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catalysts for producing
electrolytic hydrogen

Rosaria Ciriminna * and Mario Pagliaro *

Low-cost and durable nickel-based catalysts are conventionally used in alkaline water electrolysers.

Lowering the cost of electrolytic hydrogen produced via alkaline water electrolysis, particularly when

using electricity sourced from intermittent renewable energy sources, is a sustainable development goal

of global environmental and societal relevance. This, in practice, requires lowering the electrolytic cell

overpotential while retaining high electrocatalyst durability typical of Ni-based catalytic materials. The

most promising routes, we argue in this study, are the nanostructured and single-atom catalysts coupled

to 3D printing for the deposition of the electrocatalytic layer on electrodes of large active area and

optimal shape.
Sustainability spotlight

Along with the Li-ion battery, solar hydrogen, namely hydrogen produced by splitting water using renewable solar energy in any of its main three forms (sunlight,
wind, and water fall), is the main energy storage technology en route from today's energy mix to a renewable energy only future. Electrolytic hydrogen produced
splitting water using low cost renewable electricity at the surface of low cost, Ni-based electrodes in low cost alkaline water electrolyzers therefore is one of the
key new energy technologies. Lowering the cost of electrolytic H2 requires to develop new Ni-based electrodes of ultralow overpotential and high stability in
alkaline electrolyte. This study identies the most promising routes to achieve these urgent objectives.
1. Introduction

Alongside the Li-ion battery, hydrogen prepared via water elec-
trolysis using electricity from today's abundant and low-cost
electricity sourced from photovoltaic modules, waterfall, and
wind turbines, is the main electrical energy storage technology.1

Contrary to what is oen read in published literature,2 or in the
introductory section of research articles dealing with advances
in electrolytic H2 production, electrolytic hydrogen is not
produced using “expensive noble metal components such as
platinum and iridium”2 that would be “the preferred catalysts
for producing hydrogen through electrolysis at scale”.2

In nearly all commercial electrolysers, alkaline water elec-
trolysis (AWE) is used to split water molecules at the surface of
low-cost nickel-based electrodes in electrolysis cells operated at
80 °C in 30% KOH.3 The process is used worldwide to produce
about 1% of the global amount of hydrogen manufactured
yearly. Alongside AWE, more capital-intensive (but more effi-
cient) proton exchange membrane (PEM) electrolysis is also
used to prepare electrocatalytic hydrogen.4 Both have advan-
tages and disadvantages working in alkaline and acid media.
The reason why AWE over Ni-based catalysts is discussed in this
study is similar to that identied by Ayers for PEM electrolysers,
tturati, CNR, via U. La Malfa 153, 90146

nr.it; mario.pagliaro@cnr.it

86–1393
“while catalyst cost currently is not the major driver for PEM
electrolysis cost, it will become signicant as other costs come
down and as demand for precious metals increases”.4

Nearly the whole H2 output (∼55 million t of hydrogen
annually, used in a wide range of chemical productions)5 is
obtained from the petrochemical industry via steam reforming
of natural gas methane. The chemical industry needs hydrogen
chiey (but not only) to rene petroleum and make ammonia,
methanol, and hydrogen peroxide. The hydrogen market,
valued at $ 150 billion in 2017, is growing at a fast pace driven by
the increasing demand for fertilizers and crude oil renement
(crude oil of decreasing quality requires more hydrogen for
rening).5

Electrolytic hydrogen is sold to pharmaceutical and food
companies, which need highly pure (99.999%) electrolytic H2 in
place of hydrogen obtained from steam methane (and renery/
chemical off-gases) reforming.3 Besides the low cost of the
catalyst, the key advantage of the AWE technology lies in its
exceptional durability, with demonstrated MW-scale electro-
lyzer lifetimes of 100 000 h (>30 years).6

An excellent historic account of industrial water electrolysis
discovery and uptake has been recently published by German
scholars.7 Remarkably, in the early 1900s industrial water elec-
trolysis had already reached “a respectable level”,6 thanks to
cells able to operate at several hundreds A of current load
(running on the direct current supplied by large dynamos) in
the bipolar arrangement based on the lter-press design
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3su00177f&domain=pdf&date_stamp=2023-09-05
http://orcid.org/0000-0001-6596-1572
http://orcid.org/0000-0002-5096-329X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00177f
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU001006


Perspective RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 8
:5

0:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
patented by Schmidt in 1899,8 and commercialized in Switzer-
land as early as of 1902.3,7

The cost of H2 from electrolysis was indeed ve times lower
than hydrogen that was made via chemical processes such as
the reduction of acidic protons in the solution with metallic
powdered Zn.7 Accordingly, more than 400 industrial alkaline
electrolyzers were already operating in the early 1900s3,7 chiey
installed at companies needing H2 and O2 for welding and
cutting applications due to the very high temperature of the oxy-
hydrogen ame.3

Originally, the cathode material for AWE electrolyzers was
made of steel and the anode material of Ni or Ni-coated steel.9

In 1954 Justi and Winsel in Germany discovered that the highly
porous nickel developed in 1926 by Raney,10 with its large
surface area and high density of active sites, was a signicantly
better electrocatalyst for H2 evolution than unmodied Ni.11

Lowering the cost of electrolytic H2 requires the development
of more efficient electrodes. As surprising as it may seem,
indeed, the manufacturing cost of electrolytic H2 has barely
declined compared to the early 1900s when Schmidt's bipolar
electrolyzer was commercialized. Calculations of the hydrogen
production costs using electrolyzers developed at the end of the
19th century compared to those state of the art in 2017 unveil
that no “noticeable cost reduction so far”12 has been achieved.
According to Bergmann, not only electricity cost had barely
changed, amounting to aboutV0.10 per kW h (V100 per MWh),
but also the investment cost to build an electrolyzer has
remained practically the same.12 As a result, assuming an elec-
trical energy demand of about 55 kWh kg−1 H2, the hydrogen
production cost would be 5.50 V per kg, namely three times
higher than the value targeted for 2030.7

From the new generation RANEY® Ni obtained via physical
vapour deposition of Al onto Ni substrate,13 through porous Ni/
Co alloys,14 several new Ni-based catalysts have been developed
both in hydrogen and oxygen evolution reactions. However,
nearly no chemistry or process engineering research paper has
entered the stage of application yet.15 According to Segets and
Apfel, most reports inadequately address the utilization of the
new catalysts, as well as electrode and cell concepts, that might
be suitable for the market.15 Similarly, reviewing in 2017, the
use of Ni-based electrocatalysts for oxygen reduction, oxygen,
and hydrogen evolution reactions, Kim and co-workers
concluded that most new catalysts, despite very high initial
catalytic efficiencies, show poor electrochemical stability,
especially under highly concentrated alkaline conditions.16

This study suggests that, from a practical viewpoint, the
most promising routes to lower the cost of electrolytic hydrogen
made via AWEmediated by Ni-based electrocatalysts involve the
development of (i) new generation catalysts either nano-
structured or single-atom catalysts (SACs) of inherently lower
overpotential, and (ii) of newly shaped catalytic electrodes ob-
tained via 3D printing.

Generally consisting of catalytic materials in which metal
atoms are bound to the support surface through heteroatoms
such as oxygen and nitrogen or defective metal active sites,17

SACs are extremely active catalytic materials for which themajor
challenge, the lack of efficient synthetic routes affording SACs
© 2023 The Author(s). Published by the Royal Society of Chemistry
of high catalytic loading and the poor stability at high temper-
ature, are eventually being addressed.18,19 Finally, we suggest
three main reasons why new Ni-based electrodes of lower
overpotential based on nanoscale or single-atom Ni structures
are likely to replace soon the conventional Ni-based electrodes
currently used on an industrial scale to produce hydrogen (and
oxygen) via AWE.
2. New catalyst structures
2.1 Nanostructured catalysts

The polymorph of nickel hydroxide a-Ni(OH)2 consisting of
layers of b-Ni(OH)2, oriented parallel to the crystallographic ab-
plane, shows relatively good activity20 in the four electron–
proton coupled oxygen evolution reaction (OER, eqn (1)):21

2H2O(l) + 4 × 1.23 eV / O2 + 4H+ + 4e− (1)

With its four electron reaction paths (eqn (1)–(4)), the OER
involves four electron transfers [eqn (2)–(5)]:21

H2O(l) + * / OH* + (H+ + e−) (2)

OH* / O* + (H+ + e−) (3)

O* + H2O(l) / OOH* + (H+ + e−) (4)

OOH* / * + O2(g) + (H+ + e−) (5)

The OOH* adsorption (eqn (5)) is the rate-determining step
(* stands for an active site on the surface, O*, OH* and OOH*

are the adsorbed intermediates, and (l) and (g) denote the liquid
and the gas phases).

In 2020, Xue and co-workers in Singapore discovered that
nickel hydroxide with a two-dimensional nanoribbon structure
(NR-Ni(OH)2, 10–20 nm in length, 2–5 nm in width, and two or
three layers in thickness), is signicantly more active than b-
Ni(OH)2.22 In detail, the nanostructured catalyst obtained via
a straightforward electro-oxidation route has an 18 mV dec−1

lower Tafel slope and a∼150 mV lower overpotential than those
of b-Ni(OH)2. Furthermore, the catalyst showed good stability
with the overpotential remaining below 200 mV at 10 mA cm−2

aer 10 days of operation.
Calculations suggest that the reduction in the overpotential

of NR-Ni(OH)2 can be ascribed to its easier OOH* adsorption by
the active tetra-coordinated Ni edge sites when compared to
hexa-coordinated Ni atoms of b-Ni(OH)2.22

The application potential of the nanostructured NR-Ni(OH)2
catalyst was widened by the subsequent discovery that by illu-
minating with visible light of 1 sun solar irradiance (1000 W
m−2) an electrode made of the same nickel oxyhydroxide-based
ribbon-like material electrodeposited on carbon, resulted in
a dramatic improvement in the OER rate.23 In detail, aer irra-
diating the electrode kept in a thermostatic bath wherein cooling
water was used to keep the temperature of the system constant,
the current density nearly doubled from 13.5 to 25 mA cm−2

within 4.3 h. It was enough to switch off the light to observe the
RSC Sustainability, 2023, 1, 1386–1393 | 1387
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current intensity returning to the original value of 13.5 mA cm−2

within 4.4 h.
The light-induced process is fully reversible having been

observed during prolonged operation (100 h) of the cell. We
briey remind that chronoamperometry is used to determine
the effect of an electrocatalyst on the electrolysis reaction rate
because it measures a current whose value depends on the rate
of reduction (or oxidation) reaction occurring at the electrode.24

Taking into consideration the entire resistance (Ru + Rs) for
iR correction including the resistance Rs of the electrolyte, the
resistance of the catalytic material NR-NiOOH (Ru) under dark
and in the light were relatively similar.

In brief, new industrial processes to produce electrocatalytic
hydrogen and oxygen over the low-cost NR-NiOOH catalyst
would involve transparent cells with direct sunlight (or light
emitted by energy-efficient LEDs) further accelerating the
alkaline water electrolysis, thereby lowering the amount of
electrical energy needed to split water.
Fig. 1 (a) SEM image of N-CN-200, (b) FE-TEM image of N-CN-200,
(c) XRD patterns of g-C3N4 and N-CN-200 (d) elemental mapping
images of Ni using FE-TEM of N-CN-200 (green dots indicate Ni
atoms) [reproduced from ref. 25, with kind permission].

Fig. 2 Cyclic voltammograms of Ni-CN-200 modified electrode for
the durability test after 500 or 1000 cycles at a scan rate of 100mV s−1.
The electrolyte solution was Ar-saturated 1 M KOH [reproduced from
ref. 25, with kind permission].
2.2 Single-atom catalysts

In 2017 Park and co-workers in South Korea reported the rst
highly active single-atom nickel catalyst for the OER reaction.25

Consisting of Ni atoms bound to the structure of g-C3N4 simply
obtained by the thermal treatment at 520 °C (under N2 ow) of
a mixture of melamine and NiCl2$6H2O in ethanol, the catalyst
consisting of a light brown powder was mixed with a small
amount of a solution of the peruorinated ion-exchange resin
Naon (5% w/w) in aqueous aliphatic alcohols, and deposited
on a glassy carbon electrode by simple solution dropping fol-
lowed by drying for 1.5 h. No nanoparticle was observed via
TEM. The eld emission TEM image displays good dispersion
and lack of agglomeration of Ni-containing species (Fig. 1).

Evidence that Ni species are atomically dispersed in the
samples via the coordination to the nitrogen atoms of g-C3N4

originates from the EXAFS analysis pointing to a 3.7 coordina-
tion number for Ni, with a Ni–N bond length of 2.1 Å. The SEM
and TEM images showed a highly porous structure. The incor-
poration of Ni atoms into the g-C3N4 structure results in
a surface area increase from 7.5 to 25.7 m2 g−1, whereas the XRD
pattern of Ni-CN-200 showed the lack of typical in-plane crys-
tallinity of g-C3N4 (the peak at 12.8° disappears and that at 27.6°
lowers and broadens).

The electrocatalytic performance of the single-atom electro-
catalytic material was investigated for the OER at a scan rate of
5 mV s−1 using a rotating disk electrode (RDE). The trend
observed (not shown) showing less positive onset potentials of
electrodes modied with SACs of increasing Ni content suggests
that the tetra-coordinated Ni species on the g-C3N4 are the active
species for the OER. The electrode modied with Ni-CN-200
exhibited the best electrocatalytic activity with an onset poten-
tial of 1.54 V (vs. RHE), 80 mV less positive compared to the
glassy carbon electrode modied with g-C3N4. Among the ve
modied electrodes investigated, the Ni-CN-200-modied elec-
trode had the lowest value, and only electrodes modied with
expensive IrOx had better electrocatalytic activity than the
former.
1388 | RSC Sustainability, 2023, 1, 1386–1393
Finally, the Ni-CN-200-modied electrode showed excellent
stability during the OER with only trace amounts (ppb) of Ni
leaching from the stable molecular structure displayed in Fig. 3,
which is reected in the stable cyclic voltammograms of Ni-CN-
200 modied electrode aer 500 or 1000 cycles (Fig. 2).

Similarly to what found for the oxyhydroxide-based ribbon-
like NR-Ni(OH)2 electrodeposited on carbon,22 the team
unveiled through EXAFS spectroscopy the presence in the SAC
of two differently bound Ni atomic species denoted “EDGE-
bonded” and BASAL-bonded” (Fig. 3).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Printed ceramic electrode Ti–Ni NS obtained by digital light
printing technology after degreasing, sintering, and reduction,
respectively [reproduced from ref. 26, with kind permission].
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The signicantly higher OER activity of Ni-CN-200 was
ascribed to the “more exible bonding nature of Ni”.25 The
researchers hypothesized that when a low amount of NiCl2 is
used in the catalyst synthesis (such as in the case of Ni-CN-100
made using 100 mg of nickel chloride), energetically more
favorable BASAL-bonded Ni atoms of higher coordination
number with C3N4 are preferentially generated. Increasing to
200 mg, the amount of NiCl2 in the synthesis of the SAC (Ni-CN-
200), Ni atoms get coordinated also to the edge positions of the
catalyst molecular structure (Fig. 3).

In agreement with what will be reported for the nickel
oxyhydroxide-based ribbon-like material,23 it is the dramatically
enhanced OOH* adsorption (eqn (4), the rate-determining step
in the OER)21 at the tetra-coordinated Ni edge sites (when
compared to the Ni atoms fully coordinated with 6 nitrogen
atoms), which is responsible for the enhanced activity of these
Ni-based electrocatalysts.

The solution-dropping electrocatalyst deposition method
used to functionalize the surface of the glassy carbon electrode
with Ni-CN-200 naturally leads to the need, solved by 3D
printing, to improve the efficiency and efficacy of electrode
functionalization to develop enhanced electrodes for AWE.
2.3 3D-printed electrodes

In 2022, Tang and co-workers in China reported the rst photo-
curing 3D-printing method to directly manufacture structured
Ni-based electrocatalysts with enhanced activity in the hydrogen
evolution reaction (HER) in alkaline water electrolysis.26

The 3D-printed electrode (denoted Ti–Ni NS, starting from
a ceramic paste with ∼55 wt% solid loads) consists of a Ni
substrate uniformly coated by the Ni–Ti non-crystalline catalyst,
featuring a blocky porous structure causing closer connection
and enhanced electron transfer between the catalyst and Ni
substrate. The electrode was printed layer-by-layer using
a digital light printing (DLP) printer (UV radiation wavelength of
405 nm, and residence time of 13 s). The thickness of each
printing layer was 25 mm.

In closer detail, the printed ceramic paste consists of TMPTA
(trimethylolpropane triacrylate), TPGDA (tripropylene glycol
diacrylate), and PUA (polyurethane-acrylate) with amass ratio of
Fig. 3 The expected local structure around Ni atoms (EDGE-bonded
and BASAL-bonded). The EDGE-bonded structure is more fluctuant
than the BASAL-bonded structure [reproduced from ref. 25, with kind
permission].

© 2023 The Author(s). Published by the Royal Society of Chemistry
3 : 4 : 3, to which NiO powder (40 wt%), YSZ (yttria-stabilized
zirconia, 11 wt%) as a structural stabilizer, and TiC (4.5 wt%)
as a doping agent were added alongside BYK-111, BYK-410, and
(methylpropyl) trimethoxy silane (KH-570) sizing stabilizers,
which make the printing paste stable even aer 30 days.

The printed ceramic electrode (Fig. 4) was rst ultrasonically
cleaned using ethanol to remove the residues, followed by heat
treatment in a tubular furnace and nally by reduction using
a 5 vol% H2/Ar gas mixture.

The method allows printing electrodes with complex shapes
with the unique degree of freedom typical of digital 3D printing
(Fig. 4). Even without electrode shape optimization aimed at
easing the release of H2 gas molecules (bubbles partly block the
catalytically active surface area, lowering reactant diffusion and
increasing the ohmic resistance), the 3D-printed Ti–Ni NS
electrode (in column shape) for the alkaline HER had an over-
potential of 34 mV to deliver a current density of 10 mA cm−2

and a Tafel slope of 74 mV dec−1, surpassing the commercial Pt/
C catalyst and most of the state-of-the-art electrocatalysts.

Offering both low cost and printing accuracy, this electrode
manufacturing method avoids deposition of the electrocatalyst
by external means but rather produces a homogeneous catalytic
electrode similar to what happens with sol–gel electrodeposited
electrodes.27 The researchers further optimized the printing
paste composition where Ti exists in the amorphous state with
Fig. 5 Long-term stability measurement of Ti–Ni NS. (a) The durability
of Ti–Ni NS in constant potential testing for 100 h. (b) XRD patterns of
Ti–Ni NS before and after the HER. (c and d) XPS spectra of Ti–Ni NS
after the HER [reproduced from ref. 26, with kind permission].

RSC Sustainability, 2023, 1, 1386–1393 | 1389
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strong interaction with Ni, leading to increased active sites and
improved electrolytic properties.

The HER process in alkaline solution consists of the Volmer
(H2O + e− / Had + OH−), Heyrovsky (Had + H2O + e− / OH− +
H2) and Tafel (Had + Had / H2) steps.

According to the volcanic shape of Trasatti's curve corre-
lating activity and electrode material by the bond strength of
intermediates to the electrode surface,28 Ni is on the le side of
Pt. The weaker binding energy of Ni with Hads suggests lower
adsorption of H atoms on the surface of the Ni electrode. This
issue may be addressed by alloying Ni with the metals located
on the right side of Pt in Trasatti's plot.

Quantum calculations aimed at identifying the catalytic
effect of Ti incorporation into the Ni lattice show that Ti doping
lowers both the water dissociation (DGH2O) and hydrogen
adsorption (DGHad

) energy barriers, thus enhancing HER (Ti
doping enhances adsorption and activation of water molecules
via signicantly enhanced acid strength due to more vacant
orbitals in the valence shell). The electrode demonstrated
excellent stability during prolonged electrolysis. Tested for
100 h in the continuous electrolysis in 1 M KOH at a potential of
−217 mV versus RHE, with an initial current density of 70 mA
cm−2 the activity of the electrode remained unvaried (Fig. 5a).
Negligible structural changes were observed in the XRD and XPS
patterns of Ti–Ni NS before and aer HER at 45 mA cm−2 for
40 h, with no formation of Ni oxides and negligible changes in
the valence state (Fig. 5b–d).

The SEM images of the surface of the electrode before and
aer electrocatalysis (Fig. 6) showed retention of the gluten-like
cubes aer prolonged hydrogen evolution and no peel-off of the
coated electrocatalytic layer from the substrate.

These ndings are particularly promising also taking into
account that similar 3D-printed hierarchically porous Ni-based
electrocatalysts of uniform chemical composition with multi-
scale porosity are ideally suited to carry out the electrocatalytic
reactions under ow, replacing the traditional planar (static)
electrode conguration.

This was recently demonstrated by a team of researchers
from China and the USA who used a 3D-printed nickel molyb-
denum (NiMo) electrocatalyst from a resol-based aerogel
precursor for the HER in 1.0 M KOH in an H-cell (a divided
electrochemical cell, named aer its similarity with letter H) in
which the electrolyte ow direction was orthogonal to the
electrode surface.29 The ow-through conguration of the 3D-
printed electrocatalyst increases the accessible surface area
and roughness factor, reducing mass-transport limitations and
Fig. 6 SEM images of the Ti–Ni NS catalyst prior (left) and after 100 h
electrocatalysis (right) [reproduced from ref. 26, with kind permission].

1390 | RSC Sustainability, 2023, 1, 1386–1393
promoting the efficient removal of H2 bubbling from the elec-
trode surface. Without electrolyte ow, an overpotential of
60 mV was measured at 10 mA cm−2 current density (Fig. 7a),
whereas under the electrolyte ow an average overpotential of
45 mV at 10 mA cm−2 over 24 h was observed.

The measurement of the overpotential is difficult due to the
formation of H2 gas bubbles on the electrode surface. As ow
starts, bubbles free the surface and the overpotential decreases
to ∼40 mV. Further increases in ow rate (in two steps from
0.667 to 6.08 cm3 s−1) barely impacted the overpotential. Fig. 7b
shows evidence of signicant overpotential differences with or
without the electrolyte ow, particularly at high current densi-
ties (for example, at 500 mA cm−2 the overpotential was−0.36 V
with ow and −0.77 V without ow).
3. Perspectives and conclusions

Three main reasons suggest that new Ni-based electrodes of
lower overpotential are likely to soon replace the conventional
Ni-based electrodes (RANEY® Ni perforated stainless steel as
the cathode and stainless steel as the anode) widely used on an
industrial scale to produce highly pure electrolytic hydrogen
(and oxygen) via alkaline water electrolysis.

Firstly, the advanced design of alkaline electrolyzers using
zero-gap electrodes and thinner diaphragms to increase current
density has already reduced their performance gap in compar-
ison to PEM technology.30 Alkaline electrolyzers are the only
ones in the industry to have shown exceptional durability,
reaching lifetimes above 30 years. The key component of the
electrolyzer that remains to be signicantly advanced is the
catalytic electrode (see below).

Secondly, the nanochemistry-based chemical methods to
produce the said new electrodes are efficient, low-cost, and
highly reproducible. In other words, they do not require
expensive, special equipment to deposit the electrocatalytic
layer on the electrode substrate, and can be reproducibly
applied to the mass production of electrodes for new
electrolyzers.

Thirdly, the high stability of the new generation Ni-based
electrodes makes them ideally suited to be applied in contin-
uous ow electrolyzers for producing H2 at lower capital and
Fig. 7 (a) Impact of flow rate on the overpotential of the 3D printed
NiMo flow-through electrode for HER at J2D,projected = 10 mA cm−2 as
a function of time. (b) J2D,projected (left axis) and J3D,ECSA (right axis) of
the NiMo electrodes as a function of the potential vs. RHE in a tradi-
tional electrode configuration (red) and in a flow-through configura-
tion at a flow rate of 3.58 cm3 s−1 (blue) [reproduced from ref. 29, with
kind permission].

© 2023 The Author(s). Published by the Royal Society of Chemistry
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operational costs using highly intermittent wind and sunlight
as renewable sources of electrical energy.

Pagliaro has suggested how, driven by technology, societal
and environmental megatrends, chemical productions,
including those of bulk chemicals produced in huge centralized
chemical plants, will progressively switch to small ow reactors
where production will take place continuously under mild
reaction conditions sourcing the reactants from biological
resources, rather than from hydrocarbons.31 Hydrogen is no
exception.

Its current industrial production via steam reforming of
methane and other hydrocarbons in large petrochemical plants
will increasingly be replaced by multiple, new generation elec-
trolyzers running under ow sourcing the fuel from the
renewable material source par excellence, water, using low-cost
renewable electricity.

Getting to the electrolyzer industry, the history of the
industrial uptake of completely new electrodes in the chemical
industry suggests useful lessons. Trasatti has recounted how
dimensionally stable anodes comprised of conductive oxide
“were essentially unknown in electrochemistry and they
remained undisclosed for at least 7 years aer their inven-
tion”,32 while industry was in fact rst testing their perfor-
mance. In a few years since their invention, in 1968 the new
electrodes were successfully applied to industrial electro-
chemical productions, reducing operational and investment
costs.

It is therefore instructive to learn that from the industrial
perspective of the world's largest alkaline electrolyzer manu-
facturer, the key enablers to enhance the efficiency and capacity
of industrial cell stacks are the increase of (i) electrode size and
active area, and (ii) current density.33 As mentioned above, 3D
printing allows for obtaining large-size electrodes coated with
a nanostructured Ni-based electrocatalytic layer of signicantly
larger surface area and stability, capable to withstand large
current densities without degrading. Furthermore, 3D printing
allows easy obtainment of electrodes whose optimal shapes
effectively promote the removal of H2 and O2 bubbles from the
electrode surface, avoiding the rise in overpotential.

For these reasons, upon reviewing selected examples of new-
generation Ni-based electrocatalysts for enhanced alkaline
water electrolysis, this study suggests that the most promising
routes to lower the cost of electrolytic hydrogen made via AWE
involve the development of nanostructured or single-atom
catalysts of inherently lower overpotential, subsequently
deposited via 3D printing onto catalytic electrodes of optimal
shapes.

In the course of the 2010s, the dramatic fall in renewable
electricity generation costs following the global uptake of wind
and photovoltaic34 renewable energy technologies, led to
revamping alkaline water electrolysis research in most indus-
trialized countries.35 Themain outcomes of the rst new wave of
developmental research are the need to enhance the electro-
catalytic activity of the cell anode for OER, and “appropriate
management of the gas bubble phenomena”.35

Enhanced collaboration between academic researchers and
industry is, once more, needed to accelerate practically useful
© 2023 The Author(s). Published by the Royal Society of Chemistry
innovation. For example, even in South Korea, which is hosting
one of the world's most advanced industrial economies where
the world's best-selling H2-fuelled fuel cell electric vehicle is
successfully produced,36 the rst Ni-based single-atom catalyst
for the OER reaction introduced in 2017 (ref. 25) has not yet
been tested on a large scale.37

The above-mentioned new collaborations will guide research
chemists to develop practically useful new-generation catalysts
suitable for use in compact electrolyzers made according to the
advanced design and lean production principles. Using recent
research outcomes to foster student creativity,38 this study, in
conclusion, provides further examples of how to advance
education in electrochemistry: a global need to provide industry
with a higher number of highly qualied young researchers in
this eminent cross-disciplinary eld of today's chemistry
research.39
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