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Abstract: Water electrolysis for hydrogen production has received increasing attention, especially
for accumulating renewable energy. Here, we comprehensively reviewed all water electrolysis
research areas through computational analysis, using a citation network to objectively detect emerging
technologies and provide interdisciplinary data for forecasting trends. The results show that all
research areas increase their publication counts per year, and the following two areas are particularly
increasing in terms of number of publications: “microbial electrolysis” and “catalysts in an alkaline
water electrolyzer (AWE) and in a polymer electrolyte membrane water electrolyzer (PEME).”.
Other research areas, such as AWE and PEME systems, solid oxide electrolysis, and the whole
renewable energy system, have recently received several review papers, although papers that focus
on specific technologies and are cited frequently have not been published within the citation network.
This indicates that these areas receive attention, but there are no novel technologies that are the center
of the citation network. Emerging technologies detected within these research areas are presented in
this review. Furthermore, a comparison with fuel cell research is conducted because water electrolysis
is the reverse reaction to fuel cells, and similar technologies are employed in both areas. Technologies
that are not transferred between fuel cells and water electrolysis are introduced, and future water
electrolysis trends are discussed.

Keywords: water electrolysis; alkaline water electrolyzer; polymer electrolyte membrane water
electrolyzer; solid oxide electrolyzer; microbial electrolyzers; hydrogen production; bibliometrics;
citation network

1. Introduction

Renewable energy (such as solar and wind power) has received increasing focus as it is unlimited
and does not produce waste. However, renewable energy fluctuates temporally, and its energy
density per land area is small [1,2]. A solution to this is to accumulate energy when surely surplus
power is produced, and utilize it during shortfalls. The low energy density can be overcome by
transporting renewable energy from a region with surplus power. Rechargeable batteries are not
suitable for accumulating and transporting energy as the metals used in batteries are expensive,
and the energy density per unit weight is low [3]. Water electrolysis is promising as electricity supplied
from renewable energy can be stored as hydrogen, which has high energy density per unit weight
(Figure 1a). Hydrogen storage is one of the best methods of accumulating and transporting renewable
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energy. Water electrolysis research has recently received great attention for the above reasons [4–6].
It is important for not only researchers but also governmental agencies to understand which topics
are promising so that they can be further developed. Currently, over 12,000 academic papers have
been published about water electrolysis, and over 1500 papers are published per year. It is difficult
to read such a large amount manually. Research topics are divided into several categories that most
would find difficult to understand, excluding the experts of each topic. It is also difficult for experts to
understand whole research topics, and it is inevitable that their overview would be somewhat tailored
to their own knowledge and interests. To objectively identify notable and well-developed areas of
studies, a computational and objective analytical method is necessary.

Bibliometrics, which has recently advanced, can statistically and objectively analyze publications
following a computational method [7–10]. For example, using citation network data, publications can
automatically be classified into several clusters that cover a specific research topic [11–13]. The clusters
contain information such as publication number, average publication year, and the distribution of
affiliations that conducted research by country, which are useful for determining whether a topic in a
cluster is emerging or not, and helps with evaluating the strength of a country in a particular research
area [14]. In addition, keywords in abstracts can be utilized to determine similarities between patents
and academic papers, which identifies gaps between commercialization and academic research [15],
and the potential of academic research to be commercialized [16]. Moreover, information on the
similarity between different research areas can allow researchers to come up with new research
proposals [17]. This method can also analyze a collection of published data, such as academic papers
about water electrolysis.

In this review, water electrolysis research is objectively and comprehensively analyzed by
bibliometrics. Academic papers relating to water electrolysis were divided into several clusters
that focus on specific research topics based on the citation network. The number of publications per
year, total number of publications, and average number of publications per year of each cluster were
determined, which were used to assess whether a topic in a cluster is emerging or mature. We analyzed
the trends of whole water electrolysis research areas to fairly evaluate the importance of certain topics
in each area.

Water electrolysis technologies are similar to those in fuel cell research, because the reaction in a
fuel cell is the reverse of water electrolysis (Figure 1a,b). The number of published academic research
papers about fuel cells was approximately 94,000 as of 2016, which greatly exceeds that of water
electrolysis. Therefore, fuel cells have received more interest than water electrolysis. Technologies
are generally developed in fuel cell research and then transferred to water electrolysis. Therefore,
we studied fuel cell research publication data in the same way and analyzed the trends of all fuel cell
research topics [18]. By comparing them, we forecasted future trends of water electrolysis research.

Sustainability 2018, 10, x  2 of 23 

the energy density per unit weight is low [3]. Water electrolysis is promising as electricity supplied 
from renewable energy can be stored as hydrogen, which has high energy density per unit weight 
(Figure 1a). Hydrogen storage is one of the best methods of accumulating and transporting renewable 
energy. Water electrolysis research has recently received great attention for the above reasons [4–6]. 
It is important for not only researchers but also governmental agencies to understand which topics 
are promising so that they can be further developed. Currently, over 12,000 academic papers have 
been published about water electrolysis, and over 1500 papers are published per year. It is difficult 
to read such a large amount manually. Research topics are divided into several categories that most 
would find difficult to understand, excluding the experts of each topic. It is also difficult for experts 
to understand whole research topics, and it is inevitable that their overview would be somewhat 
tailored to their own knowledge and interests. To objectively identify notable and well-developed 
areas of studies, a computational and objective analytical method is necessary.  

Bibliometrics, which has recently advanced, can statistically and objectively analyze 
publications following a computational method [7–10]. For example, using citation network data, 
publications can automatically be classified into several clusters that cover a specific research topic 
[11–13]. The clusters contain information such as publication number, average publication year, and 
the distribution of affiliations that conducted research by country, which are useful for determining 
whether a topic in a cluster is emerging or not, and helps with evaluating the strength of a country 
in a particular research area [14]. In addition, keywords in abstracts can be utilized to determine 
similarities between patents and academic papers, which identifies gaps between commercialization 
and academic research [15], and the potential of academic research to be commercialized [16]. 
Moreover, information on the similarity between different research areas can allow researchers to 
come up with new research proposals [17]. This method can also analyze a collection of published 
data, such as academic papers about water electrolysis. 

In this review, water electrolysis research is objectively and comprehensively analyzed by 
bibliometrics. Academic papers relating to water electrolysis were divided into several clusters that 
focus on specific research topics based on the citation network. The number of publications per year, 
total number of publications, and average number of publications per year of each cluster were 
determined, which were used to assess whether a topic in a cluster is emerging or mature. We 
analyzed the trends of whole water electrolysis research areas to fairly evaluate the importance of 
certain topics in each area.  

Water electrolysis technologies are similar to those in fuel cell research, because the reaction in 
a fuel cell is the reverse of water electrolysis (Figure 1a,b). The number of published academic 
research papers about fuel cells was approximately 94,000 as of 2016, which greatly exceeds that of 
water electrolysis. Therefore, fuel cells have received more interest than water electrolysis. 
Technologies are generally developed in fuel cell research and then transferred to water electrolysis. 
Therefore, we studied fuel cell research publication data in the same way and analyzed the trends of 
all fuel cell research topics [18]. By comparing them, we forecasted future trends of water electrolysis 
research.  

 

Figure 1. Schematic of (a) a water electrolyzer; and (b) a fuel cell (examples of a polymer electrolyte 
water electrolyzer and a polymer electrolyte fuel cell, respectively). 

b a 

Figure 1. Schematic of (a) a water electrolyzer; and (b) a fuel cell (examples of a polymer electrolyte
water electrolyzer and a polymer electrolyte fuel cell, respectively).



Sustainability 2018, 10, 478 3 of 24

2. Method

We collected bibliographic data from water electrolysis studies. Academic papers, including their
title, publication year, abstract, journal, and references, were retrieved from the Science Citation Index
Expanded (SCI-EXPANDED), which was compiled by the Thomson Reuters Institute for Scientific
Information (ISI). We used data collected using the query “(electrolysis OR electrolyser OR electrolyzer)
AND (water OR hydrogen)” in October 2016.

Our analytical procedure was as follows [11]: (1) data from academic papers were downloaded;
(2) We constructed citation networks by treating the papers as nodes and citations as links. According
to a previous study, intercitation, also referred to as direct citation, is the best approach for detecting
emerging trends [19]. Only the data for the largest graph component were used for direct analysis;
we eliminated data that were not linked to any other papers in step (3). After extracting the largest
connected component; in step (4), the network was divided into clusters following the topological
clustering method of Newman’s algorithm, which extracts tightly knitted groups of nodes [20].
Newman’s algorithm uses the following equation:

Q =
M

∑
s=1

[
ls
l
−
(

ds

2l

)2
]

(1)

where Q is the independence of the module, M is the number of clusters, s is the given cluster, l is the
number of links in the whole network, ls is the number of links between both nodes within cluster s,
and ds is the sum of the links of the nodes in cluster s. In Newman’s algorithm, clusters are divided
into subgroups to maximize Q. In Equation (1), the probability of random links is subtracted from the
probability that reference links exist within cluster s. This algorithm identifies well-separated clusters
within the research area. These procedures can be conducted again for sub-clusters. In Section 3,
the main clusters that were classified once are examined as whole trends. In the subsequent sections,
clusterizations of the main clusters were repeated for any purpose. The topic of each cluster was
confirmed based on keywords in the abstract.

We added hub papers among the citation network as references in the explanation of each cluster.
Therefore, in case you investigate specific studies beyond the quoted papers, it is good to read the
references in the hub papers and papers that cite the hub papers.

The number of studies published in each year for the clusters was fitted by the Bass model,
which allows for an easy understanding of research trends [21,22]. The curve fitting data exclude
publications in 2016 because they do not include full studies; therefore, they are not suitable for
analyzing publication numbers per year. Data curves that do not show the top of the peak or enough
publications are not suitable for Bass models, thus we did not fit such curves.

3. Water Electrolysis Research Perspective

3.1. Initial Classification into Main Research Areas

Approximately 12,000 papers were collected in total. The papers were divided into several clusters,
as shown in Figure 2. The topics of these clusters include “purification of water by electrolysis”,
“cold fusion”, and “aqueous electrophoretic deposition”, which are less relevant to water electrolysis.
These clusters were manually removed from the analysis presented in this review. The focused clusters
were re-clusterized in the same manner and divided into six clusters, as shown in Table 1. The total
number of publications is 5628, and the average published year is 2009.6.

The six main clusters cover four main water electrolyzers: the alkaline water electrolyzer (AWE),
polymer electrolyte membrane water electrolyzer (PEME), solid oxide electrolyzer (SOEC, which is
equivalent to the solid oxide electrolyzer “cell”), and microbial electrolyzers (MEC, which is often
referred to as a microbial electrolyzer “cell”). The AWE, PEME, SOEC, and MEC have several similar
components to the alkaline fuel cell (AFC), polymer electrolyte fuel cell (PEFC), solid oxide fuel cell
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(SOFC), and the microbial fuel cell (MFC), respectively. Techniques developed in fuel cell research are
frequently applied to electrolysis. Although MEC is a slightly different class of electrolysis, as described
later, we have included it in this review as it is suitable for large-scale hydrogen production generated
from sustainable energy, which is the aim of this review. Cluster III “Anode and acid-stable cathode
for AWE and PEME” appeared separately, which focuses on mutual catalysts for AWE and PEME.
Cluster VI “Hydrogen production based on renewable energy” covers the whole practical renewable
energy system. They have also received great attention and are classified as clusters by studying
network citations among papers.
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the reported method [23]. Each paper is depicted as a dot, and the line between two dots indicates that
either or both of two dots cite the other. Dots that cite or are cited by others are closer, according to the
previously reported algorithm [23], which results in the distinction of separated clusters. The orange,
blue, and red regions correspond to the AWE & PEME (clusters I, II, and III), SOEC & Renewable
energy (clusters IV and VI), and MEC research areas, respectively. The research topic of the yellow
region is “Electrochemical oxidation and degradation of organics and pollutants in Water”, which is
irrelevant to water electrolysis and not investigated in this review. The data associated with each cluster
covers the average publication year and publication count.

Table 1. The main clusters of water electrolysis studies.

Cluster Research Topic Number of Publications Average Publication Year

I System and cathode for AWE 1088 2004.1
II System for PEME 741 2009.4
III Anode and acid-stable cathode for AWE and PEME 669 2012.9
IV SOEC 741 2011.2
V MEC 730 2012.2
VI Hydrogen production based on renewable energy 750 2009.9

3.2. Brief Explanation of Each Electrolysis Type

Here, we briefly introduce each type of water electrolysis system.

3.2.1. Brief Explanations of AWE

The largest cluster covers the AWE, which is composed of an anode and cathode immersed in an
alkaline solution, generally 20–30% potassium hydroxide (KOH). These are also components of an AFC.
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They operate at temperature below 100 ◦C and atmospheric pressure. The two electrodes are separated
by a diaphragm that conducts hydroxide ions (OH−) through a KOH solution, and keeps oxygen
and hydrogen separated to prevent recombination. This technology is the most mature for hydrogen
production up to the megawatt range at a commercial level. However, it has drawbacks due to the
diaphragm. High ohmic loss occurs across a diaphragm immersed in alkali solution and limits the
maximum current density. Moreover, the diaphragm cannot completely prevent oxygen and hydrogen
from mixing. Therefore, a high pressure cannot be achieved, which would otherwise be beneficial
for a bulky stack design. In addition, the permeation of product gas allows oxygen and hydrogen to
recombine and decreases Faraday efficiency. Despite these detriments, this type of electrolyzer is the
most common because it does not require expensive materials. The alkaline conditions allow us to use
other affordable metals such as nickel avoiding those of the platinum group. The KOH solution for the
electrolyte is also affordable.

3.2.2. Brief Explanations of PEME

The second largest cluster covers PEME research. A PEME contains an anode and cathode that
are separated by a polymer electrolyte membrane (PEM). They operate at approximately 100 ◦C,
which is the same as an AWE. The PEM is often composed of Nafion, a common electrolyte used in
PEFC. Nafion has sufficient proton conductivity to achieve electric density beyond 2 A cm−2 [24].
Moreover, PEM can separate product gases, thus enhancing its Faraday efficiency to approximately
100%. In addition, PEM allows for operation at high pressure, which is suitable for scaling-up and
compressing hydrogen gas for transport. The operation pressure can be elevated to approximately
100 bar; however, at this pressure the PEM needs to be thick, resulting in higher proton conductivity
resistance. Operation at a high pressure reduces the relative volume of product gas bubbles and their
resulting ohmic resistance. However, the catalyst needs stable, highly acidic conditions produced by
the PEM. Therefore, an expensive platinum-group metal would be used; platinum is employed in
the hydrogen evolution reaction (HER), as well as PEFC, while iridium oxide is used in the oxygen
evolution reaction (OER) due to its high reactivity and stability. Studies in this area focused on catalysts
composed of an affordable metal with high reactivity and stability under acidic condition.

3.2.3. Brief Explanations of SOEC

A SOEC is composed of an anode and cathode separated by an O2− conducting electrolyte.
The materials used in SOEC are similar to those used for SOFC. Yttria-stabilized zirconia (YSZ),
Ni-YSZ, and LSM (lanthanum strontium manganite)-YSZ are generally used as the electrolyte, anode,
and cathode respectively. The operation temperature is much higher (800–1000 ◦C) than that of AWE
and PEME, because the O2− conductivity of common electrolytes is not sufficient at low temperatures.
SOEC produces hydrogen at a high Faraday efficiency of approximately 100% (1.07 V, 0.3 A cm−2) [25].
However, over long-term operation, a SOEC degrades faster than a SOFC [26]. Degradation mainly
occurs at the anode; high produced oxygen partial pressure occurs at the electrode/electrolyte interface,
which causes the electrode to delaminate, although this can be limited when the current density is low
1 A cm−2 [27]. SOEC studies have focused on improving stability at a high current density.

3.2.4. Brief Explanations of MEC

A MEC can produce not only hydrogen but also various useful organic chemicals. Furthermore,
in case that biomass is fueled, a MEC can utilize the chemical energy of biomass as support of
electrical energy, which distinguishes MEC from the other three main electrolyzers. Thus, the voltage
required in the conversion from biomass into useful organic chemicals is lower than that of chemicals
produced from H2O and CO2. Therefore, MECs can theoretically produce hydrogen from a low
energy input: 0.6–1 kWh/m3 H2 [28,29], however, other water electrolysis systems require an input
of 4.5–50.6 kWh/m3 H2 [29]. There are two types of MEC; the organic reactant is either supplied to
the cathode or anode. In the former, the anode evolves O2 and the cathode produces value-added
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organic chemicals, such as methane, acetate, ethanol, or formic acid, which could be the reverse of the
reaction used in MFC. The latter produces pure hydrogen from H2O in the cathode and releases organic
products, such as CO2, in the anode. The anode in a MEC is not exposed to oxygen, while that of
MFC is [30]. In addition, the anodes in MECs are microbial biocatalysts on carbon-based materials that
can conduct electricity and do not require any precious metals, while the cathode is often composed
of platinum. Therefore, the bioanode microbial community in the latter case tends to be anaerobic.
A membrane-less MEC has been investigated to reduce ohmic loss and avoid the generation of a pH
gradient from the electrolyte membrane, reducing performance. MEC converts hydrogen methane,
which contaminates the produced hydrogen gas. The challenges of using a MEC are to achieve the
high hydrogen production rate (which can reduce methane production), low cost of the electrolyte
membrane and platinum in the cathode, and long-term stability.

3.3. Trends of Main Studies

The number of publications per year of the six topics in Table 1 were sought to evaluate the
enthusiasm for each topic (Figure 3).
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Overall, the number of publications within all research areas in the water electrolysis field has
increased since 2000, which could be due to recent keen attention to renewable energy.

Of all water electrolysis systems, cluster I “AWE” has the longest history, and AWE research began
in the 1950s. The number of publications per year increased at the beginning of the 1990s; however,
research did not continue expanding at the same rate. The number of publications per year in cluster II
“PEME” also increased from 1990, which is when PEFC research areas also began to expand. Although
the number of both AWE and PEME publications per year accelerated again from 2000, as well as
those of other clusters, the rates of increase are not as rapid as those of other clusters, and the number
of publications appears to have plateaued. Meanwhile, cluster III “Anode and acid-stable cathode
for AWE and PEME”, which covers mutual technologies between AWE and PEME, expanded much
faster than the others, especially from 2010. This research area should receive focus as it is of great
interest among AWE and PEME researches. Cluster IV “SOEC” also began to increase from around
2000, and is still growing at a rapid rate. Cluster V “MEC” has since significantly developed from
around 2005. In 2011, the total amount of publications regarding each electrolyzer type descended
as follows: MEC > SOEC > AWE ≥ PEME, which is almost the reverse of the order at the beginning,
although cluster III including catalyst research of AWE and PEME was not considered. Cluster VI,
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“Hydrogen production based on renewable energy”, has expanded since 2005, but the rate of increase
appears to have recently plateaued.

4. Perspective and Emerging Technologies of Each Water Electrolyzer Types

The six clusters in Table 1 were re-clusterized in the same manner into several groups to analyze
their research trends. In addition, they were further divided until the topic of the cluster was restricted
to one specific study. The information of a subdivided cluster, including the number of publications
and average publication year, enables us to evaluate a specific study included in the cluster. We defined
an emerging technology as that included in a cluster with an average publication year after 2012 and
two years after each main cluster in Table 1. The emerging technologies from the main clusters are
introduced in this section.

4.1. Cluster I “System and Cathode for AWE”

Cluster I, which focused on AWE, was re-clusterized into three large and four small clusters, as
shown in Table 2. The three large clusters are clusters I-A “AWE System,” I-B “Metal alloy and metal
composite cathodes,” and I-C “Fabrication, characterization of nickel alloy electrodes, and kinetic
studies on HER.” Their average years of publication are all old, however, in cluster I-A, several review
papers have been published since 2010, for example, “Recent progress in alkaline water electrolysis for
hydrogen production and applications” reported by Kai Zeng [4]. In addition, cluster I-C also includes
several reviews that focused on the material structure of nickel alloy catalysts and analysis on the HER
mechanism at the catalysts [31]. These suggest that AWE has recently begun to receive attention again.
Meanwhile, cluster I-D “Electrodeposition of hierarchically structured nickel composite electrode” is
younger than the others. The topic of this cluster is the electrodeposition of nickel or nickel-based
catalysts to enhance HER efficiency by controlling the nanostructure or hierarchal structure of the
nickel composite [32,33]. Although this cluster is still small and the hub paper in its citation network
is not clear, it covers an emerging AWE technology. Cluster I-E “Ruthenium dioxide-based cathode”
investigated the properties of RuO2 as a cathode for AWE. IrO2 is one of the best catalysts for OER due
to its reactivity and stability under acidic conditions. However, iridium is a scarce element; platinum is
10 times more abundant than iridium. The cost of iridium represents a considerable portion of the total
system cost. However, ruthenium is relatively affordable, and RuO2 is more active than IrO2. However,
RuO2 in cathodes corrodes as it forms RuOH when it is exposed to reverse currents when the power
is shut off for maintenance [34–36]. Several studies have focused on stabilizing RuO2 by combining
it with other oxides, such TiO2 or a small amount of IrO2. The main issue of RuO2 is not its usage
as the cathode, but its use as the anode, which is where the reverse current is generated. This was
investigated in cluster III-2. As shown by the small number of publications and old average year of
publication, this cluster has not received considerable attention. Cluster I-F “Gas bubble on electrode”
contains studies about the gas bubbles produced on electrodes. Gas bubbles cause overpotential and
are inevitable when liquid water is used, thus, they should be removed quickly. The influences of
gravity, mass flow, and a magnetic field on the electrode are investigated here [37,38]. The number
of publications is slightly increasing, but the absolute number published per year is small, and its
average publication year is the second oldest of the subclusters. This research should be considered
“close to mature”. Cluster I-G focuses on water electrolysis through an anion exchange membrane,
which is a reverse reaction to that in a solid alkaline fuel cell (SAFC) [39,40]. The solid membrane
has the potential to allow operation at a high pressure and reduce its cell size in a similar manner
to PEME. Although the membrane is not affordable as a KOH solution is, this type of electrolyzer
retains the merit of AWE that low-cost metals can be utilized under alkaline conditions. SAFC is
an emerging technology in PEFC research, and novel membranes are being developed with suitable
chemical and thermal stability. Membranes developed in SAFC research can be introduced to this
type of water electrolyzer. This type of system should also receive focus as an emerging technology.
The emerging technologies in cluster I are clusters I-D “Electrodeposition of hierarchically structured
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nickel composite electrodes” and I-G “Anion exchange polymer membrane electrolysis cell”, which
should receive attention.

Table 2. Main clusters in cluster I.

Cluster Research Topic Number of Publications Average Publication Year

I-A AWE System 310 2002.5

I-B Metal alloy and metal composite cathodes 232 2001.4

I-C Fabrication, characterization of nickel alloy
electrodes, and kinetic studies on HER 232 2007.4

I-D Electrodeposition of hierarchically structured
nickel composite electrodes 33 2012.3

I-E Ruthenium dioxide-based cathode 30 2007.1

I-F Gas bubble on electrode 118 2005.9

I-G Anion Exchange Membrane Electrolysis Cell 67 2012.0

4.2. Cluster II “System for PEME”

Cluster II, focusing on PEME, was re-clusterized into four clusters, as shown in Table 3, and the
number of publications per year in these clusters is presented in Figure 4. Cluster II-A “Fundamental
studies and models on PEME” focuses on the design of cells, stacks, and systems, optimized by
experiments and modeling. In addition, it contains many recent review papers, such as the central
review “A comprehensive review on PEM water electrolysis” reported by Marcelo Carmo [24].
This cluster has a long history and large number of publications. Therefore, the average publication year
is old, and the publication rate has slowed in recent years. This suggests that the whole PEME design
is mature, but it is receiving much attention in reviews. Cluster II-B “Iridium-based oxide for OER in
anode” focuses on alloying iridium oxide with metals such as Ru [41] and Sn [42]. This composite has
been investigated as an OER anode, which is one of the most important factors for high PEME efficiency.
The number of publications per year in this cluster has recently increased. Regenerative fuel cells (RFC)
are the topic of cluster II-C, which can be utilized as both water electrolyzers and fuel cells [43–45].
RFC can reduce the total components and weights of the power generator/accumulator, which is
beneficial for some applications, such as use in a space shuttle. However, RFC is often optimized
for operating in one mode, and generally does operate very efficiently in the other. Figure 4 shows
that the number of publications regarding RFC began to increase in 2004, although the total number
of publications number has not expanded as much. Cluster II-D “Material studies on components
of PEM for high temperature water (steam) electrolysis” focuses on steam electrolysis by PEME at
a high temperature. The elevated temperature significantly improves the energy efficiency of water
electrolysis because of the enhanced electrode kinetics, heat recovery facilitated by steam, and reduced
thermodynamic energy at the electrode. However, the high temperature also corrodes materials [46].
Stable materials for the bipolar plate under these operation conditions are sought in this cluster.
In addition, when the temperature exceeds boiling point, the electrolyte membrane is dehydrated,
which results in low electrolyte proton conductivity and high ohmic resistance. Phosphoric doped
polybenzimidazole (PBI) [47] and perfluorosulfonic acid (PFSA) membranes [48] are tested in this
cluster, which have high proton conductivity even under low humidity conditions. Although the
recent growth of cluster II-D is not as rapid as that of cluster II-A, it was formed in 2006 and the
total number of publications it contains is small. This cluster may not receive current focus and its
average publication year is young, therefore it is an emerging technology. In addition, we detected one
more emerging technology: cluster II-1 “Hydrogen production from electrolysis of a water–alcohol
solution (publication number: 55, average publication year: 2012.6).” This cluster investigates the
performance of water electrolysis using a water-alcohol solution, including methanol [49], ethanol [50],
and glycerol [51]. The chemical energy of alcohol decreases the voltage required for water electrolysis;
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methanol can be converted to H2 and CO2 at 0.02 V at room temperature and atmospheric pressure,
which is much lower than the 1.23 V required for water electrolysis. Although CO2 is produced by
this process, studies in this cluster assume that alcohols originate from biomass. Thus, this cluster can
be considered to be a derivative of MEC, although no microbiome is employed here. This method is
also referred to as electrochemical reforming. Currently, the most cost-effective method of producing
hydrogen at a large scale is steam reforming natural gas. Electrochemical reforming is quick and
convenient, and also suitable for small- and medium-scale hydrogen production. These two topics
should receive focus as emerging technologies.

Table 3. Main clusters in cluster II.

Cluster Research Topic Number of Publications Average Publication Year

II-A Fundamental studies and models on PEME 430 2008.5

II-B Iridium-based oxide for OER in anode 197 2011.3

II-C RFCs 80 2008.7

II-D Material studies on components of PEME for
high-temperature water (steam) electrolysis 20 2012.9
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4.3. Cluster III “Anode and Acid-Stable Cathode for AWE and PEME”

4.3.1. Perspective of Cluster III

Cluster III, which focuses on catalysts for AWE and PEME, was divided into four clusters,
as shown in Table 4. The number of publications per year within the clusters is plotted in Figure 5.
Cluster III-A “Metal oxide catalyst for OER” focuses on the use of metal oxides, such as cobalt [52],
nickel [53], manganese [54], and copper [55], as OER catalysts. The average publication year of cluster
III-A is recent, and includes several emerging technologies that will be introduced later. Cluster III-B
“Theoretical screening of metal oxides for OER” also focuses on metal oxide catalysts, but with different
approaches; this cluster contains theoretical screenings. Ab initio calculations have been used to assess
the catalytic activity of metal oxides and determine which is the most suitable based on a “volcano
plot”, which shows the relationship between the adsorption of reactants and desorption of products
(both are important factors for catalytic activity) [36,56]. Clusters III-A and III-B have both grown
rapidly since 2010 and should be considered topics of great interest. However, cluster III-C “Binary or
ternary oxide for OER”, which focuses on binary or ternary oxides composed of Co, Fe, Ni, Mo, Cr, Cu,
La, and Sr [57–61], does not appear to be an area of current interest, because its average publication
year is old and the number of publications per year is decreasing. This could be because there are
too many patterns, and the studies are not systematical. This topic could dominate after fundamental
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studies, such as those in clusters III-A and III-B, are completed. Cluster III-D “Carbide, phosphide,
sulfide, and selenide for HER” does not focus on oxides, but on composites of transition metals (Co, Ni,
Mo, and W) and typical elements (C, P, S, and Se) [62–67]. The number of publications in this cluster
exponentially increased from 2013, thus cluster III-D covers a research area that receives great interest.

Table 4. Main clusters in cluster III.

Cluster Research Topic Number of Publications Average Publication Year

III-A Metal oxides for OER 188 2013.8
III-B Theoretical screening of metal oxides for OER 173 2013.6
III-C Binary or ternary metal oxides for OER 96 2006.5
III-D Carbide, phosphide, sulfide, and selenide for HER 183 2014.7
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4.3.2. Emerging Technologies in Cluster III

The clusters in Table 4 were divided repeatedly to identify emerging technologies. The extracted
emerging technologies are presented in Table 5.

Table 5. Emerging technologies in the studies of cluster III.

Cluster Research Topic Publication Number Average Publication Year

III-1 Nanostructured Co oxides for OER 72 2013.9
III-2 RuO2 for OER in PEME 61 2014.3
III-3 Ni-Fe for OER 55 2014.4
III-4 Nickel and cobalt phosphide for OER and HER in acid condition 52 2015.4
III-5 Mn oxides on conductive materials in alkaline condition 42 2013.6
III-6 Metal disulfide or diselenide for HER 50 2014.9
III-7 Mo2C for HER 49 2014.0
III-8 Bioinspired Cu complex 36 2014.0

Cluster III-1 focuses on Co oxides catalysts. Cobalt is not a noble metal, but it has high catalytic
power for splitting water. Co-based complexes first received attention for their high reactivity, although
grafting these complexes is difficult and results in decreased reactivity and low stability. Considerable
effort has been expended to develop Co oxides as a heterogeneous inorganic compound with sufficient
activity for OER. The influence of the compound’s nanostructure, which is typically a thin film
prepared by electrodeposition to overcome its poor conductivity, on the activity of Co oxides has been
investigated [52,68]. These compounds are unstable in an acidic solution, and are utilized for AWE.

Cluster III-2 focuses on the use of a RuO2 anode for OER, especially in PEME [69,70]. This is
different from cluster I-E, which focused on using RuO2 as a cathode for HER. As discussed regarding
cluster I-E, IrO2 is the best catalyst in terms of activity and stability, although it is expensive. RuO2 is
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employed as an alternative and shows good activity; however, it corrodes to RuOH in OER. The stability
is improved when other oxides, such as CeO2 [71] and a small amount of IrO2 [41], are added.
For example, small amounts of IrO2 (20%) can drastically reduce the corrosion rate [72].

Clusters III-3 and III-4 examined Ni-based catalysts. As introduced in AWE, Ni exhibits
electro-catalytic activity towards OER in an alkaline solution. Ni-Fe exhibits high catalytic activity,
and is still a promising catalyst for OER in an alkaline solution (cluster III-3) [73,74]. Cluster III-4
focuses on Ni2P, which has high catalytic activity in HER and OER [75]. Notably, Ni5P4 is stable,
even under strongly acidic conditions (1M H2SO4), and exhibits high catalytic activity despite that
it does not contain a noble metal [76,77]. In addition, CoP has also been reported as an acid-stable
catalyst for HER and OER [62]. Although the current density and duration in their stability tests are
restricted, these materials have the potential to become more stable. The average publication year of
this cluster is the most recent investigated in this paper. This topic should thus be considered the key
emerging technology.

In cluster III-5, MnO2 has also been investigated here as an OER catalyst in alkaline solution [54,78].
MnO2 is examined as an alternative catalyst that more affordable even than cobalt oxides. Although
bulk MnO2 suffers from poor electrical conductivity, a thin film of MnO2 deposited on conductive
materials works sufficiently. Then, MoO2 on conductive catalyst supports, e.g., carbon nanotube
(CNT), is investigated [79]. These experiments are performed in alkaline condition because MnO2

corrodes in acid solution.
Cluster III-6 investigated metal disulfides and diselenides, including CoS2, FeS2, NiS2, WS2,

and CoSe2 [63,65,80,81]. MoS2 has received attention for its high reactivity in HER and stability under
acidic conditions, while being composed of affordable elements. MoS2 exhibits catalytic activity in
edge sites, and the reaction mechanism of this is well-understood [82,83]. Methods of improving
catalytic activity have been explored, such as doping transition-metal MoS2 [84]. This cluster is the
second most recent, following cluster III-4, in terms of average publication year. This should be also
considered as an emerging technology.

Cluster III-7 focuses on precious metal-free and acid-stable catalysts for HER, such as W2C [85] and
Mo2C [67]. Tungsten carbides are also utilized for catalytic support of the platinum monolayer [86,87].
The high Pt layer activity of tungsten carbides is explained by their “Pt-like” properties.

In cluster III-8, different Cu complexes exhibit high OER activity [88,89]. These studies indicate
that Cu can be a promising catalyst for HER as it is abundant and low cost, although, for practical use,
Cu complexes should be developed as an electrode, or a heterogeneous Cu compound would need to
be developed. This cluster examines the fundamental aspect of Cu-based catalysts.

4.4. Cluster IV “SOEC”

Cluster IV, which discusses SOEC, was re-clusterized into four clusters, as shown in Table 6,
and their numbers of publications per year are shown in Figure 6. Cluster IV-A “Performance of
SOEC” focused on practical research, rather than fundamental research, such as the invention of
novel materials. This cluster was subdivided into two further clusters: clusters IV-A-1 “Optimization
of whole SOEC cell based on modeling (92 publications, average publication year 2010.5)” [90,91]
and IV-A-2 “Co-electrolysis of CO2/H2O for CH4 production by SOEC (publication number: 77,
average publication year: 2012.9)” [92,93]. Although the average publication year of cluster IV is
relatively recent, the hub papers of the citation network in this cluster are old. This indicates that
this topic has received recent attention, however central papers have recently been published and
the direction of this topic is undetermined. Cluster IV-B covers the use of heat and electricity from a
nuclear power plant in SOEC, which is also practical research [94,95]. This cluster includes research
about scaling up hydrogen production [96]. This topic appears to be of less focus, as indicated by
its old average publication year, low number of publications, and recently-decreasing number of
publications per year. Research of SOEC systems is restricted to clusters IV-A and IV-B. The total
number of publications in clusters IV-A and IV-B is limited, and notable research that prompts
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the publication of new research has not yet been published within them. Therefore, studies on
the practical performance of SOEC do not receive as much enthusiastic focus as other types of
water electrolyzers. Cluster IV-C “Materials of SOEC” studies the application of materials in
SOEC, which are introduced from SOFC research. Cluster IV-C can be also subdivided to three
categories: IV-C-1 “La0.75Sr-Cr0.5Mn0.5O3 (LSCM) cathode for SOEC (publication number 74, average
publication year 2013.0)” [97,98], IV-C-2 “SOEC using proton-conducting oxides (publication number:
71, average publication year: 2009.0)” [6,99], and IV-C-3 “LaGaO3 electrolyte for SOEC (publication
number: 40, average publication year 2008.5)” [100,101]. Only cluster IV-C-1, focusing on LSCM,
is recent. It appears that the recent progress of SOFC research about LSCM has been applied to
SOEC, while other SOFC research topics have not. Cluster IV-D “Degradation of anode in SOEC”
should be an original SOEC topic rather than just an application transferred from SOFC technologies.
SOEC degrades faster than SOFC during long-term operation. Degradation mainly occurs at the
anode; the high partial pressure of produced oxygen occurs at the electrode/electrolytes interface,
which causes the electrode to delaminate. Cluster IV-D focuses on understanding the degradation
mechanism to improve stability [102,103].

Among the clusters that cover SOEC, emerging technologies were not identified. The most notable
cluster should be the youngest, which is cluster IV-C-1 “La0.75Sr-Cr0.5Mn0.5O3 (LSCM) cathode for
SOEC.” Cluster IV-D should be also focused on as a research area receiving particular interest.

Table 6. Main clusters of cluster IV.

Cluster Research Topic Number of Publications Average Publication Year

IV-A Performance of SOEC 193 2011.7
IV-B SOEC using power supplied by nuclear power plant 92 2008.7
IV-C Materials of SOEC 187 2010.5
IV-D Degradation of anode in SOEC 168 2012.6
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4.5. Perspective and Emerging Technologies of Cluster V “MEC”

Cluster V, which focuses on MEC, was not divided into groups structured as -A, -B, -C as other
studies were, thus, we subdivided them until each cluster only contained one specific topic. This could
be because MEC technologies are in their early stages. MEC studies were finally divided into nine
clusters, and small clusters with fewer than 20 publications were ignored.

Cluster V-1 “MEC biocathodes for HER” focused on using different biocathodes in HER, instead
of platinum [104,105]. The bacteria studied in this cluster have not been determined, which also
suggests that this topic is in its early stages. Cluster V-2 “Nickel cathode for MEC” investigates
the use of nickel as a cathode for MEC instead of platinum. Nickel-based catalysts exhibit high
catalytic activity, and nickel foam is a common catalyst for use under alkaline conditions [106,107].
Cluster V-3 “Methane production by MEC” investigated the conversion of organic waste or CO2 into
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methane by MEC [108]. Methane production is inevitable in MEC, because the growth of methanogens
is fast, although methane production can be suppressed if the hydrogen production rate is high
enough [109]. Methane production is usually a problem as it can contaminate produced hydrogen.
In this cluster, methane production is intentional, because methane is widely used as chemical energy.
The production of methane by MEC has several advantages: the product gas has a higher methane
content than that of other technologies, no additional heat is required, and wastewater with low
organic substrate content can be used, which cannot be treated by anaerobic digestion. However,
the Faraday efficiency of this process is currently low: around 25% [110]. Cluster V-4 “Single chamber
(membrane-less) MEC” focuses on membrane-less MEC [111,112]. Nafion is generally utilized as a
separator membrane and transport proton. However, it can induce a pH gradient on both the anode
and cathode, resulting in overpotential [109], and the cost of electrolytes for large-scale operation
of this process is expensive. To avoid the above challenges, membrane-less MEC has been studied.
In cluster V-5 “Polymer electrolyte membrane for MEC,” several polymer electrolyte membranes
(mainly a cation exchange membrane) were tested to improve the performance of MEC based on their
pH and ion transport. Although the use of a membrane has some drawbacks, as mentioned above, it is
still useful to separate organic waste from the cathode and obtain pure hydrogen gas. To overcome
the challenges, various membranes have been tested in terms of their ion transport, pH, and overall
performance [113,114]. Cluster V-6 “Combining dark fermentation and MEC” covers hydrogen
production with MEC from effluent of the fermentative conversion. Dark fermentation does not
require light, and it requires moderate operation conditions and can utilize various organic substrates
with low energy demand [115]. However, it has a low hydrogen recovery of approximately 23–25%
due to thermodynamic limitations [116,117]. To increase the efficiency, MEC is utilized to produce
hydrogen from effluent from the fermentation [118,119]. Meanwhile, cluster V-7 “Light-assisted H2

production with MEC” focuses on assisting MEC with sunlight from a solar cell. Dye-sensitized
solar cells (DSSC) are preferentially utilized in research regarding this topic. They can achieve a high
recovery efficiency of approximately 80% [120]. The additional costs of a solar cell are a challenge,
and thus studies in this cluster aim to reduce the use of other expensive components such as platinum
in cathodes [121]. The main purpose of cluster V-8 “Metal recovery from water with a hydrogen
byproduct”, is not hydrogen production, but the simultaneous generation of hydrogen gas through
the recovery of metal from an aqueous mixture (the complete separation of Cu(II), Co(II), and Li(I)
from aqueous mixtures is a critical step for recycling spent lithium-ion batteries, and consumes a
large amount of energy and chemicals) [122]. Cluster V-9 “Microbial electrolysis and desalination
cell (MEDC)” focuses on developing MEDC that integrate the microbial desalination of seawater and
recovery of energy from organic waste [123,124]. As cluster IV is recent (the average publication year is
2012.2), emerging MEC technologies were not identified. However, the clusters in Table 7 are all recent
compared to other water electrolysis clusters, for example, V-2, V-3, and V-9 are more recent than
2013.0. These clusters are all in their early stages and should be noteworthy topics in MEC research.

Table 7. Main clusters in cluster V.

Cluster Research Topic Number of Publications Average Publication Year

V-1 MEC biocathodes for HER 33 2012.4
V-2 Nickel cathode for MEC 57 2012.6
V-3 Methane production by MEC 82 2013.1
V-4 Single chamber (membrane less) MEC 79 2012.7
V-5 Polymer electrolyte membrane for MEC 23 2013.6
V-6 Combining dark fermentation and MEC 100 2012.1
V-7 Light-assisted H2 production with MEC 28 2012.9
V-8 Metal recovery from aqueous mixtures with a hydrogen byproduct 25 2012.9
V-9 Microbial electrolysis and desalination cell (MEDC) 23 2013.4

4.6. Cluster VI “Hydrogen Production Based on Renewable Energy”

Cluster VI, “Hydrogen production based on renewable energy” was re-clusterized into four clusters,
as shown in Table 8, and their number of publications per year is shown Figure 7. Cluster VI-A
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“Power management of a stand-alone system for the storage of renewable energy as hydrogen” explores
the development of a stand-alone power system based on renewable energy, mainly photovoltaic
energy [125,126]. The focus of this cluster is not only efficient hydrogen production, but system
management to automate power generation. Stored hydrogen is utilized to constantly generate electricity
via a fuel cell, such as a PEFC. Both practical operation and assessment by modeling are conducted in this
cluster. Cluster VI-B “Hydrogen production based on wind power” focuses on the economic aspect of
producing hydrogen by wind power [127,128]. This could be because wind power is currently the cheapest
renewable energy source. Among the papers in this cluster, the most recent research reports that the cost of
hydrogen produced by wind power is $3.37∼$9.00 /kg H2, considering the costs of the water electrolyzer
and the rechargeable battery that supports it [129]. Even though the cost of water electrolysis and the
rechargeable battery is more ideal, the cost of a wind power plant does not change and becomes dominant;
a maximum of 63% of the total cost is from the wind power plant. Currently, producing hydrogen by
steam reforming methane combined with carbon capture and storage to ensure that CO2 is not emitted
is more affordable: $1.87–$2.60 /kg H2. This implies that the cost ratio of water electrolysis is small
in large-scale plants. The research topic of cluster VI-C “Direct coupling of solar power and hydrogen
generation system” is the direct supply of electricity produced by sunlight to a hydrogen production
system without a direct current (DC)/DC converter [130,131]. It would be advantageous if an electrolyzer
could be simply and efficiently coupled directly to a source of renewable electrical energy, reducing the
need for additional electronic systems. However, the energy efficiency of this process is low. There are
numerous publications in this cluster, but its average publication year is old. This topic is not currently
of great focus. Cluster VI-D “Thermodynamics of renewable energy for hydrogen production” studies
the energetic and exegetic efficiency of renewable energy source, especially geothermal energy [132,133].
The geothermal process can directly produce hydrogen from steam electrolysis heated by geothermal
energy, and conduct water electrolysis at a low temperature by electricity generated from a geothermal
plant. An article reports that the total energy efficiency exceeds 50% [134]. However, the number of
publications has not grown recently.

Overall, the number of publications in cluster VI has increased since 2005, but the number of
publications per year appears to have plateaued recently. No emerging technologies were identified in
cluster VI. The most recent cluster in Table 8 is cluster VI−B, which could be because wind power is
currently the cheapest renewable energy source, and thus receives more attention.

Table 8. Main clusters in Cluster VI.

Cluster Research Topic Number of Publications Average Publication Year

VI-A Power management of a stand-alone system
for storage of renewable energy as hydrogen 228 2009.5

VI-B Hydrogen production based on wind power 181 2011.4

VI-C Direct coupling of solar power and hydrogen
generation system 179 2008.9

VI-D Thermodynamics of renewable energy for
hydrogen production 130 2009.8
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5. Discussion

5.1. Overview of Overall Trends in Water Electrolysis Research

The publication counts of all main clusters are increasing. Clusters III “Anode and acid-stable
cathode for AWE and PEME” and V “MEC” have increased rapidly. These research areas are still in
their early stages and contain many emerging technologies, as mentioned in Section 4. In MEC research,
fundamental studies of components and practical research of the whole system have been conducted
simultaneously. MEC can utilize versatile sources, including organic substrates such as seawater,
irrigation, and wastewater, which have different components based on their origin. Furthermore,
the electricity required for electrolysis can be supplied from renewable energy sources, such as solar or
wind power, which also vary spatially. Therefore, MEC systems need to be optimized case by case,
and thus, research about the overall system will continue to expand for a while. Cluster III contains
fundamental AWE and PEME research, because the studies in this cluster focused on catalyst materials
rather than the whole system. This research is compatible with the catalysts used in AFC and PEFC,
which could motivate cluster III. Catalysts for PEFC (including SAFC) also receive great attention
as a fuel cell technology research area [18], and there are still many catalysts that have not yet been
transferred. Cluster III will also continue to receive great attention.

The publications in clusters I “System and cathode for AWE” and II “System for PEME” include
several recent review papers, indicating that they are also receiving much attention. This could
be because AWE and PEME are suitable for on-site energy storage in areas without sufficient
infrastructure. On-site storage needs to be small scale and reliable. AWE has been studied for a
long time, and it is well-understood for operation. In the second cluster, PEME also has a long history
and vast accumulated knowledge. It is, therefore, reasonable to focus on AWE and PEME as on-site
energy storage systems. However, unlike clusters III and V, clusters I and II do not contain many
emerging technologies, and the rates at which the number of publications increases are relatively slow.
These two clusters are related to the whole system, and their optimization with current technologies
is almost sophisticated. Furthermore, the optimization of AWE and PEME systems is less urgent
than that of the MEC system, because these systems do not need to consider the diversity of organic
substrates. However, the development of cluster III will provide an opportunity to draw attention to
clusters I and II, because the new catalysts in cluster III could change the whole system, which needs
to be optimized. Moreover, there are several technologies in fuel cell research that have not yet been
applied to AWE and PEME, as shown in the review of fuel cell research [18]. Clusters I and II will
also receive more attention and become topics of great interest if these technologies are introduced to
water electrolysis.

The number of SOEC publications has increased, as well as that of other water electrolysis systems,
thus SOEC is receiving attention. However, research of the SOEC system is not as extensive as that
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of other types. This could be because the stability of SOEC is insufficient for long-term operation.
SOEC research includes studies about fundamental materials. Stability is reduced due to the harsh
conditions in the SOEC anode that generate a large amount of O2 with high partial pressure at a high
temperature, which differs from SOFC. Therefore, this is a novel challenge for SOEC that cannot be
solved by transferring SOFC technology alone. Moreover, SOEC requires constant energy input to
maintain its high temperature, which is not suitable for small- or medium-scale renewable energy
storage because the time dependency of renewable energy is not suitable for maintaining a constant
temperature at those scales. Current interests in renewable energy surround the development of
small-scale systems for each location, which appear to be derived from the high cost of renewable
energy. This could also be the reason that research of SOEC systems is not currently receiving much
focus. If the anode stability becomes sufficient and large-scale renewable energy storage is required,
research of SOEC systems will receive more interest.

5.2. Comparison with Fuel Cell Technologies

In this section, we discuss the future water electrolysis research trends based on an overview
of fuel cell studies [18]. Over 94,000 studies about fuel cells were published as of 2016, and almost
all technologies used for water electrolysis are also used for fuel cell research, which indicates that
water electrolysis research has examined the technologies used in fuel cell research. Actually, MFC,
and catalysts for AFC (SAFC) and PEFC are expanding the most in fuel cell research, which is a similar
pattern to water electrolysis research as the reverse technologies to MEC (cluster V) and catalysts for
AWE and PEME (cluster III). This could be because technologies transferred from fuel cell research
promote the development of water electrolysis systems. Therefore, it could be possible to forecast
future water electrolysis technologies from fuel cell studies.

In the research contained in cluster III, many fuel cell technologies have not yet been transferred.
One of the most promising catalysts for water electrolysis is the metal-free N-doped graphene/CNT
catalyst, which exhibits high catalytic activity for the oxygen reduction reaction (ORR). This could be
also useful for OER, because ORR is the reverse of OER, therefore, catalysts should work in the same
manner. The heteroatom-doped graphene/CNT can be substituted by boron, sulfur, or phosphorous,
which provides the carbon-based materials with different electronic statuses [18]. Dual heteroatom
(N and B/P/S)-doped graphene/CNT catalysts have also been investigated. Iron- or nickel-based
catalysts on N-doped graphene/CNT are also emerging technologies in fuel cell research, although
these metals dissolve in acidic solutions and are utilized for AWE. These metal- or platinum-free
catalysts could reduce the cost of platinum catalysts. Interestingly, nickel phosphide in cluster III-4,
which exhibits high catalytic activity for OER and is stable in acid, has not been studied in fuel cell
research. Ni5P4 and CoP have recently been invented and are mainly utilized in water electrolysis.
These compounds could become more stable, which would allow them to be utilized in fuel cells.
This catalyst could be an example of reverse transfer from water electrolysis to fuel cell research.

It appears to be difficult to develop AWE from fuel cell technologies, because fuel cell research no
longer focuses on AFC [18]. In AFC, carbonate accumulates on electrodes due to a reaction between
cations and CO2 in air, which also limit cation mobility and decrease ion conductivity. Instead of
AFC, SAFC has recently received attention in fuel cell research, which has been transferred as cluster
I-G “Anion exchange polymer membrane electrolysis cell”. The challenge of SAFC is in the chemical
stability of the electrolyte membrane. SAFC studies have not developed a representative electrolyte,
such as Nafion in cation exchange membrane studies. The electrolytes in SAFC involve the whole
system, because humidification is required to maintain high ion conductivity, which requires heat
recovery and humidity management (excessive humidity promotes water stack in the electrode and
disrupts the diffusion of reactants and products). Therefore, as a standard electrolyte for SAFC has
not yet been developed, intensive research of the whole system is not conducted. This means that
investigation of the whole system in cluster I-G is not sufficient. When a suitably stable anion exchange
membrane is developed, SAFC technologies can be transferred to water electrolysis, and system
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research can be conducted. In the application of SAFC technologies to water electrolysis, it is
notable that a KOH-doped electrolyte can be utilized because the electrolytes are not exposed to
air. KOH cannot be employed in SAFC, because it reacts with CO2 in air and carbonate accumulates
and disturbs the reaction and mass flow on the electrode. Electrolytes in SAFC are chemically unstable
because a high OH− concentration is required for sufficient conductivity, and the base groups that
can produce OH− and achieve the high concentration decompose at the operational temperature.
Meanwhile, in KOH-doped electrolytes, KOH plays a role in enhancing OH− conductivity and the
priority of electrolytes can be stability. Although some studies have already tested KOH-doped
electrolytes and found that they are not stable enough [135], such research should be conducted for
water electrolysis.

Nafion is typically used as an electrolyte membrane in PEME, and is sufficient for water electrolysis
because the availability of water retains the membrane’s proton conductivity, which decreases at a
low relative humidity. Studies on electrolytes in PEFC aim to improve proton conductivity at a low
relative humidity, which is unnecessary for water electrolysis because water electrolysis cell has a plenty
of water originally [18]. However, hydrocarbon-based polymers contain hydrocarbons without the
ecologically-harmful fluorine, and can be synthesized in a few steps, resulting in a relatively small cost if
the polymer’s structure is random, which differs from Nafion. Although hydrocarbon-based polymers
with a random structure do not exhibit high proton conductivity at low humidity, they could be sufficient
for water electrolysis below boiling point. Hydrocarbon-based electrolytes are not often used in water
electrolysis, and could be transferred as affordable electrolytes. Furthermore, as examined in cluster II-D,
steam electrolysis beyond boiling point has several advantages, but experiences low proton conductivity
at low humidity because, at atmospheric pressure, steam is insufficient to humidify electrolytes beyond
boiling point. Currently, phosphoric acid-doped PBI or PFSA is mainly utilized in cluster II-D. There are
only 20 publications in cluster II-D, and these electrolytes could be replaced by recently-developed
electrolytes in fuel cell research, such as inorganic-organic composites. Additionally, hydrocarbon-based
block copolymers can be used as an alternative and retain proton conductivity at a low relative humidity,
although synthesis of this electrolyte requires several steps, and it is relatively expensive.

As studied in cluster IV-D, the stability of the anode in SOEC is a challenge, which differs from
SOFC. Clusters IV–C examine the materials transferred from fuel cell research; however, over long-term
operation, the anode will degrade. Research of SOFC is almost mature [18], which means that SOFC
researchers will need to find another topic related to their expertise, which could be SOEC.

MEC research has rapidly expanded in the recent past as well as MFC. Plenty of the technologies
developed in MFC have not been applied to MEC. In MFC, direct electron transfer (DET) is of great
interest [18]. A challenge in MFC is the overpotential caused by electron transfer from the biocatalysts
to the electrodes. MFC has conventionally used redox molecules or polymers that can transfer electrons
between the catalytic center and electrode, although this reduces the voltage from MFC. To avoid this,
DET has been investigated to transfer electrons from enzymes in a microbiome to electrodes via a
redox protein in their membrane. The electron transfer mechanisms of Geobacter and Shewanella have
been investigated for DET in MFC. This has received extensive focus in MEC research, yet internal loss
due to redox molecules or polymers could be decreased. MEC can avoid producing O2 in the anode;
therefore, it can be operated under anaerobic conditions, which is suitable for anaerobic bacteria such
as Geobacter and Shewanella. Therefore, MEC research can employ bacteria that have been abandoned
in MFC due to their sensitivity to oxygen. The challenges surrounding the electrolyte and platinum in
the cathode in MEC can be solved by the technologies used in PEFC. The electrolytes developed in
PEFC research, and less-expensive catalysts such as N-doped graphene/CNT, could be used in MEC.
As the pair technology of MFC, enzymatic biofuel (EBFC) has been developed in the fuel cell research
area. EBFC only uses enzymes as biocatalysts, and does not require whole bacteria. It enhances
the current density per unit volume of the device. However, it is difficult to regenerate biocatalysts,
which differs from MFC. For water electrolysis, the current density per volume is a low priority,
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and EBFC technologies are rarely exported to MEC. If a very stable catalyst is developed in EBFC
research, the catalyst can be examined in MEC.

6. Conclusions

We performed a comprehensive and objective analysis of all research water electrolysis areas
following a computational method based on a citation network. The analysis shows that all
research areas are receiving attention, especially that for MEC and catalysts for AWE and PEME.
By comparing with the review of fuel cell research, we found that many technologies have not yet
been transferred from fuel cell to water electrolysis research. The promising transferable technologies
are heteroatom-doped graphene/CNT and nickel/cobalt phosphide for catalysts, hydrocarbon-based
polymers, and inorganic–organic composites for electrolytes. Especially, some conditions for
components are different between fuel cell and water electrolysis research, which can utilize several
technologies that have been abandoned in fuel cell research, such as the use of a KOH-doped anion
exchange membrane and DET using anaerobic bacteria. These technologies should receive attention
and could become future water electrolysis research trends.
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