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ABSTRACT Achieving global carbon neutrality is one of the key targets set by countries in 2050 to mitigate the adverse effects of
climate change. As a clean energy with great potential, hydrogen energy is an important energy solution for this transition because of its
high energy density, zero carbon emission, and strong renewability. Electrolytic water hydrogen production has emerged as a key
solution for achieving global carbon neutrality goals. This paper investigates the progress and potential of various electrolysis methods,
including alkaline water electrolysis, proton exchange membrane (PEM) electrolysis, anion exchange membrane (AEM) electrolysis, and
solid oxide electrolyzer cell (SOEC) electrolysis, alongside emerging technologies such as seawater electrolysis and coupled hydrogen
production. Alkaline electrolytic water hydrogen production technology occupies an important position in industrial applications owing
to its high maturity, low cost and reliability, yet it faces challenges such as current density and gas cross-mixing. PEM technology,
known for its high current density, gas purity, and compactness, is hindered by high costs and material corrosion. AEM technology offers
cost benefits by avoiding precious metal catalysts and being compatible with low-concentration electrolytes; however, its development is
still in the early stages. SOEC technology is promising for its high efficiency at high temperatures but is still in the experimental stage
owing to issues such as catalyst deactivation and equipment lifespan. In addition, innovative methods such as seawater electrolysis and

coupled hydrogen production offer a sustainable hydrogen production path, although seawater treatment poses technical challenges.
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Coupled hydrogen production, which links with other small molecule oxidation reactions, improves hydrogen production efficiency but
requires further advancements in electrode material selection and reaction rate optimization. Moreover, research is focused on electrolyte
additives, such as sulfates, carbonates, and other anionic inhibitors, to improve electrolysis efficiency and reduce corrosion. In catalyst
development, new materials and structural improvements are under exploration for improving catalyst activity, stability, and cost-
effectiveness. By optimizing system design and component synergy, electrolysis technology for hydrogen production is developing
toward improved catalyst performance, reduced energy consumption, and efficient equipment. In particular, integrating electrolytic
hydrogen production with renewable energy systems, such as solar and wind, offers an environment-friendly and economical hydrogen
production model. In summary, this paper summarizes the current achievements and challenges in electrolysis technology for hydrogen
production and provides a valuable reference for future research directions. As science and technology progress, electrolysis technology
for hydrogen production will significantly contribute to global carbon neutrality. Governments should implement more supporting

policies to promote the commercial application and market growth of this technology, ensuring that it can play a more important role in

the future energy transition.

KEY WORDS carbon neutral; hydrogen energy; hydrogen production by water electrolysis; catalyst; electrode material
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Table 1 Comparison of different hydrogen production technologies by water electrolysis!"' %!
Parameter AWE PEM AEM SOEC
Pressure/Pa 10°-3x 105 10°-3x 105 10°-3.5x 106 103
Temperature/C 60-80 50-90 50-90 600-1000
Current density/(A-cm™2) 0.2-0.5 1.0-3.0 0.8-2.5 0.3-2.0
Voltage/V 1.4-3 1.4-2.5 1.4-2.0 1.0-1.5
Energy consumption rate
(at standard conditions)/ 4.2-59 4.2-4.6 4.2-4.6 >3

(kW-h-m™3)

Electrolytic efficiency 59%—-70%

65%—82%

60%—175% 85%—-100%

Hydrogen purity 99.5%—-99.9998% 99.9%-99.9999% 99.9%-99.9999% 99.9%
Cost/($-kw™1) 880-1650 1540-2550 Unmeasured >2000

Service life/kh 60-120 60-100 10-30 8-20

Ni/ Yttria-stabilized

Cathode catalyst Ni Pt/C Ni

athode catalys ! ! zirconia (YSZ)

LSCF (L Fe), LM
Anode catalyst Ni 1rO, Ni or Ni Fe Co alloy SCE( (E;S,;,r?l\‘;fn)e ), LMS
Gas diffusion layer Nickel net Titanium mesh/Carbon cloth ~ Foam nickel/Carbon cloth Nickel net /Foam

Stainless steel/Nickel-plated

Bipolar plats
Tpolar plate stainless steel

Platinum/Gold coated
titanium or titanium

Stainless steel/Nickel-plated

. Cobalt-plated stainless steel
stainless steel

Cathode reaction formula ~ 4H,O +4e~ — 2H; + 40H™

4H* +4e” - 2H,

4Hy0 +4e™ - 2Hy +40H™  2H,0+4e” — 2H, + 202~

Anode reaction formula 40H™ - 2H,0+ 0O, +4e~

2H,0 — 4H* + Oy +4e~

40H™ — 2H,0+ 0, +4e” 202" - 0y +4e”

Total equation 2H,0 — 2H; + O,

2H,0 — 2H; + O,

2H,0 — 2H, + O, 2H,O — 2H, + Oy

Electrolyte KOH/NaOH (5 mol - L")

Solid polymer electrolyte
(SPE)

Divinylbenzene (DVB)
polymer carrier with
1 mol-L~! KOH/NaOH

Yttria-stabilized zirconia
(YSz)

Commercialization process TRL-9 (commercialized)

TRL-7 (preliminary
commercialization)

TRL-5 (development phase) TRL-5 (development phase)

Mature technology; industrial
applications commercialized;

Commercial technology;
operate at higher current

No precious metals needed for

electrocatalysts; low . .
High operating temperature;

Advantage no precious metals needed for  density; high gas purity; concentration hich efficienc
1 1
electrocatalysts; relatively low  compact system design; (1 mol-L~! KOH) & Y
cost; long-term stability fast response speed liquid electrolyte
Limited t density;
. .e curren ensity; gas . Limited stability; membrane
crossing; high concentration High component cost; . L. . .
. ) . material technology Limited stability; still under
Disadvantage (5 mol-L™" KOH) precious metal electrocatalyst;

liquid electrolyte; slow
response

acid electrolyte

development; equipment
amplification to be verified

development
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Fig.2 Schematic of the working principle of alkaline water electrolysis!'"
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B F A K R R B R 5 4, il TR R Sk 1Y g
51T 7 147 YO A A (U,

Liu 55 " B & 1) MoS, @Ni 96S 5 51 £ 1R & 45
F#E 10 mA-cm™HL I % £ T, HER Al OER /) i
L 243 ) o 104 mV T 182 mV, SZHLAK = 1.86 V
F) Rt L R E AT K A, HEA 1S h i R AP R
FE . Qazi 45 PO K B 4 K S 5 45 A H AR 4K
NiCo —NiC0o0, @Cu,O@CF, £ 1 mol-L~! KOH ¥%
W, 10 mA-em™2 [ HEL 3 % & b, HER A1 OER A9 1
L A2 40 % o 133 mV Al 327 mV, B JE R & R 4%
I, R T RAF A3 015, oK L L R
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Fig.4 AWE electrolyzer structure!'”’: (a) monopolar electrolyzer; (b) bipolar electrolyzer
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) Ni #5824 () f1 28 05 5 25 19 NiMo B #% i Ak 7], ¢
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Fig.6 Schematic of the working principle of PEM water electrolysis!'"!
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Fig.7 Schematic of the working principle of AEM water electrolysis''!
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Sr, Co, Fe) Fll LMS(La,Sr,Mn), i% 2& £1 R} GE % £ &
N S, O HORB % i S B . SR H T HL i I
BB T 8%(EE IR H 4 b)) EALSZ B AL, X Fl
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Fig.8 Schematic of the working principle of SOEC water electrolysis!'"!
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i 98 % ¥k ] £ 19 LSM - YSZ - Ce9Cop 1 02-s %,
B, XA AE 13 VR, & ERE T
1.26 A-cm™2, I FT25 FHLSM - YSZHL 3 5 1 3.3
£i5. I HSCEL T A= 05K, 4 873 mL-cm™2-h7!,
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PR 1.4 VG HL A 7E 800 °C 4514 T, 1% H A i 2
AT T 145 h, FEIN o 1 1% R b TR T RS
Vibhu %55 B & (1) 2R E5 L FE LnoNiO4s s (Ln = La,
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