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AWE: Alkaline water electrolysis; PEMWE: Proton exchange membrane water electrolysis; SOEC: Solid oxide electrolysis cell; AEMWE: Anion exchange

membrane water electrolysis.
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Fig. 1 Basic principles of hydrogen production technology through water electrolysis
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Fig. 2 Time-dependent curves of alkaline water electrolyzer capacity and unit power cost
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Fig. 7 (a) SEM photograph of the surface of the nickel mesh after electro-etching for 30 minutes*”; (b) Preparation process of
CoMnP-NPC/CC catalyst®®; (c) Preparation process of Ni-MoN catalyst™; (d) Preparation process of F-NisS,/NF

catalyst'®?
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Table 1 Transition metal-based electrocatalysts for alkaline water electrolysis

Reaction Electrocatalysts OER 710/mV HER 510/mV Stability Rreferences
OER NiFe LDH@NF 351 (7500) [59]
iMol iFe 77500, -cm”

NiMoN/NiFe LDH 236 (7500) 250 h@1000 mA-cm > [59]

i ydroxide 7100, -cm-
NiFeB hydroxid 252 (31100) 130 h@500 mA-cm > [60]
FeCo/CeOy xNy 284 (77500) 1000 h@1 900 mA-cm [61]

iCo M -cm-
Se-(NiC0)S/(OH) 155 73 h@20 mA.cm ™ [62]

1-Co 120, -cm
Ni-CoOOH 276 (1720) 50 h@100 mA-cm 2 [38]
NCCHH-30 141 12 h@20 mA-cm 2 [46]
FeCoMoPB 239 48 h@10 mA-cm > [44]
NiCo,S/ZnS 140 2000 CV cycles [40]

e X -cm”

NiFe-VO,-0.5 267 12 h@10 mA-cm™ [42]
HER Nickel mesh 210 [35]
MoNi HM 72 10 h@10 mA-cm [63]

ONi#/MoO, i mA-cm-
MoNis/MoO,@Ni 15 10 h@200 mA-cm 2 [64]
Ni(OH),@Ni—N/Ni—C/NF 60 100 h@500 mA -cm> [65]
Ni(Cu)VO, 21 100 h@100 mA-cm™> [66]

600 cycles@400 mA-cm 2, 80°C,
3D ordered Ni mesh 413 (17400) cycles@ [47]
wW(KOH)=30%

CoMnP-NPC/CC 42 30 h@25 mA-cm™ [48]
Ni-MoN 61 (17100) 200 h@500 mA -cm 2 [50]
F-NisS,/NF 38 15 h@-200 mV overpotential [52]
S-NiFe,0, 61 60 h@1 000 mA.cm™ [53]

- ) . OER: 50 h@500 mA-cm 2
Bifunctional catalyst NiMoO,/NiMoS 186 38 > [67]
HER: 60 h@1 000 mA-cm

) OER: 25 h@244 mV overpotentia
Ni—Fe-MoN NT 228 55 [68]
HER: 1000 CV cycles

) OER: 80 h@200 mA-cm
FeCoNi—HNTA 184 58 , [69]
HER: 80 h@200 mA-cm
) OER: 50 h@100 mA-cm 2
S—Fe-Ni 200 25 > [70]
HER: 50 h@20 mA-cm
OER: 100 h@10 mA-cm 2
Fe,05/CuO (MH-TMO) 220 70 72 [71
HER: 100 h@10 mA-cm
24 h@38 mA-cm™ for overal| water
Co-S-P/Fe,Co,COH/NF 160 (#750) 73 o [54]
splitting at 1.7 V
OER: 100 h@100 mA -cm™2
HER: 100 h@100 mA-cm 2
CoSe,nP 255 0 OER: 15 h@255m V overpotential [56]
2orLe HER: 15 h@10 mA-cm 2
OER: 100 h@100 mA -cm™2
HER: 100 h@100 mA-cm 2
OER: 30 h@50 mA-cm >
CNFMPO 252 43 , [58]
HER: 30 h@50 mA-cm
Note: 710 represents the overpotential at a current density of 10 mA-cm> Electrochemical performance of the electrocatalysts listed in the table were all

conducted in 1 mol/L KOH electrolyte; w is mass fraction.

0.005-NiCoP@NF 332 (11100) 166 (17100) [55]

C@CoP-FeP/IFF 297 (7]100) 154 (7]100) [57]




- 1852 - CRERR R 2240 J Chin Ceram Soc, 2024, 52(6): 1841-1860 2024 4
0
= First generation
—— Fourth generation,
-200 + = Precious metal (500, 374)
= BSL-SEVE (500, 219)
— (500, 189)
L400f (500, 175
S R ARSIy S 7 A
_g =600 |-
=
(1000, 460)
(1000, 340)
800 - (1000, 283)
(1000, 256)
-1 000 L~ L I ! L
=500 -400 =300 =200 -100
E (RHE)/mV

(b)

K9 (RIS RBT MR BSL-SEVEN KIM/E3 SEM B (b) PRI RCET L K BSL-SEVEN 5 (R K 7 JE 8 re A AT

SR R HER 3 A Pk R X LT

Fig. 9 (a) SEM image of the surface morphology of BSL-SEVEN electrode; (b) Comparison of HER overpotentia performance
between BSL-SEVEN, Raney nickel electrode and noble metal electrode!”?
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Fig. 10 (a) Preparation of organic/inorganic composite membrane supported by porous skeletonl”; (b) Preparation of alkanolamine
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Table 2 Composite separators for alkaline water electrolysis

Arearesistance/ Bubble pressure/ Contact angle/

Composite separator Thickness/um 0P MPa © Stability Reference
SSCM-8 400 0.150 2.700 54.00 1600 h@80 C, w(KOH)=30% [79]
Z3TA7 430 0.150 4 weeks@100 C, w(KOH)=35% [80]
DEA-ZrO, 450 0.120 0.300 44.37 150 h@500 mA -cm™ [81]
NPBI/Zr0,(Z60) 400 0.162 0.498 53.00 400 h@500 mA -cm™ [82]
cPVAZ-30 0.267 0.271 51.00 150h@1.8V [83]
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Fig. 11 (a) SEM image of Zirfon UTP 500 separator cross-section®”; (b) The ionic conductivity of Zirfon series products decreases
with increasing temperature’®
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Extended Abstract

With the rapid development of modern society and escalating energy demands, the widespread use of traditional non-renewable
fossil fuels has exacerbated environmental pollution and the greenhouse effect worldwide. The ‘carbon peak, carbon neutral’ goal
propels wind power and photovoltaic-based renewable clean energy for power generation capacity in China. However, the intermittent
and variable nature of renewable energy, aong with a limited grid load regulation capacity, hinders the large-scale conversion or
storage of intermittent power. Hydrogen serves as a sustainable fuel option due to its impressive high-energy potential at 140 MJkg
and its capability for extensive, long-term storage, positioning it as a crucial element in transitioning towards a world underpinned by
green, low-carbon energy sources. Generating green hydrogen through the electrolysis of water, powered by the variable outputs of
renewable energy sources, becomes the most viable strategy for producing green hydrogen, while also leveraging the surplus energy
from these renewables. At present, the widely adopted technique for hydrogen generation through water electrolysis is alkaline water
eectrolysis (AWE) with significant advantages of large single-unit size and low equipment cost, thus being a preferred technology
route for large-scale hydrogen production.

However, akaline water electrolyzer is difficult to use for the new situation of fluctuating power supply to produce green
hydrogen efficiently due to the problems of low current density, massive equipment, and poor dynamic operation capability. Alkaine
water electrolysis has a problem of low current density. For electrode materials, the lower intrinsic catalytic activity of non-precious
metal electrode materials makes the kinetics of the electrolytic water reaction, compared with precious metal cataysts such as
platinum and iridium oxide. For the diaphragm materials, the typical thickness of PPS diaphragms offers a significant resistance to the
movement of hydroxide ions and potential risks for gas crossover. Also, frequent stops and starts can induce reverse current, resulting
in corroded electrodes and reduced lifespan.

To confront these challenges, this review mainly summarized the research progress on transition metal catalysts and the
development of industrial electrode technology. Alkaline water electrolysis electrode materials are mainly classified into three
categories, i.e., precious metals, transition metals, and nonmetals. Among these, transition metal-based catalysts (i.e., Ni, Fe, Co, and
Moal, and their compounds) have the advantages of low cost, smple preparation, and various structural compositions. They are
considered as ideal materials to replace precious metal catalysts. The main types of these catalysts include single transition metals,
sulfides, phosphides, and nitrides. They are often modified via electronic environment regulation, nanostructure optimization, and
multi-component synergistic effects to enhance their intrinsic catalytic activity.

For an efficient and reliable alkaline water electrolysis system, a high-performance diaphragm is also essential. The diaphragm
separates the cathode and anode, prevents the mixing of hydrogen and oxygen, and transfers hydroxide ions. This review also
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represented the research progress on a new generation of composite diaphragms, and discussed the modifying industrial PPS
diaphragms. Simple organic fiber diaphragms have a poor pore structure and a high ionic resistance, and their thickness and gas
barrier properties are difficult to fully address. Applying an inorganic functional coating to the surface of PPS fabric to create an
organic-inorganic composite diaphragm becomes the main aspect of diaphragm research. The inorganic functional coating on the
surface of the composite diaphragm improves hydrophilicity and gas barrier properties and reduces the thickness and ionic resistance
of the diaphragm.

Alkaline electrolyzer downtime can produce a reverse current due to the potential difference between the conductive metal
bipolar plate formed by the electronic pathway and the ionic pathway constituted by the akaline circulation. This can cause a
significant corrosion to the cathode material in the large volume intermediate compartment of the alkaline electrolyzer and creates a
potential safety issue. Therefore, some studies addressing the mechanisms of reverse current formation and mitigation strategies are
crucial for alkaline water electrolyzers for frequent shutdown and startup.

Summary and prospects Alkaline water electrolysisis a highly mature, simple, and low-cost hydrogen production technology that
is widely applied to a large-scale hydrogen production in China. In the future, the construction of new power systems will urgently
need a large-scale wind power consumption capacity as well as a low-cost, green hydrogen supply in chemical and transportation
industries. This requires electrolysis cells capable of adapting to fluctuating power sources, i.e., wind power. However, the existing
industrial technology mainly focuses on a single-tank hydrogen production for incremental improvements. Limited progress is made
to address some issues like a low current density and a poor dynamic performance. The emerging demand for green electricity to
produce green hydrogen leads to higher requirements for the key materials and equipment technology of alkaline water electrolysis.
The next generation of this technology can feature a high current density and a low energy consumption, operate across a wide and
variable load, and have rapid start/stop capabilities to accommodate the fluctuating hydrogen production scenarios of renewable
energy. The lab-research of AWE electrode catalysts should consider the needs of industrial applications. Simple organic fiber
diaphragms have a poor pore structure and a high ionic resistance. Hence, thick membranes (typically >0.8 mm) are required to meet
the gas barrier properties. Organic-inorganic composite diaphragms are promising for future industrial applications, although their
long-term durability still requires a further verification. Moreover, there is a significant lack of research on the effect of fluctuating
working conditions (i.e., variable loads and start-stop cycles) on the dissolution of electrode catalysts, detachment, and mechanical
damage to the diaphragm. Beyond materials, further studies on system operation control and optimization are needed to improve
dynamic performance (i.e., strategies to mitigate reverse current that limits the start-stop frequency of alkaline water electrolyzers.
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