. Pidhornyi In-
stitute of Mechanical Engineer-
ing Problems of the NAS of
Ukraine has designed the main T s
elements of the laboratory in- e
stallation, developed a method- ‘laHo | 2HO
ology for conducting an ex-
periment with subsequent veri- J
fication of the effectiveness of
its application to ensure the OH [OH i
specified accuracy of measur-
ing the parameters of the work-
ing process of electrolysis. The 7 )
department has also developed 2H,0+2¢ =H,+20H

two designs of electrode as- a b

semblies with the parallel and Fig. 2. Schemes of electrode assemblies with the visualization of
series connection of electrodes electrochemical processes on electrode surfaces:

(Fig. 2), which were alternately a — parallel connection of the electrodes; b — series connection of the electrodes
placed in a transparent sealed
container with an electrolyte.

MS

|

| OH

- 2H.O+4e =0_+4H : . ) )
2H,0+4e =0,+4H (% 0+4e=0, 2H,0+4¢ =0, +4H 2H,0+2¢ =H +20H

In monopolar electrolyzers, the entire electrode surface has the same potential, and the requirements
for the material and surface of the electrode are the same for all its parts. In bipolar electrolyzers, one side of
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the electrode acts as a cathode and the other one as an anode [33, 34]. Bipolar electrodes are included in the
electrical network as conductors of the second kind [35].

The basic data obtained experimentally during the study of the parallel and series connection of elec-
trode assemblies are presented in the table. Electrodes are made of the 08Kh18N10T stainless steel.

Results of the study of the type of electrode assembly connection

Connection | Electrode |Current, | Voltage, Currfent Volume of Volume of Electrici.t y
type area, cm’ A vV dens1t}21, hydrogen3 oxygen geleased, consumptlg)n,
Alcm released, m’/h m/h kW-h/m
08Kh18N10T — 08Kh18N10T
Parallel 29.75 0.44 2.2 0.007 0.56:10~° 0.2810°° 5.2
Series 29.75 0.44 2.2 0.015 0.56:10~° 0.2810~° 5.2

When the electrodes were connected in parallel, the electric potential was applied to the terminal of
anodes 5 and the terminal of cathode 1 (Fig. 1, a), with the release of hydrogen at cathode 3 and oxygen at
anodes 2. Voltage at terminals 1 and 5 of the electrode assembly was 2.2 V (Fig. 1, a) and did not increase

during the experiment (10 min.).

= DEF 06 (Tl
= y ,]\ 56 =
P 2 =
‘-2 0.5 @ 0.3 /[\
= 04 = Oj\ "
= 0, A > 04
2 2 // \\ ;) 2 /
T 03 %ﬂ 03| 0.28
o ey
= T
a1 =
2 0z . 0.2
- 14 14 =
E 01 g 0.1 \ E/
(=] —_—
= < 0
0 0 L v v L
014 0.56 0.14 0.28 0 0 0.56
Electrodes Electrodes
a b
Fig. 3. Distribution of hydrogen and oxygen release at the electrodes and their volumes:
a — parallel electrode connection; b — bipolar-type series connection of the electrodes
25 25
) 2.2 2.2
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= =
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: -
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Fig. 4. Distribution and value of voltage between the electrodes:
a — parallel electrode connection; b — bipolar-type series connection of the electrodes
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Fig. 3 shows bar graphs of release of the generated hydrogen and oxygen when the electrodes are con-
nected in parallel (monopolar-type connection, Fig. 3, a) and in series (bipolar-type connection, Fig. 3, b) and
their volumes. When the electrodes were connected in series, the electric potential was applied to terminals 1 and
5 (Fig. 1, b) of the electrode assemblies, after which there was an active release of gases at electrodes 9, directly
connected to the power supply (outer plates). The release of gas at internal electrodes 6 was absent (Fig. 3, b).

Distribution of voltage with parallel and series connections of the electrodes in one electrolyte vol-
ume is shown in Fig. 4. A change in the potential between the electrodes was also observed (Fig. 4, b). Volt-
age measurement was performed from electrode 1 to electrode 4 (Fig. 1, b). The graph shows that the voltage
at the terminals of internal electrodes 7 and 8 is lower than necessary for the electrochemical reaction of liq-
uid electrolyte decomposition — 1.48 V.

Fig. 5 shows graphs of the calculated voltage 7
value for the electrochemical process and the corre-
sponding experimental values of voltage at the series
connection of the electrodes.

- - - & & - & & 5 &

]

lel electrode connection scheme.
To implement the concept of placing a series (bi- o = T ————

polar) connection of electrodes in one electrolyte volume, 123 4 %imf m; 8 9 101l

it is necessary to focus on the development of the electro- ’

lyzer that will be able to disconnect the electrodes electri- | Fig- 5. Graphs of theoretical and experimental values

cally and provide galvanic isolation between them (sepa- of voltage at the series connection of the electrodes

rately isolated electrolyte volumes for each electrode pair).

m-.
o
E :

As can be seen from Fig. 5, the theoretical (cal- é gahtzorencal
culated) voltage, when the electrodes are connected in E at —=— Experim ental
series (08Kh18N10T — 08Kh18N10T), is 6.6 V in accor- TZ: 51 data
dance with 3 electrode pairs. The value of the voltage E
obtained experimentally in one electrolyte volume of =2} RS S N
25% NaOH solution is 2.2 V, corresponding to the paral- go A

=

Conclusions

Experimental data show that the voltage, when placing the electrode assembly with the series con-
nection of the electrodes in one electrolyte volume, should be 6.6 V for three electrode pairs, but it is at the
level of 2.2 V, which corresponds to the parallel electrode connection scheme.

Based on the studies of the electrochemical characteristics of electrode assemblies formed by differ-
ent types of connections, it is determined that to implement the connection of electrodes to the power supply
according to the series connection scheme, it is necessary to electrically insulate and divide the total electro-
lyte volume into elementary volumes, which makes it impossible for the current to leak past the working sur-
faces of the active working zone of the electrodes.

Particular attention should be paid to the development of a new design of the high-pressure hydrogen
electrolyzer with the use of a gas-absorbing electrode that would meet the above requirements for serial elec-
trode connection in one strong case.

Financing
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B cmammi nagedeno meopemuuni ma eKcnepumMeHmanvbii 00CIIONCEH S NPOYeCy eneKmpoXiMiuHo20 YMGEOPeH s
BOOHIO [ KUCHIO NPU NAPATETTLHOMY A NOCTIO08HOMY NIOKTIOYEHHI eIeKmpPo0die 8 00HOMY eleKmpoaimuomy oo’ emi. Ile doc-
JHOXHCEHHA TPYHMYEMbCA HA 3AKOHAX 30epedceHHs MACl, MepMOOUHAMIKU, eleKMPOMeEXHIKU, eleKmpOoXimii 3 6UKOpUcCman-
HAM OQHUX, OMPUMAHUX HA OCHOBI Memo0die MamemMamuyHo2o ma Qizuuno2o mooemnosanns. Hasedeno oani 3 pospodxu ma
00CTIONHCEHHST 080X KOHCMPYKYIL eleKMpOOHUX NAKemis, a came, 3 NAPAIesbHuM i NOCTI008HUM 3’ €OHAHHAM e/leKmpoois, 3
NOOANBUIUM POSMIUEHHAM KOHNCHO20 NAKem)y 8 OOHOMY eNleKMpONimHOMY 00 emi. ExcnepumenmanvHi ma po3paxyHKosi
O0aHi 00360/UNU GUABUMU 3AKOHOMIPHOCMI NPOMIKAHHS e/IeKMPOXIMIYHOL peakyil pO3KIA0aHHs PiOKO20 eneKmpoimy Ha
600€Hb [ KUCEHb, PO3NOOLILY HANPYeU NpU NAPALEIbHOMY Ma NOCTIO08HOMY NIOKTIOUEHH] e1eKmpoOie 8 00HOMY eleKmpOJlim-
Homy 06’ emi. Taxooic 6y10 6CMAHOGIEHO 3MIHY eNeKMPUYHO20 NOMEHYIALY MIdC GHYMPIUWHIMU eIeKmpooamu. 3amip Hanpy-
2u nposoouecsi 60 enexkmpoody 1 0o enexkmpody 4. Pezyrbmamu ekcnepuMeHmanbHux 0ocuiodiceHs 0y 8iooopaiceri epa-
@iuno. 3 Hasedenux epagikie 6uUOHO, WO HANPY2a HA KIEMAX 6HYMPIUWHIX e1eKmpooi8 HUdCUe, HIdC HeoOXIOHO O npomi-
KAHHS1 eNeKmpOXIMIUHOT peakyii po3KIA0aHHs PIOK020 eleKmpoNimy 3 2eHepy8aHHM 2a30N00i0H020 00HIO | KUCHIO. J{s
peanizayii Konyenyii poamiwenns nociiooeHo2o (6inoaApHoe0) 3’ €OHANHS eleKMPOOi6 8 OOHOMY eeKMPOIIMHOMY 00 emi
HeoOXIOHO akyeHmysamu yeéazy Ha po3pooyi KOHCMPYKYIi enekmponizepa, aKutl 0036801UmMbs: po3’€OHamu eeKmpoou enex-
MPUYHO i 3a0e3neyumu 2anb8aHIuRy 30JAYit0 iX Midc coO0I0 (OKpeMO 301b06aHI eIeKMPOIMHI 00’ eMu OJisL KOJCHOI efleK-
mpoonoi napu). Lle dacmv 3mocy nidguwumu poooyUll MUCK 32eHepo8anux 800wio i Kuchio 0o 20,0 MIla ma 3uuzumu
Cmpymo8e HaBAHMANCEHHS eNeKMPOTIIZHO20 Npoyecy Nid 4ac BUKOPUCMAHHA ATbINEPHAMUBHUX 0Xcepenl eHepeii.

Kniouogi cnosa: enexmponisep, nocnioogne i napanenve 3'¢cOHaHHs e1eKmMpoOis, 600€Hb, KUCEHb, BUCOKULL TNUCK.

Jliteparypa

1. Tordache I., Bouzek K., Paidar M., Stehlik K., Topler J., Stygar M., Dabrowa J., Brylewski T., Stefanescu 1., lor-
dache M., Schitea D., Grigoriev S. A., Fateev V. N., Zgonnik V. The hydrogen context and vulnerabilities in the
central and Eastern European countries. Intern. J. Hydrogen Energy. 2019. Vol. 44. Iss. 35. P. 19036-19054.
https://doi.org/10.1016/j.ijhydene.2018.08.128.

2. Esposito D. V. Membraneless electrolyzers for low-cost hydrogen production in a renewable energy future.
Joule. 2017. Vol. 1. Iss. 4. P. 651-658. https://doi.org/10.1016/j.joule.2017.07.003.

3. ReuB M., Reul J., Grube T., Langemann M., Calnan S., Robinius M., Schlatmann R., Rau U., Stolten D. Solar
hydrogen production: a bottom-up analysis of different photovoltaic—electrolysis pathways. Sustainable Energy
Fuels. 2019. Iss. 3. P. 801-813. https://doi.org/10.1039/C9SE00007K.

4. Wirkert F. J., Roth J., Jagalski S., Neuhaus P., Rost U., Brodmann M. A modular design approach for PEM elec-
trolyser systems with homogeneous operation conditions and highly efficient heat management. Intern. J.
Hydrogen Energy. 2020. Vol. 45. Iss. 2. P. 1226-1235. https://doi.org/10.1016/j.ijhydene.2019.03.185.

5. Chang W. J., Lee K.-H., Ha H., Jin K., Kim G., Hwang S.-T., Lee H., Ahn S.-W., Yoon W., Seo H., Hong J. S.,
Go Y. K., Ha J.-I., Nam K. T. Design principle and loss engineering for photovoltaic—electrolysis cell system.
ACS Omega. 2017. Vol. 2. Iss. 3. P. 1009-1018. https://doi.org/10.1021/acsomega.7b00012.

6. Smolinka T. Fuels — Hydrogen Production. Water Electrolysis. Encyclopedia Electrochemical Power Sources.
2009. P. 394-413. https://doi.org/10.1016/B978-044452745-5.00315-4.

7. Phillips R., Dunnill Ch. W. Zero gap alkaline electrolysis cell design for renewable energy storage as hydrogen
gas. RSC Advances. 2016. Vol. 6. Iss. 102. P. 100643-100651. https://doi.org/10.1039/C6RA22242K.

8. Kaya M. F., Demir N., Rees N. V., El-Kharouf A. Improving PEM water electrolyser’s performance by magnetic
field application. Appl. Energy. 2020. Vol. 264. P. 1-8. https://doi.org/10.1016/j.apenergy.2020.114721.

9. Shevchenko A. A., Zipunnikov M. M., Kotenko A. L., Vorobiova I. O., Semykin V. M. Study of the influence of
operating conditions on high pressure electrolyzer efficiency. J. Mech. Eng. 2019. Vol. 22. No. 4. P. 53-60.
https://doi.org/10.15407/pmach2019.04.053.

10. Maier M., Meyer Q., Majasan J., Tan C., Dedigama I., Robinson J., Dodwell J., Wu Y., Castanheira L., Hinds G.,
Shearing P. R., Brett D. J. L. Operando flow regime diagnosis using acoustic emission in a polymer electrolyte
membrane  water  electrolyser.  J. Power  Sources. 2019. Vol. 424, P. 138-149.
https://doi.org/10.1016/j.jpowsour.2019.03.061.

11. Matsevytyi Yu. M., Chorna N. A., Shevchenko A. A. Development of a perspective metal hydride energy accu-
mulation system based on fuel cells for wind energetics. J. Mech. Eng. 2019. Vol. 22. No. 4. P. 48-52.
https://doi.org/10.15407/pmach2019.04.048.

12. lleBuenko A. A. Co3naHHE aBTOHOMHBIX M CETEBBIX 3HEPTOTEXHOJIOTHIECKUX KOMIUIEKCOB C BOAOPOIHBIM Ha-
KOIUTEJEM 3HEpruu. Bozoonosisiemas snepeemuxa. 2020. Ne 2 (61). C. 18-27. https://doi.org/10.36296/1819-
8058.2020.2(61).18-27.

13. lleBuenko A. A., Kozak JI. P., 3unynnuxoB H. H., Korenko A. JI. Pa3zpaboTka aBTOHOMHBIX 9HEPrOTEXHOJIOTH-
YECKHX KOMIUIEKCOB C BOJAOPOIHBIM HakomuTeneM sHepruu. Kocw. mexnuka. Paxem. soopyowcenue. 2020. Ne 1.

C. 160-169. https://doi.org/10.33136/stma2020.01.160.

70 ISSN 2709-2984. Journal of Mechanical Engineering, 2020, vol. 23, no. 4



HETPAJULIIHI EHEPTOTEXHOJIOT T

14. Aminov R. Z., Bairamov A. N., Garievskii M. V. Estimating the system efficiency of the multifunctional hydro-
gen complex at nuclear power plants. Intern. J. Hydrogen Energy. 2020. Vol. 45. Iss. 29. P. 14614-14624.
https://doi.org/10.1016/j.ijhydene.2020.03.187.

15. Mopo3zos IO. I1. BimsiHue TemionpuToka TOPHOTO MacCHBa Ha TEMITEPATYPHBIH PEXUM T'€OTEPMATBLHOM ITUPKY-
JSITUOHHON CHUCTEeMBI. Anbmepnamuenas duepeemuxa u sxoaoeus (ISJAEE). 2018. Ne 25-30. C. 44-50.
https://doi.org/10.15518/isjaee.2018.25-30.044-050.

16. Sanath Y., De Silva K., Middleton P. H., Kolhe M. Performance analysis of single cell alkaline electrolyser us-
ing mathematical model. IOP Conf. Ser.: Materials Sci. and Eng. 2019. Vol. 605. P. 1-13.
https://doi.org/10.1088/1757-899X/605/1/012002.

17.Davis J. T., Qi J., Fan X., Bui J. C., Esposito D. V. Floating membraneless PV-electrolyzer based on buoyancy-
driven product separation. Intern. J. Hydrogen Energy. 2018. Vol. 43. Iss. 3. P. 1224-1238.
https://doi.org/10.1016/].ijhydene.2017.11.086.

18. Conogeti B. B., Xupos A. C., llleBuenko A. A. Biusane pexkUMHBIX (akTOpoB Ha 3(H(HEKTHBHOCTD DIEKTPOIIH-
3epa BbICOKOTO naBieHus. Cogepuiencmeoganue mypOOyCmaHo8OK Memooamu MamemMamuyeckozo u gusuve-
ck020 moodenuposanus: 6. Hayd. Tp. 2003. C. 250-254.

19. Nikolic V. M., Tasic G. S., Maksic A. D., Saponjic D. P., Miulovic S. M., Marceta Kaninski M. P. Raising effi-
ciency of hydrogen generation from alkaline water electrolysis—Energy saving. Intern. J. Hydrogen Energy.
2010. Vol. 35. Iss. 22. P. 12369-12373. https://doi.org/10.1016/j.ijhydene.2010.08.069.

20. Schalenbach M., Carmo M., Fritz D. L., Mergel J., Stolten D. Pressurized PEM water electrolysis: Efficiency
and gas crossover. Intern. J. Hydrogen Energy. 2013. Vol. 38. Iss. 35. P. 14921-14933.
https://doi.org/10.1016/j.ijhydene.2013.09.013.

21.1leBuenko A. A. Ucnonb3oBanue 3JIADJIoB B aBTOHOMHBIX YHEPrOYCTaHOBKAX, XapaKTEPU3YIOIUXCS HEPaB-
HOMEPHOCTBIO SHEPTONOCTYILIEHUS. Aguay.-kocm. mexruka u mexuonoaus. 1999. Ne 13. C. 111-116.

22.Liguori S., Kian K., Buggy N., Anzelmo B. H., Wilcox J. Opportunities and Challenges of Low-Carbon Hydro-
gen via Metallic Membranes. Progress in Energy and Combustion Sci. 2020. Vol. 80. P. 1-29.
https://doi.org/10.1016/j.pecs.2020.100851.

23. Conoseii B. B., IlleBuenko A. A., BopooseBa U. A., Cemukun B. M., Kosepcyn C. A. TloBeimenne 3pdexTun-
HOCTH TIPOIIECCa TeHEepaluy BOJOPOAA B 3IEKTPOJIN3EPaxX C Ta30MOMIONIAIONINM IEKTPOaOM. Becmnu. Xapvkos.
Hay. asmomob.-0op. yu-ma. 2008. Ne 43. C. 69-72.

24. Conosgeii B. B., 3unynnukos H. H., IlleBuenko A. A. VccnenoBanue 3¢ GeKTHBHOCTH JIEKTPOAHBIX MaTEPHAIIOB B
UEKTPOJIM3HBIX CHCTEMAX C Pa3JebHbIM LUKIIOM IeHepauuy ra3oB. [Ipooa. mawunocmpoenus. 2015. T. 18. Ne 1.
C. 72-76.

25. Solovey V. V., Khiem N. T., Zipunnikov M. M., Shevchenko A. A. Improvement of the membrane-less electrolysis
technology for hydrogen and oxygen generation. French-Ukrainian J. Chemistry. 2018. Vol. 6. No. 2. P. 73-79.
https://doi.org/10.17721/fujcV6I2P73-79.

26. SIxkumenxko JI. M., Moasimesckas U. J1., Tkaunk 3. A. Dnexrponu3 Boabl. M.: Xumus, 1970. 264 c.

27.Carmo M., Fritz D. L., Mergel J., Stolten D. A comprehensive review on PEM water electrolysis. Intern. J.
Hydrogen Energy. 2013. Vol. 38. Iss. 12. P. 4901-4934. https://doi.org/10.1016/j.ijhydene.2013.01.151.

28. Tlpuctpit 11 reHepamii BomHIO BHCOKOTo THCKy: mar. 103681 Vkpaima: MITK C25B 1/12, C25B 1/03. Ne
a201115332; 3asBi. 26.12.2011; omy6m. 11.11.2013, bros. Ne 21. 4 c.

29.Solovey V. V., Zipunnikov M. M., Shevchenko A. A., Vorobjova I. O., Kotenko A. L. Energy effective mem-
brane-less technology for high pressure hydrogen electro-chemical generation French-Ukrainian J. Chemistry.
2018. Vol. 6. No. 1. P. 151-156. https://doi.org/10.17721/fujcV6I1P151-156.

30. Tomunos A. I1. [Ipuknannas snexrpoxumust: yaeoHuk. M.: Xumus, 1984. 520 c.

31. Cyxotun A. M. CnpaBounuk 1o snexkrpoxumun. JI.: Xumus, 1981. 488 c.

32. SAxumenko JI. M. DnekTpoaHble MaTepualsl B IpUKIaJHON dnekTpoxumun. M.: Xumus, 1977. 264 c.

33. Kumagai M., Myung S.-T., Kuwata S., Asaishi R., Yashiro H. Corrosion behavior of austenitic stainless steels as
a function of pH for use as bipolar plates in polymer electrolyte membrane fuel cells. Electrochimica Acta. 2008.
Vol. 53. No. 12. P. 4205-4212. https://doi.org/10.1016/j.electacta.2007.12.078.

34. Langemann M., Fritz D. L., Miiller M., Stolten D. Validation and characterization of suitable materials for bipo-
lar plates in PEM water electrolysis. Intern. J. Hydrogen Energy. 2015. Vol. 40. No. 35. P. 11385-11391.
https://doi.org/10.1016/j.ijhydene.2015.04.155.

35. Tawfik H., Hung Y., Mahajan D. Metal bipolar plates for PEM fuel cell — a review. J. Power Sources. 2007.
Vol. 163. No. 2. P. 755-767. https://doi.org/10.1016/j.jpowsour.2006.09.088.

ISSN 2709-2984. Ipo6remu mawunobyoysanus. 2020. T. 23. Ne 4 71



