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Abstract: Hydrogen production from water electrolysis is a sustainable and environmentally benign strategy in comparison with

fossil fuel-based hydrogen. However, this promising technique suffers from the high energy consumption and unsatisfactory cost

due to the sluggish kinetics of both half reaction and inferior stability of electrocatalysts. To address this challenge, herein, we pre-

sent a timely and comprehensive review on advances in alkaline water electrolysis that is already commercialized for large scale hy-

drogen production. The design principles and strategies with aiming to promote the performance of hydrogen generation are dis-

cussed from the view of electrocatalyst, electrode, reaction and system. The challenges and related prospects are presented at last,

hopefully to provide essential ideas and to promote the wide application of hydrogen production.
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1 Introduction

With the issues of global energy crisis and environ-
mental problems, great efforts have been focused on
the development of sustainable energy system to-
wards low-carbon or carbon-free energy. Hydrogen is
considered to be a promising substance to achieve
energy conversion and carbon neutrality with the
merits of abundant resources, no greenhouse gas
emission, and high efficiency™?. The overall hydrogen
energy industry involves production, storage, trans-
portation, as well as refueling and applications (Fig-
ure la). According to the “Global Hydrogen Review
2021” of International Energy Agency, the global hy-
drogen demand reached 90 Mt in 2020, practically all
for the refining chemical and ammonia industries,
showing a broad prospect. However, the current hy-
drogen production industrial system relies too much

on fossil fuels, with steam reforming and coal gasifi-

cation being the most dominant approaches, which
results in nearly 900 Mt of CO, emissions. Therefore,
it is imperative to develop a sustainable and efficient
approach to produce hydrogen with mitigating the
environmental concerns.

Recently, water electrolysis powered by renewable
electricity is attracting growing interest to produce
high-purity hydrogen owing to stable output, environ-
mental-friendly and feasibility of largescale produc-
tion®. Although the research related to water electrol-
ysis is increasing every year (Figure 1b), it accounts
for only 4% of the worldwide hydrogen supply. A
key barrier for the development of hydrogen produc-
tion from water electrolysis is the cost gap with that
from fossil fuels (Figure 1c). Typically, electricity ac-
counts for more than 80% of the current cost of hy-
drogen production from water electrolysis. With the

carbon price rising and the cost of electricity falling,
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the hydrogen production from water electrolysis is
approaching the competitiveness threshold, especial-
ly with the merit of nearly net zero CO, emissions.

Presently, water electrolysis is rapidly moving to-
wards upscaling and commercialization, but there re-
main some key challenges in both basic and applied
researches. In addition to the aforementioned high
cost, the long-term stability of electrocatalysts needs
to be improved for technological commercialization
(Figure 1d)™*". Tt is worth noting that most electro-
catalysts reported so far operate below 200 mA - cm?
with high overpotentials, further restricting practical
use and large-scale implementation®™. Moreover, the
integrated system of water electrolysis and renewable
clean energy remains a challenge due to the hardly
maintained energy conversion efficiency and grid
fluctuation.

The water electrolysis technologies can be cate-
gorized into alkaline water electrolysis (AWE, Fig-
ure 2a), polymer electrolyte membrane water elec-
trolysis (PEMWE, Figure 2b), and solid oxide water
electrolysis (SOWE, Figure 2¢) according to the struc-
ture, electrolyte, ionic agents and operation parameter!.
Although SOWE has a higher efficiency of ~98%
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than AWE (~70%) and PEMWE (~72%), the high
operating temperature (~950 °C) and low hydrogen
production rate limit its widespread application and
commercialization currently (Figure 2d-g). After years
of development, the low-temperature water electroly-
sis (AWE and PEMWE) has become a mature and
commercial technology. With pure water as an elec-
trolyte, PEMWE needs expensive electrocatalysts
(Pt-based materials for HER and Ir-based materials
for oxygen evolution reaction (OER)) and proton ex-
change membrane materials, which results into the
problems of high overall cost (~1200 $-kW') and
limited resources (Figure 2k). In contrast, AWE is
characterized by relatively low capital costs due to
the avoidance of precious materials and superior
long-term durability. Moreover, AWE can couple
with electrochemical refinery to realize the produc-
tion of high value-added chemicals, further reducing
the cost of generated hydrogen. However, the prob-
lem of low current density faced by AWE hinders its
commercialization, which can be resolved via opti-
mizing the electrocatalysts and upgrading the elec-
trolysis system.

In recent years, some high-quality reviews have

Figure 1 (a) A schematic illustration of the hydrogen value chain from supply to end-use. (b) Statistics on the numbers of publica-

tions related to water electrolysis in the last few decades. (c) The cost and CO, emission values for various hydrogen production

techniques. (d) Comparison of stability for the reported hydrogen evolution reaction (HER) electrocatalysts in acid (purple), neutral

(green) and alkaline (orange) media. (color on line)
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Figure 2 Schematic diagrams of (a) AWE, (b) PEMWE and (c) SOWE. Comprehensive comparisons of AWE, PEMWE and
SOWE in terms of (d) hydrogen production rate, (e) current density, (f) efficiency, (g) lifetime, (h) cell temperature, (i) energy con-
sumption, (j) cold start-up time and (k) investment costs. (color on line)

summarized the development of AWE from the per-
spectives of electrocatalyst exploration, intrinsic ac-
tivity optimization, structure modulation and catalytic
mechanism revelation™?%, yet few of them are based
on the practical application. In addition, there is less
reviews on cost-down strategy for AWE via coupling
with organic oxidation and integrating with renew-
able energy. Considering the mature and wide devel-
opment of AWE, herein, we present a timely and
comprehensive review on recent advances in AWE.
The background, type and development history of
AWE are firstly introduced, aiming to provide a

panorama view of AWE. Further, various strategies

for enhancing the efficiency of AWE from elec-
trode-to-reaction, and cell-to-system are discussed.
Finally, we outlook the future research directions, op-
portunities and challenges regarding the AWE, with
the purpose of providing essential ideas and promot-

ing the wide application of hydrogen energy.

2 Strategies for Enhancing the Per-
formance of AWE

2.1 Designing Efficient Electrocatalysts

Water electrolysis has attracted an abundant deal
of attention since AWE, PEM and SOCE were devel-
oped by Troostwijk in 1789, Grubb in 1960s and
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Donitz in 1980s, respectively (Figure 3a)**l. And the
development of appropriate electrocatalysts with suit-
able physical and chemical properties is highly re-
quired for water electrolysis. During the past few
decades, numerous electrocatalysts, including noble
metal, non-noble metal and metal-free electrocata-
lysts with single-atom, nanocluster, nanoparticle and
nanoarray structure, have been widely explored for
water electrolysis®”). Stimming and co-workers con-
cluded that Pt is the better electrocatalyst than other
metals for HER in 2005 via analyzing the relation-
ship between hydrogen chemisorption energies and
the exchange current of HER, thus providing a theo-
retical foundation for the subsequent development of
electrocatalyst for HERPY, Considering scarce and ex-
pensive Pt group metals are not suitable for large
scale applications, it is therefore crucial to find alter-
natives to the Pt group electrocatalysts. Through den-
sity functional theory (DFT) calculations, Norskov and
co-workers found that MoS, nanoparticles supported
on graphite with a moderate overpotential of 0.1 ~
0.2 V is a promising electrocatalyst for HER®., Then
Chorkendorff and co-workers determined that the
edge of MoS, nanoparticles is the real active sites for
HER via tuning the size of nanoparticles, further
providing an experimental foundation for optimizing
the intrinsic activity of electrocatalyst®’. Considering
metal-based electrocatalysts may suffer from corro-
sion under harsh environment, Qiao and co-workers
reported a metal-free electrocatalyst for HER via
coupling nitrogen-doped graphene with graphitic-car-
bon nitride in 2014, which exhibited an overpotential
of ~240 mV at current density of 10 mA -cm?*!, In
addition to the development of different types elec-
trocatalysts and the regulation of intrinsic activity, re-
searchers realized that the structure of electrocatalyst
also has a huge impact on its performance. Hence,
Sun and co-workers reported a fabrication of
nanoporous cobalt phosphide with self-supported
nanowire arrays on carbon cloth, which exhibited a
low onset potential of 38 mV and long-term stability
of more than 20 hours in acidic media for HER ¥,
With the merits of maximum atom utilization effi-

ciency and adjustable coordination structure, sin-
gle-atom catalysts (SACs) have shown great promise
in water electrolysis in recent years™®l. For instance,
nitrogen-doped graphene nanosheets supported
Pt-SAC was fabricated by Sun and co-workers in
2016 by atomic layer deposition, which exhibited
much high activity and stability for HER than com-
mercial Pt/C*,

Along with the deepening of water electrolysis,
numerous electrocatalysts have shown promising ac-
tivity and stability for HER. For example, y-MnO,
electrocatalyst developed by Nakamura and co-work-
ers could operate continuously for more than 8000
hours™! and Pt/Ni-Mo electrocatalyst developed by
Liu and co-workers realized an ultrahigh current den-
sity of 2000 mA -cm™ at an overpotential of 113 mV™,
demonstrating the feasibility for practical water elec-
trolysis. Meanwhile, Hu and co-workers prepared a
bimetallic-structured phosphide electrocatalyst, which
exhibited superior HER performance in acidic, alka-
line and neutral conditions, expanding the dimension-
al of both scientific and industrial fields!™. On the
other hand, various technologies have been well em-
ployed to reveal the catalytic mechanism of water
electrolysis and monitor the evolution of electrocata-
lysts in electrochemical operando conditions besides
designing electrocatalysts. For instance, Agnoli and
co-workers determined the real active sites for HER
via the electrochemical scanning tunnelling mi-
croscopy, providing a powerful tool to derive accu-
rate structure-activity relationships in water electro-
catalysis™”,

Among various electrocatalysts, layered double hy-
droxides (LDHs) are considered to be one of the most
promising materials for AWE owing to their superior

el Moreover, LDHs can be trans-

OER performanc
formed into other efficient materials (e.g., oxides,
sulfides and phosphides) benefitting from the versa-
tility in chemical composition and architectural struc-
ture, which further promoted the development of
AWE and other energy conversion technologies" %,
For instance, our group prepared (Ni, Fe)S,@MoS,

heterostructures with NiFe-LDH as a precursor via a



HLAL2% (). Electrochem.) 2022, 28(10), 2214008 (5 of 18)

hydrothermal method, which shows remarkable activ-
ity and durability for AWE (Figure 3b)P*. The over-
potentials at the current density of 10 mA -cm? for
HER and OER were 130 and 270 mV, respectively,
outperforming most reported electrocatalysts. More-
over, we synthesized various metal-doped CoP elec-
trocatalysts by using metal-doped Co-LDHs as pre-
cursors via an in-situ phosphidation transformation,
in which FeCoP exhibited significantly enhanced ac-
tivity toward AWE (Figure 3¢)P. The electrolyzer
assembled by FeCoP required only 1.6 V to derive
the current density of 10 mA -cm?. After more than
ten years of continuous exploration, we developed a
variety of synthetic methods for nanostructured LDHs,
including electrodeposition and hydrothermal method,
and regulated their morphology and structure rational-
ly and controllably (Figure 3d)®*. Meanwhile, metal

alloys, oxides, carbides, sulfides, nitrides, selenides
and phosphides were synthesized with LDHs as pre-
cursors through topological transformation strategy,
which opens up an effective route to rational design
and fabrication of electrocatalysts with high activity
and stability for energy storage and conversion appli-
cationsP!l,

In addition to LDHs and their derivatives, other
electrocatalysts have also been developed for water
electrolysis (Table 1)1 23358641 For jnstance, Lei
and co-workers synthesized a series of transition met-
al chalcogenides through a two-step hydrothermal
treatment for water splitting®. Among them, FeCoNi
(S) showed low overpotentials of 252 and 293 mV to
deliver current densities of 100 and 500 mA -cm?, re-
spectively. Moreover, FeCoNi(S) could operate con-
stantly under a cell voltage of 1.84 V over 2000 h,
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Reproduced with permission of Ref. 53, copyright Elsevier. (¢) Illustration and HER performance of FeCoP®¥. Reproduced with

permission of Ref. 54, copyright Elsevier. (d) Schematic presentation of LDHs-derived materials. (color on line)
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Table 1 Summary of AWE performance from recently reported work

Electrocatalyst Overpotential/V Stability/h Ref.
ComAT e om0
SRS s s
1Cx Is\izia-ill\l/i::;-steel mat 1.613@100 mA - cm? 100@100 mA - cm? [28]
OGS, LG M 0@ mA (24
eatomtent Rt )
i 1;66(521; 1.60@10 mA - em? 20@10 mA - cm? [54]
i Ez(cjzﬁllg 1.53@10 mA -cm? 2000@500 mA -cm? [64]
Ao NCoFop L6@I0mArem®  100@100mAem [60)
IR saome wasy @
o MW@omien’  wammies )

demonstrating an excellent durability. Although non-
noble metal electrocatalysts have witnessed consider-
able progress, noble metal-based electrocatalysts (such
as Pt and Ru) still play an irreplaceable role in water
electrolysis. Numerous studies have shown that Pt is
the benchmarking HER electrocatalyst, while its over-
all water splitting performance is still restrained by
inferior OER activity. Based on this, Cheng and co-
workers reported a fabrication of Pt-Ni (OH),-CeO,
hybrid on graphite, which needs only overpotentials
of 76 and 186 mV to afford 100 mA -cm? for HER
and OER, respectively™®!. Additionally, the assembled
symmetric water electrolyzer based on Pt-Ni(OH),-
CeO, delivered a current density of 10 mA -cm? at an
applied voltage of 1.5 V, and sustained over 85 h at
1000 mA-cm?>
2.2 Optimizing Electrode and Cell

During AWE process, the required potential for
cell is always higher than theoretical potential, which
is resulted from several effects (Figure 4a). In addition

to the overpotential of electrocatalysts in catalyzing

process at an anode and a cathode, the ohmic resis-
tance caused by electron transfer of electrode, ions
diffusion of electrolyte and membrane, and generated
gas bubbles, further increasing the applied potential.
Through rational designing the structure of current
collector not only can improve the mass-loading of
electrocatalyst, but also promote the desorption and
diffusion of generated gas, which is conducive to the
progress of AWE (Figure 4b).

Compared to designing current collector, designing
and regulating the morphology and structure of elec-
trocatalyst are more efficient and universal strategy to
enhance the performance of AWE", The ideal elec-
trocatalyst should possess a large surface area, high
electronic conductivity, favorable hydrophilicity and
gas permeability, and excellent stability for long-term
operation. However, the traditional electrode is pre-
pared by mixing the electrocatalyst and binder (e.g.,
Nafion, polyvinylidene fluoride), and then dropping
them on current collector. The dependence of binder
severely increases the cost of AWE. Additionally, the
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using of binder can bring about severe aggregation of
electrocatalyst and limited diffusion of electrolyte,
and thus result in inferior performance. In addition,
the harsh electrolyte environment or continuous oper-
ation will lead to the decomposition of binder and de-
taching of electrocatalyst, resulting in poor stability,
which seriously limits its practical application.
Constructing electrocatalyst directly on current
collector with rational structure is a promising strate-
gy to enhance the performance of AWE. Until now,
our group has fabricated numerous integrated elec-
trodes with various nanostructures (e.g., nanorod,
nanosheet, nanowall and hierarchical structure)
through electrodeposition, topological transformation
and hydrothermal methods (Figure 4¢)® ™, The in-
tegrated structure not only can accelerate the electron
transfer between electrocatalyst and current collector,
but also realize sufficient ions diffusion through the

space between the structure units™, The generated gas

bubbles during AWE process can also be desorbed
instantaneously owing to the ordered structure (Fig-
ure 4d), thus letting the active site be exposed and
participate next catalytic process™. Moreover, the in-
tegrated structure can also strengthen the connection
between electrocatalyst and collector, and improve
the electrode cycling stability.

Traditional cell of AWE with two plates suffers
from poor voltage efficiency (Figure 4e), particularly
at high current densities (> 300 mA -cm?) due to high

P In addition, the permeation and

internal resistance
diffusion of generated gas are another problem that
needs to be solved. With the continuous development
of hydrogen energy, the requirements for AWE de-
vices are increasing. Stirred-tank reactors were devel-
oped to facilitate the mass transport process”. Later,
the zero-gap cell with compressed porous electrode
was applied, significantly promoting the efficiencies

of AWE (Figure 4f). In this setup, the ohmic resistance
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Figure 4 (a) Graph showing the contributions to cell voltage from the components of the cell resistance. (b) Schematic illustration

of various current collectors. (c) Various strategies to boost performance via structure design. (d) Schematic illustration of bubbles

releasing at the surface of traditional coating electrode and integrated electrode. The configuration of (e) traditional AWE cell, (f)

zero-gap AWE cell and (g) AWE cell with GDL. (color on line)
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generated from the electrolyte between two elec-
trodes is decreased since the distance between two
electrodes is almost the same thickness of membrane.
To further accelerate the removal of the gas products
during AWE, the gas diffusion layer is integrated with
the bipolar plate (Figure 4g).
2.3 Coupling with Organic Oxidation
During AWE process, the anodic OER needs to
undergo a complex four-electron reaction process
and consumes more than 90% input energy, which
seriously restricts the hydrogen production efficiency
of the cathode. In addition, the low value-added
product of OER (O,) needs additional gas separation
steps further increasing the cost of hydrogen produc-
tion. Therefore, how to reduce the overpotential of
anodic reaction and achieve efficiently in-situ use of
generated oxygen is very important for the develop-
ment of hydrogen production from AWE. Recently,
we proposed a concept of electrochemical hydrogen
evolution coupled with alternative oxidation (EHCO),
in which the anodic OER can be replaced with other
easy oxidation reactions, such as organic (e.g., alco-
hols, aldehydes and amines) oxidation reaction [,
The EHCO route not only reduces the anodic oxida-
tion overpotential and improves the efficiency of hy-
drogen production at the cathode, but also obtains the
high value-added chemicals and further reduces the
cost of hydrogen production, which is expected to
provide a new idea for the development of hydrogen
production technology (Figure 5a). Coincidentally, the
electrosynthesis of chemicals in parallel with hydro-
gen production was also proposed by Shi and other
groups, which jointly promoting the vigorous devel-

6781 However, it is still a chal-

opment of this field
lenge to select the appropriate anodic reaction and
develop the corresponding electrocatalyst to boost the
hydrogen production.

Our group has recently reported a self-supported
ultrathin CoAl-LDH nanosheet array by using
in-situ electrochemical exfoliation method (denoted
as E-CoAl-LDH-NSA), which displays superior per-
formance for electrochemical hydrogen evolution
coupled with 5-hydroxymethylfurfural (HMF) oxida-

tion (Figure 5b)P". The in-situ exfoliation strategy
introduces abundant oxygen vacancies on the CoAl-
LDH, which regulates the electronic structure of
LDHs, and facilitates the adsorption and oxidation
process of HMF. As a result, the E-CoAl-LDH-NSA
exhibited outstanding performance for the oxidation
of HMF to 2,5-furandicarboxylic acid (FDCA) with a
low potential of 1.30 V vs. RHE at 10 mA -cm? as
well as much high Faradaic efficiency (FE) for FDCA
(99.4%) even at 1.52 V vs. RHE, which are the high-
est level compared with the reported electrocatalysts.
Based on the E-CoAl-LDH-NSA, we constructed
HMF oxidation coupled hydrogen generation system
in a two-electrode cell, which exhibited a low voltage
of 1.74 V to reach 50 mA -cm? high H, yield of
44.16 L-h'-m? (4 times higher than overall water
splitting) as well as excellent stability. A hierarchical
CoNi-LDHs with abundant Ni vacancies (VNi-CoNi-
LDH) was reported by our group, which exhibited
superior activity for both anodic HMFOR and ca-
thodic HER™. The EHCO based on VNi-CoNi-LDH
successfully realized the continuous synthesis of
highly-pure FDCA and enhanced hydrogen produc-
tion (49.25 L-m?-h™). In order to further enhance the
bifunctional activity of LDH-based electrocatalyst for
both HMFOR and HER, we prepared a bifunctional
CoNiP nanosheet integrated electrode (CoNiP-NIE)
via a phosphidation process based on LDHs, which
shows the enhanced HER performance compared
with CoNi-LDH, while maintains its HMFOR perfor-
mance (Figure 5¢)®. The overpotential to drive -10
mA -cm? for HER over CoNiP-NIE was only 107.56
mV, much low than that over CoNi-LDH (278.44
mV). Moreover, CoNiP-NIE delivered high FE for
HMFOR to FDCA (more than 82%) in a wide poten-
tial from 1.40 V to 1.70 V vs. RHE, outperforming
most reported electrocatalysts. Furthermore, the EHCO
system was constructed based on the bifunctional
CoNiP-NIE, which exhibited a low potential of 1.46
V at 20 mA -cm?, accelerated evolution rate of H,
(41.2 L-h'+m?) and high FDCA yield rate (85.5
g-h'-m?). The EHCO system even can be driven by

a commercial Si solar cell, which achieved 0.8% of
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so lar-to-FDCA and 5.5% of solar-to-H, conversion
efficiency.

In addition to electrochemical hydrogen evolution
coupled with HMF oxidation, our group further de-
veloped a EHCO route with glycerol oxidation reac-
tion (GOR) as anodic reaction, and carbon nanosheet
array supported CoPt nanoparticles (CNs@CoPt) as
bifunctional electrocatalyst (Figure 5d)"™. The CNs@
CoPt exhibited an extremely low overpotential of
19.1 mV to reach a current density of 10 mA -cm? for
HER, and small onset potential of 1.32 V for GOR,

respectively, which outperforms the references and

a Efficient HER catalysts

Upgrading anodic reaction

most reported electrocatalysts. Based on above re-
sults, we then constructed a hydrogen evolution cou-
pled with glycerol oxidation system with CNs@CoPt
as a bifunctional electrode. Surprisingly, this coupling
system showed the dramatically enhanced hydrogen
production rate (48 L-h"'+-m™) in a cathode, larger than
m?), and

gains high value-added formate (113 g-h'+-m?) in an

traditional water splitting system (27 L-h-

anode. Although EHCO offers a promising approach
to co-produce high value-added chemicals and hydro-
gen, it still faces the problem of low current density at

an anode, limiting the overall hydrogen productivity.
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Given that, Duan and co-workers synthesized a coop-
erative electrocatalyst of Au nanoparticles supported
on cobalt oxyhydroxide nanosheets (Au/CoOOH),
which realizes superior performance for benzyl alco-
hol oxidation at high current density (Figure 5¢)®!.
Deep studies reveal that the benzyl alcohol is en-
riched at Auw/CoOOH interface, thus is easily oxi-
dized by the electrophilic OH* generated on CoOOH
with low reaction barrier, leading to higher activity
than pure Au. The Au/CoOOH exhibited the current
densities of 340 and 540 mA -cm? at potential of
1.3V and 1.5 V vs. RHE, respectively, representing
the highest current density value reported so far.
Moreover, the benzyl alcohol conversion rate and hy-
drogen production rate reached 3.19 mmol -cm?-h’!
and 117.9 mL -cm?-h’, respectively, at the potential
of 1.3 V vs. RHE, which is 26- and 28-fold higher
than that of Au. Furthermore, Duan and co-workers
developed a MnCoOOH electrocatalyst for efficient
upgrading of lignin-derived secondary alcohols or ke-
tones into carboxylates coupling with hydrogen pro-
duction (Figure 5f) ™. The yield and operational
stability for alcohols and ketones to corresponding
carboxylates over MnCoOOH could reach to 64% ~
99% and 200 h. As proof of concept, diverse lignin
aromatics and KA oil featuring C(OH)-C and C(O)-C
units were also reformed to benzoate and adipate
with high yields (91.5% and 64.2%).
2.4 Integrating with Renewable Energy
Using renewable clean energy (e.g., solar, wind,
water and geothermal resources) to drive water elec-
trolysis system is an important approach to green hy-
drogen production and achieve a significant reduc-
tion in the cost of hydrogen production™. With the
developments of water electrolysis and energy cap-
ture, storage and conversion technology, various
green energy powered water splitting devices have
been reported, and have achieved promising results
(Figure 6a). Sunlight can be absorbed by photo-elec-
trocatalyst to power water splitting, or be converted
to electricity, which can be effectively employed to
power water electrolysis™. Wind and tide can also be

converted to electricity by wind turbines or triboelec-

tric nanogenerator (TENG), thus realizing hydrogen
production from water electrolysis. Meanwhile, sun-
light, low-grade waste heat or natural temperature
changes can be converted to electricity by thermo-
electricity (TE), offering an alternative external ener-
gy to power water electrolysis.

Among various green energy powered water elec-
trolysis systems, solar powered water electrolysis sys-
tems have been widely designed and applied owing
to their convenience, simplicity and high stability.
However, the hydrogen production from this technol-
ogy is still limited by price and efficiency factors.
Currently, the efficiencies of industrial AWE systems
and mainstream solar panels are ~70% and ~18%, re-
spectively, resulting a STH efficiency of ~13% and a
hydrogen cost of ~10$ -kg". Based on this, Zhao and
co-workers presented a direct solar powered AWE
system through coupling NiMo hydrogen evolution
electrocatalyst and NiFe-based oxygen evolution
electrocatalyst with high-performance perovskite-Si
tandem cells (Figure 6b)®. The overpotential to drive
10 mA -cm? over NiMo electrocatalyst was only 6
mV. After coupling with NiFe-based oxygen evolu-
tion electrocatalyst, the potential to drive 10 mA -cm?
was 1.48 V and the stability for overall water split-
ting reached 100 h. A perovskite solar cell with high
open circuit voltage (1.271 V) was employed to power
AWE cell, exhibiting a high solar-to-hydrogen (STH)
efficiency (20.01%) and fulfilling the 2020 DOE tar-
get. The STH efficiency could be increased to 25%
after optimizing the perovskite cell. The levelized
cost of hydrogen of 4.1 § -kg" could be achieved
based on STH efficiency of 20% , demonstrating a
promising approach to realize cheap renewable hy-
drogen. Until now, with the efficiencies of AWE and
solar panels increasing, the STH efficiency has been
improving (Figure 6¢)®*, which is believed that the
solar powered AWE system will become mainstream
for low-cost solar hydrogen production.

The inexhaustible sunlight not only can be con-
verted directly into electricity, but also can be con-
verted into electricity by the solid-state TE generator
through heat-to-electricity energy conversion process,
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which effectively resolve the conflicts between solar
cells and electrocatalysts. Based on this, Zhou and
co-workers proposed a TE device composed of multi-
functional Ni nanosheets array to power AWE system
(Figure 6d)®. The Ni nanosheets array grown on the
hot side of TE device can play the role of photother-
mal conversion layer to provide temperature differ-
ence for TE, and active electrocatalysts for HER. As
a result, the Ni nanosheets array exhibited a low
overpotential of 173 mV at a current density of 10
mA -cm? and superior stability of 20 h. The TE
powered AWE system was then constructed, which
delivered a high hydrogen production rate of 1.818
mmol -h'. Furthermore, Bowen and co-workers uti-
lized lead zirconate titanate as an external charge
source to generate electricity through undergoing
hot-cold thermal cycles, which exhibited a maximum
voltage of 2.34 V and micro-level current of ~ 7 pA
(Figure 6€)®. Then, an AWE system powered by py-
roelectrics was constructed, which can produce con-
tinuous hydrogen with a rate of 0.655 pwmol-h™.
Harvesting more stable green energy from environ-
ment to power water electrolysis is important for the
widespread application of hydrogen production.
Compared to solar energy, wind energy is indepen-
dent of time, and even can generate electricity 24
hours a day. Herein, Fan and co-workers employed a
coaxial rotatory freestanding triboelectric nanogener-
ator (CRF-TENG) to harvest wind energy for hydro-
gen production from AWE (Figure 6f)®".. The output
current could be regulated by changing rotational
speeds. A short-circuit current of 50 wA and output
power of 10 mW were realized with the rotational
speed reaching 900 r -min”'. A self-powered AWE
system based on the CRF-TENG was constructed,
which exhibited a hydrogen production rate of
6.9685 L -min" when the wind speed was 10 m+s™,
opening up an efficient route for the development of
hydrogen energy. Furthermore, Wang and co-workers
constructed a self-powered AWE system using a wa-
ter-flow-driven TENG, expanding the external ener-
gy source for AWE (Figure 62)*. The cell could ex-
hibit a high hydrogen production rate of 6.25x10?

mL-min”, with the spinning speed of TENG reaching
600 r-min™. Moreover, the TENG could be driven by
the flow of normal tap water, demonstrating the fully
self-powered capability. The above works have initi-
ated a research direction in the field of TENG-driven
AWE in general.

3 Conclusions and Outlooks

Hydrogen has received extensive attention from all
over the world, and exploring water electrolysis for
industrial hydrogen production is one of the most
promising works today. In this review, we present a
comprehensive review on advances in AWE from the
perspectives of electrocatalyst, reaction and system.
Despite many important developments of hydrogen
production from AWE, there are still a long way to
go in the view of industrial applications because of
high production cost and low energy efficiency. In
order to promote the development of AWE, attention
should be paid to the following aspects:

(1) Electrocatalyst/electrode

The performance of AWE for hydrogen production
can be enhanced via regulating the electronic and
morphological structures of electrocatalyst. Through
designing the appropriate surface interfacial structure
and hydrophilic properties of integrated electrode, the
reaction efficiency and durability can be further im-
proved. However, the universal structure-activity re-
lationship to guide the electrocatalyst design is im-
practical and contradictory. In addition, most report-
ed electrocatalysts are unable to meet the require-
ments of stability (>10000 h) and current density
(> 400 mA -cm?) in industrial applications. There-
fore, further researches, including experimental
works and computational simulation, are necessary to
elucidate the structure-activity relationship and de-
sign principle of electrocatalyst. From the perspective
of electrocatalyst preparation, despite various synthet-
ic methods, including water/solvent thermal method,
electrodeposition method and chemical vapor deposi-
tion method, have been widely applied for the fabri-
cation of integrated electrode, the issues about prepa-
ration cost, time, operability and repeatability need

to be considered. Meanwhile, it is urgent to develop
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Figure 6 (a) Schematic illustration of water splitting powered by various green energy systems. (b) Schematic illustration, J-V curve

and LSV curve of solar powered AWE system™®. Reproduced with permission of Ref. 85, copyright Wiley. (¢) Comparison in the

STH efficiency of solar powered AWE system. (d) Illustration of TE powered AWE system™™!. Reproduced with permission of Ref.

95, copyright Elsevier. (¢) Schematic of pyroelectric as an external source for AWE system?. Reproduced with permission of Ref.

96, copyright Elsevier. (f) Schematic diagram of CRF-TENG wind energy harvester driven self-powered AWE system!”. Reproduced

with permission of Ref. 97, copyright Elsevier. (g) Schematic illustration of self-powered AWE system using a water-flow-driven

TENG®¥. Reproduced with permission of Ref. 98, copyright Wiley. (color on line)

automated preparation process to realize the con-
struction of integrated electrode with large surface
area and high mass-loading, which is of great signifi-
cance to the commercialization of AWE. In addition,
new developed synthetic methods for integrated elec-
trode need to avoid harsh preparation conditions such
as high temperature and high pressure if they are to
be commercially available.

(2) Reaction/cell

At present, the researches related to the hydrogen
generation coupled with organic oxidation have re-
ceived more and more attention. However, the cur-
rent inferior selectivity and stability of anodic reac-

tion result into low energy efficiency, which is diffi-

cult to match cathodic and anodic reactions. In order
to improve the activity and selectivity of anodic oxi-
dation reaction and match the reaction efficiency of
both cathodic and anodic reactions, more techniques
combined with DFT calculations are needed to moni-
tor the generated active oxygen species qualitatively
and quantitatively on the surface of electrode. More-
over, regulating the hydrophilic nature as well as the
oil-water affinity of electrocatalyst deserves special
attention. In addition to the developments of highly
efficient electrocatalyst and newly coupled reaction,
the adaptation of electrode/electrolyte/membrane
should be seriously considered. The influences of the

organic on the performance and stability of membrane
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should be deeply studied. In order to improve the re-
action efficiency of the electrolysis system and the
yield of the target product, researchers should inno-
vate the way of feeding reactants (undersaturated
feeding to avoid side reactions) and the electrolysis
method (intermittent electrolysis). At the same time,
to improve production efficiency, the in-situ separa-
tion and purification of products also require special
attention.

(3) System/device

Currently, one of the factors that limits the
large-scale application of AWE is the high cost of hy-
drogen production. Integrating AWE with renewable
and clean energy is the key to reduce the cost of
hydrogen production. However, the low conversion
efficiency of renewable energy to electricity greatly
hinders its application in AWE. In addition, some re-
newable energies with intermittent and seasonal na-
ture, including solar and wind energy, are easily in-
fluenced by the external environment, which have a
detrimental impact on power grid. Hence, exploring
new renewable energy to achieve local utilization of
energy is expected to promote the widespread devel-
opment of AWE. One other thing to note is that tech-
no-economic analysis (TEA) should be employed to
estimate the feasibility for the system of renewable
energy powered AWE. In addition to electricity, the
cost of input chemicals, product separation, installa-
tion and maintenance should be considered in TEA.
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