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Abstract: Hydrogen evolution reaction (HER) is one of the most important reactions in electrochemistry.
This is not only because it is the simplest way to produce high purity hydrogen and the fact that
it is the side reaction in many other technologies. HER actually shaped current electrochemistry
because it was in focus of active research for so many years (and it still is). The number of catalysts
investigated for HER is immense, and it is not possible to overview them all. In fact, it seems that the
complexity of the field overcomes the complexity of HER. The aim of this review is to point out some
of the latest developments in HER catalysis, current directions and some of the missing links between
a single crystal, nanosized supported catalysts and recently emerging, single-atom catalysts for HER.
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1. Introduction

The hydrogen evolution reaction (HER) takes a special place in electrochemistry. While it has
been investigated for more than a century, there are still some burning issues related to this reaction.
HER is possibly the most direct and easiest way to produce high purity hydrogen, which is considered
by many the fuel of the future. However, after so many years of research, a proper cheap and abundant
electrocatalyst for HER, traditionally metal or a generally metallic compound, is missing. To understand
this problem, we have to look into the mechanism. It depends on the pH of the solution [1,2] and in
acidic media it can be summarized as [3]:

(i) HY +e™ + *—> Hags
(ii.1) Hags + Hags — Hp + 2%
({li.l) H" + Hygs + e~ > Hy + *

In the given mechanism, * represents an empty active site on the catalyst surface. The reaction
starts with a Volmer step (i), and the intermediate H, 45 is removed from the surface either by Tafel
reaction (ii) or Heyrovsky reaction (iii) [4,5]. Highly acidic media allows easy H" transfer, but proton
diffusion limitations are already visible at pH around 3. Therefore, HER shall be performed at a very
low pH to have non-limited H, production at the desired rate. Clearly, the rate of the reaction is
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greatly affected by the way H,qs is interacting with the catalyst surface. Moreover, the number of
available active sites (*) is crucial. At very low pH the reaction is fast on platinum and Pt-group metals,
being practically reversible. However, these metals are expensive, and Pt-based catalysts cannot be
used for industrial-scale production of Hy. Cheaper metals like Ni perform poorly compared to Pt,
but the problem is that these metals are much less noble and have stability issues as they dissolve in
acids [6]. When it comes to the comparison of different catalysts, one has to quantify performance
somehow. There are two main kinetic parameters that are important for the characterization of the
catalyst. The first one is exchange current density, while the second one is the Tafel slope. The latter
one is particularly (ab)used as different combinations of reactions (i)—(iii) give different Tafel slopes
(between —30 and —120 mV dec™!), so usually, this is diagnostics tool for determining the mechanism
of HER. However, without going into deeper kinetic analysis, we emphasize that the values of the
Tafel slope can be the same for different mechanisms [7], so the value of the Tafel slope is not sufficient
to determine the mechanism of HER. Moreover, the reported Tafel slopes often fall outside of the
theoretical range (see Appendix), but this is still not enough to prevent “unambiguous” determination
of the HER mechanism only from the Tafel slope.
The mechanism can be presented in an analogous way for alkaline media [8]:

(i.2) HO + e~ + *— H,gs + OH™
(ii.2) Hags + Hags — Hp +2*
(iii.2) HoO + Hygs + €~ > Hy + OH™ + *

As H, is being formed from H,O, there are no diffusion limitations in alkaline solutions. In
addition, most of the metals are stable, but HER is much slower in alkalis. This is because the Volmer
step requires H,O dissociation which is slow, so even on Pt reaction is much slower than in acids.
In practice, large scale production of H; via water electrolysis is done in concentrated alkalis using
Ni-based catalyst—materials are stable and the price compensates for lower activity compared to Pt [9].

Following these few lines, one can easily devise strategies for making HER catalyst. First, one
has to tackle the problem of the catalyst stability by choosing the catalyst which is stable under HER
conditions. This should not be very difficult as stability can be devised from Pourbaix diagrams for
most of the known materials. It can also be tested relatively easily by measuring the corrosion rate
under given conditions, or simply HER performance over a long time. Second, one has to deal with the
energetics of Hyqs formation. Current state-of-the-art understanding says that thermoneutral Hygs
formation (versus Hy) is the target, and this point is elaborated and discussed further in Section 2.
Third, one has to provide a sufficient number of active sites. For bulk materials, the surface-to-volume
ratio is low; therefore, the number of active sites is low compared to a possible number of sites. As
a consequence, the catalyst can be dispersed and reduced to nanosizes, but in this case, it should
be supported on some substrate (catalyst support). This support can actually help Hy production
due to interfacial effects, so it is not necessarily inactive. HER at supported catalysts is elaborated in
Section 3. Still, one must not forget the first and the second points, as the H,q4s energetics and stability
requirements still have to be satisfied. However, this can be problematic as at nanoscale materials can
behave differently than bulk materials. There is a large number of nonequivalent sites on the surface of
nanoparticles, while low coordination can change thermodynamic tendencies towards dissolution.
Moreover, some metals are so highly oxophilic, like W, Mo, and Ti, that they are partially oxidized even
under cathodic potentials corresponding to HER (see further). This also reduces the number of active
sites for HER. The ultimate limit of catalyst utilization is a single atom catalyst (SAC). Metal is dispersed
in such a way that every atom bears catalytic function. It is clear that in this case thermodynamics
of metal atom (which is always incorporated into the suitably chosen matrix) is different from the
thermodynamics of bulk parental metal and that is ultimately coupled to the properties of the support
(matrix). Such catalysts are presented in Section 4.

Providing a complete overview of the work done on the development of HER catalysts is an
impossible task. However, its consideration must start from single crystal and bulk electrodes where
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fundamental knowledge is accumulated. This knowledge is further passed to the development of
supported and SACs, where the situation is complicated due to the presence of the second phase in
addition to the catalysts. In this contribution, we follow this line. We present a brief overview of
some classical works related to single crystal and bulk electrodes and then present new results in the
field considering supported HER catalyst and SACs. For the supported catalysts, we especially focus
on the interaction between the catalyst and the support in terms of the role of the support on the
catalytic activity.

2. HER at Single Crystal Surfaces and Bulk Surfaces

A crystalline solid can be considered as a series of mutually parallel lattice planes, arranged in a
periodic way. Close to the surface, the spatial arrangement of the lattice planes, their crystallographic
structure, as well as the dynamics of the constituent atoms may differ from the corresponding features
in the bulk [10]. Most clean metals show the tendency to minimize their surface energy. One of the
mechanisms is relaxation, the shift of one or more lattice planes located near to the surface, usually
perpendicularly to the surface, so that the interlayer distance changes compared to the bulk lattice. The
other one is reconstruction-change in equilibrium positions and bonding of surface atoms so that the
projection of bulk unit cell to the given surface does not correspond to the surface unit cell. Different
crystallographic planes (with different Miller indices) of the same metal exhibit unequal surface
densities (number of atoms per surface area) and therefore undergo surface relaxation/reconstruction
to different extents [11]. For example, Pt(100) has lower surface density compared to densely packed
Pt(111) and therefore has a stronger tendency to relax/reconstruct. Since the main driving force for the
mentioned surface modifications is the low coordination number (non-saturation) of surface atoms, it
is obvious that atom/molecule adsorption on clean metal surfaces can have a significant effect on its
surface structure, inducing relaxation/reconstruction changes. This is of huge importance for HER, as
it involves adsorbed atomic hydrogen (H,qs) as an intermediate. Additionally, in an electrochemical
system, the electrode will be modified by adsorption of “spectator” species (ions/molecules from the
electrolyte), so HER will not be taking place on clean metal surfaces, but rather on modified ones.
Obviously, there is a complex dynamic interplay between the catalyst surface, reactants, intermediates,
and electrolyte.

According to the Sabatier principle, the interaction of the reaction reactants/intermediates with
the catalyst has to be optimal in strength. If it is too weak, the reactants will not bind to the catalyst
and the reaction will not be able to take place. In other words, reactants do not get activated by
such catalysts. On the other hand, if the interaction is too strong, the catalyst active sites will be
blocked by reactant, intermediate or product molecules, leaving no active sites available for new
reactant molecules that would continue the reaction. In other words, the catalyst surface will be
(irreversibly) poisoned. Obviously, the intermediate’s adsorption energy is of crucial importance for
catalyst efficiency. In the case of HER, this relates to the adsorption energy of atomic hydrogen (E,45(H)).
The relationship between the logarithm of the exchange current density (logljpo|) and the energy of
hydride formation (Ens_p;) was found by Trasatti [12] in the form of a “volcano” curve (Figure 1). Ep-y
was used instead of E,qs(H) since that data was not available at the time [13]. HER exchange current
density varies by 5-6 orders of magnitude depending on the electrode material (Figure 1), with the
highest rates on electrode materials with an optimal interaction of hydrogen intermediate with the
catalyst surface-Pt-group metals.
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Figure 1. Trasatti’s volcano plot for hydrogen evolution in acid solutions: dependence of the common
logarithm of the exchange current density (jog) from the energy of hydride formation (Eps_g1). Reprinted
from Reference [13], © 2020 Quaino et al.; licensee, Beilstein Institut.

Since the highest [jyo| is exhibited by Pt, atomic-scale studies of HER rate dependence on the Pt
single crystal surfaces” atomic-scale morphology have been in the research focus for years. Markovic et
al. [14] have first demonstrated that HER in acid solutions is a surface-sensitive process, i.e., that its rate
depends on the Pt crystal orientation, as can be clearly seen in Figure 2, left. This might seem intuitively
obvious today when E,45(H) is commonly used in HER activity studies and can be relatively easily
obtained from Density Functional Theory (DFT) calculations. This energy depends on the atomic-scale
structure of the surface—its orientation, the coordination number of the surface atoms, reconstruction,
etc. However, early HER studies on Pt did not reveal HER's rate dependence on surface orientation. It
was shown in Reference [14] that the catalytic activity decreases in the order Pt(110) > Pt(100) > Pt(111).
The order is the same for both acidic and alkaline solutions, but the absolute rates are quite different
(Figure 2).
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Figure 2. Polarization curves for hydrogen evolution/oxidation on Pt(hkl), with potential sweep rate of
20mV s71, in (a) acid and (b) alkaline environments. Adapted from Reference [11], Copyright (2002),
with permission from Elsevier.

The dependency of the HER rate on the crystallographic orientation of the electrode was also
demonstrated for the case of silver [15] and gold [16] in acid solutions. While the Tafel plots for Ag(111)
were found to be linear, in the case of Ag(110) they exhibit a distinct slope change. A similar change
of slope is also observed in the case of polycrystalline silver [17] and may indicate a change in HER
mechanism [15]. In the case of Au surfaces, the catalytic activity follows a different sequence compared
to Pt: Au(111) > Au(100) > Au(110) (Table 1), while the Tafel slope varies gradually from about —60 mV
dec™! at low overpotentials to —120 mV dec™! at high overpotentials (in about the same way for the
three mentioned Au facets) [16]. HER surface structure sensitivity was also demonstrated for less noble
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metals. For example, on Cu(hkl) in acidic solution, HER rate increases in the order Cu(100) > Cu(111)
at low overpotentials [18]. On the other hand, at high overpotentials, the activity order is reversed,
due to structure sensitive adsorption of HER inhibiting spectator species ((bi)sulfate anions) on the
investigated surfaces [18]. HER is also surface-sensitive on Pt in alkaline solutions [19], Figure 2, right.
It should be noted that the relatively old experimental data often suffer from inadequate preparation of
the electrode surface [13], and therefore, inconsistent results can be found. However, it should also be
noted that there is a very small number of studies reporting HER on metal single crystal surfaces.

Table 1. Hydrogen evolution reaction (HER) on pure metal single crystal surfaces, in acid solutions, and
the corresponding available data: Tafel slopes (b), exchange current densities (jp) at given temperatures
(T), activation energies (E,), and identified mechanism and rate-determining step (RDS).

. b jo E, Mechanism and
Single Crystal 1V dect /mAcm=2(T)  /kJ mol-1 RDS Ref.
0.36 (274 K)
Pt(100) 2(2.3RT/F) 0.60 (303 K) 12 Heyrovsky-Volmer
0.76 (333 K)
0.65 (274 K) u
Pt(110) 2.3RT/2F 0.98 (303 K) 9.5 Tafel-Volmer [14]
1.35 (333 K)
0.21 (274 K)
P(111) ~23RT/F 0.45 (303 K) 18 HeTj‘(f)illeOl\r;;‘ifner
0.83 (333 K) Yrovsky
Au(100) varies gradually 0.5 % 1074 - _
from [16]
-4
Au(110) 60 to ~120 mV 0.3 x 10 - -
Au(111) dec™! 25x 1074 - -

The presented experimental data for HER at single metal surfaces originates from rare contributions
published 20 and more years ago, most of which do not provide a deeper, atomic-level understanding
of the reason why one metal single crystal facet exhibits higher HER activity than the other. In the case
of Pt, an explanation was offered [11]: the difference between the mentioned Pt facets was attributed to
structure-sensitive heats of adsorption of the active intermediate. Namely, hydrogen can be relatively
strongly (Hypg, deposited at underpotentials) or weakly (Hopqg, deposited at overpotentials) adsorbed
on a Pt surface. For more details, see Reference [20]. The more weakly bound Hgpg is formed on
potentials around, or negative to the Nernst potential of hydrogen electrode, and represents the reactive
intermediate. However, the role of Hypq was unclear. It was proposed that Hypq competes with Hypq
for the same adsorption sites and that it alters its adsorption energy [11]. Of course, E,qs(H) varies with
coverage, mainly due to repulsion between two neighboring adsorbed H atoms. The experimental
results and kinetic models were reconciled by a model according to which some unknown amount
of Hypq is in deeper potential wells in the surface (in the subsurface state), making a place on top
sites for Hopa adsorption. Still, the reaction mechanism cannot be definitely resolved from kinetic
parameters [11]. A much larger number of studies deal with polycrystalline metals. In that case, there
are many more sites available for H adsorption, and therefore, there are many choices for the reactive
intermediate state. Metals that are covered by oxygen under HER electrochemical conditions exhibit
amorphous structure and are not discussed here. A review on them can be found in Reference [21].
Today, it is well-known that metal catalysis generally involves d-bands with energies close to the Fermi
level, and their interactions with the reactant play a key role in the theory of electrochemical reactions.
A framework that allows treating d-band catalysis within the theory of electrochemical reactions is
presented by Santos and Schmickler in Reference [22], correlating the d-band center with the rates of
bond-breaking reactions through the activation energy.
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It was mentioned above that Trasatti’s volcano curve (Figure 1) used metal hydride formation
energy instead of H adsorption energy. However, Ey;_y trends do not always follow E,4¢(H) trends [13].
Therefore, modern volcano plots use adsorption energies obtained from DFT calculations, with an
estimated error of +0.1 eV [13]. A theoretical explanation of the shape of the volcano curve was
given through a study of H adsorption on the fcc(111) surfaces of a variety of transition metals by
Norskov et al. [23]. The authors show that the free energy of the adsorbed state (AGyx) can be easily
estimated as AGy+ = E qs(H) + 0.24 eV, where E,45(H) is calculated against %Hz. The results imply
that on the descending branch of the volcano maximum (Figure 1), H is bound too strongly, and HER
rate decreases with decreasing E,qs(H) due to a lack of available sites for 2H* recombination at the
surface (authors assumed that H; is formed via Tafel step on basically all the studied surfaces). On the
ascending side, H is bound too weakly, making proton transfer difficult, and HER rate decreases with
increasing E,qs(H). All HER steps on Pt were found to be thermo-neutral, placing Pt very close to
the maximum (optimum) of the volcano curve [23]. However, the appropriate value of AGy~ alone
does not mean that metal will be a good HER catalyst, as is shown for the case of Cu in Reference [13].
Greeley et al. [24] have demonstrated the predictive power of theoretical calculations for identifying
new electrocatalysts for HER. Using DFT, they have estimated the HER activity and stability of over 700
binary surface metal alloys. BiPt surface alloy was found to be a promising candidate with HER activity
comparable to (or even better than) pure Pt. They have supported this claim experimentally-they have
synthesized and tested the mentioned surface alloy and indeed demonstrated its superior performance
compared to pure Pt [24], in agreement with the computational results. This is a great example of how
theory and experiment can work together to bring faster progress and a deeper understanding of the
investigated phenomena. Additionally, it illustrates the shift in the theory/experiment relationship
that is becoming more pronounced with more advanced codes and more powerful computational
resources: Theory used to follow and try to explain experimental data; nowadays, experiments can be
guided by theoretical predictions [25]. Theoretical results have emphasized the importance of electron
transfer from the metal to anti-bonding o* orbital of Hp, which induces H-H bond breaking and allows
for H; dissociation [11]. More recently, more complex and demanding DFT calculations of HER were
demonstrated. These included a model of electrochemical double layer and a computational scheme
which allows the potential to be kept constant during a charge transfer reaction. As a result, the
Tafel-Volmer mechanism and Tafel reaction have been identified as the rate-determining step (RDS) for
HER on Pt(111) [26]. The study includes 13 other metals as well, assuming the Tafel reaction as RDS.
However, we must note that only Pt(111) and rhenium in acid solutions actually follow this path [13].

The volcano curve has been used for so long now that it seems that we have started taking it for
granted to some extent. A fresh look at the famous volcano plot was offered by Quaino et al. [13]. They
suggest that the descending part of the curve (Figure 1) is a computational artifact. Namely, metals
on that side of the curve are covered by oxygen under HER conditions, which results in HER rate
reduction by several orders of magnitude [13]. They demonstrate that, when these metals are excluded,
the logljool vs. Eags(H) plot does not resemble a volcano (neither in acidic nor alkaline solutions). The
investigated metals were grouped into sp metals (the worst catalysts; Cd, Hg, Pb), coinage metals (Cu,
Ag, Au), Niand Co (mediocre catalysts), and d metals (best catalysts; Rh, Ro, Ir, Pd, Pt). Several general
conditions for an efficient HER catalyst are outlined: (i) AG should be around zero at the equilibrium
potential (in accordance with Sabatier principle) [27], (ii) metal’s d band includes the Fermi level, and
(iii) there should be a strong, long-range interaction between the metal’s d band and 1s orbital of
hydrogen [28]. In the case of sp metals, the Volmer reaction is the RDS [29]. Due to the absence of the
d-band effects, Sabatier’s volcano shape is expected and indeed found in alkaline solutions. However,
in acid solutions, the situation is more complicated, with changes in the slope of current-potential
curves. When it comes to coinage metals, Sabatier principle has to be superposed by the position
of the Fermi level with respect to the d-band. The d-band position and the E,45(H) become more
favorable in the order Au < Ag < Cu [13], without volcano-like shape. Regarding the d metals, instead
of assuming Hypq as the reactive intermediate (as was discussed above), authors in Reference [13]
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consider Hypg and Hypg as two available states and that the reaction goes via the more energetically
favorable intermediate. In such a way, a descending part of the volcano is not seen. Experiments show
that on Ni and Co HER’s Volmer-Heyrovsky mechanism is operative, with Heyrovsky step as the
rate-determining one [30,31], in agreement with results from Reference [13].

For some of the above-mentioned cases, the results were already given for both acidic and alkaline
solutions. Generally, there are more data for HER in acid than in alkaline media, because of the widely
investigated proton-exchange membrane (PEM) cells. The experimental alkaline-HER rates are, in
terms of jog, about 2-3 orders of magnitude lower than those in acidic solutions [8]. Some of the main
questions that arise in this area are whether the energy barrier for water dissociation affects the overall
reaction rate, how does the pH value influence it, and what is the nature of HER active sites under
these conditions.

Up to now, we have overviewed some of the well-known single crystal and polycrystalline
metal electrodes. However, a very interesting family of potential HER electrocatalysts is obtained
when other metal’s thin layers (overlayers) are additionally spread on them. For example, it was
experimentally shown that HER kinetics on Pt(111) can be improved by Pd modification of the surface,
in the form of pseudomorphic Pd films [32], i.e., a uniform, epitaxial metallic layer of Pd with the lattice
constant equal to the lattice constant of Pt is formed (Figure 3). It is proposed that HER mechanism on
such surfaces is Volmer-Heyrovsky, with the Heyrovsky reaction as the RDS [32]. A review of the
development of Pd-based catalysts can be found in Reference [33]. Clearly, metal monolayers on other
metal substrates can exhibit novel catalytic properties. Such systems are stable only if strong chemical
bonds are formed between the monolayer and the substrate. Therefore, chemical or ligand effect (the
electronic environment of the surface layer) is always pronounced. Additionally, if there is a lattice
mismatch between the two metals (the lattice constants of the two metals differ), the so-induced strain
can lead to changes in the reactivity [25,34]. It was shown by Mavrikakis et al. [34] that a correlation
between surface strain and adsorption energies (and activation energy barriers) exists and that it can
be attributed to the metal’s d-band center shift caused by strain. For example, this was demonstrated
by Soldano et al. [25] for the case of thodium overlayers on gold and palladium substrates, where
Rh/Au(111) is proposed as a good HER electrocatalyst candidate.
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Figure 3. Main: polarization curves for hydrogen evolution/oxidation on Pt(111) and on Pt(111)
modified by Pd, in acid solution (rotation rate 1600 rpm). Inset: Arrhenius plots for hydrogen
evolution/oxidation on Pt(111) and on Pt(111) modified by Pd. Reprinted from Reference [32], copyright
(2000), with permission from John Wiley & Sons.
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Naturally, pure precious metal or combinations of two such metals are not the most practical
choices due to high prices. The tendency is to provide good HER activity using reduced amounts of
expensive metals. Therefore, the question asked for a long time was “what can be used instead of
Pt?” Transition metal carbides (TMC) were found to be similar to Pt-group metals in terms of their
electronic properties and unit cell dimensions. However, their HER exchange current densities are
2-3 orders of magnitude smaller than on Pt surfaces [35,36]. Therefore, TMCs are considered only as
catalyst support. Esposito et al. [36] have studied well-characterized single-phase WC, W,C, and Mo,C
supports covered with a monolayer (ML) of precious metals. Both WC and W,C surfaces were shown
to be excellent supports for ML Pt (good stability), with HER activities comparable to bulk Pt [36],
consistent with DFT results of E,4s(H) on investigated systems. Obviously, the number of possibilities
grew significantly with such realizations. Different combinations of support and overlayer metal were
to be investigated. That is when DFT screening shows its power—it can provide valuable information
about metal adhesion to the support and interaction of such a system with hydrogen. Indeed, there is
a number of DFT studies on metal overlayers on TMC supports, e.g., see References [35,37-39]. An
exhaustive theoretical screening for cheap and stable substrate-overlayer systems for HER, when the
substrate and the overlayer are pure non-precious metals, has been carried out by Bjoketurn et al. [40].
They used a pool of 39 metals, mostly transition metals, and found W-Cu as the most promising system.
It was synthesized but as nanoparticles instead of overlayered structure (since this was not feasible)
and tested for HER using cyclic voltammetry. An improvement compared to pure W and Cu electrodes
was observed [40].

While single crystal and bulk surfaces can provide valuable fundamental insights into the HER
mechanism, such systems are not practical for a large-scale production of Hy. In practice, highly
dispersed HER catalysts are much more attractive as the catalyst utilization is much higher.

3. HER at Supported Catalysts

Recent efforts in achieving the best possible performance of supported electrocatalysts can be
summarized in several approaches: (i) modification of (established) supports in order to increase the
number of active sites suitable for anchoring catalyst nanoparticles, while maintaining required electronic
conductivity and stability; (i) development of synthetic procedures that enable satisfactory catalyst
dispersion; (iii) quest for the catalyst-support combinations with significant synergistic effects, beneficial
for electrocatalytic activity and stability. A number of recent reviews provide extensive insights into the
latest developments in the field of supported catalysts and electrocatalytic HER. Overview of general
wisdom on supported catalysts and current knowledge on electrocatalytic HER is summarized in
References [41-43]. Several fresh reviews deal with more specific catalyst and/or support materials,
such as References [44—46] for carbon-based supports, References [47,48] for metal-organic frameworks,
Reference [49] for 1D and 2D noble metals, and other specific materials in References [50-52]. A recent
overview of heterostructured HER electrocatalysts can be found in Reference [53].

The development of computational methods enabled relatively fast and inexpensive probing of a
great number of different materials [54], which lead to the immense increase in works dealing with
the preparation of novel active materials for HER. Catalytic support for electrocatalysts is usually
an inactive material with high electronic conductivity. However, active nanoparticles are sometimes
grown or dispersed on materials that have moderate or even high catalytic activity. In all of these cases,
regardless of the relative difference in activity between catalyst and support, interfacial phenomena
play an important role in the HER mechanism; hence in this review, we consider supported catalysts in
their broadest meaning, where support is the less active phase in contact with the active nanostructure.
This section contains an overview of the most recent papers dealing with supported HER electrocatalysts,
summarized in four parts: (i) supported metallic nanoparticles, dealing with nanostructured metals
and alloys on different, usually inactive, supports; (ii) supported chalcogenides, hydroxides, pnictides,
and carbides, covering transition metal oxides, sulfides, selenides, oxides, carbides, nitrides, and
phosphides on different supports; (iii) miscellaneous catalyst-support combinations, and (iv) role of
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the catalyst—support interface in HER mechanism. This approach is not based solely on the chemical
classification of catalysts but also on the nature of synergistic effects between catalyst and support,
responsible for the promotion of the electrocatalytic activity and/or improvement of catalyst stability.

Given that platinum and platinum group metals (PGM) have unique properties required for
outstanding performance and that their price limits their widespread application, all efforts in the
development of supported HER electrocatalysts can be considered simply as quest for high-performance
electrocatalysts with decreased PGM content or electrocatalysts where PGMs are completely replaced
by other materials.

3.1. Supported Metallic Nanoparticles

Maintaining or even improving PGM-based electrocatalyst performance, whilst significantly
lowering PGM content, can be achieved through several approaches, including (i) PGM nanoparticle
morphology engineering, (ii) improving PGM dispersion over the support, and (iii) PGM alloying with
non-noble transition metals. Bernsemier et al. reported a new synthesis approach for the preparation
of ordered mesoporous carbon catalyst films (PtNP/OMC) employing colloidal size-controlled Pt
nanoparticles (PtNP) as a metal precursor. The size of Pt nanoparticles changed from (2.1 + 0.5) nm before
the synthesis to (3.0 + 1.0) nm in the final composite, and no Pt was trapped in pore walls or micropores.
Such prepared catalysts reached two times higher current densities, compared to the commercial
Pt/C [55]. A similar approach was employed with ruthenium nanoparticles by Creus et al. [56].
Electrocatalytic performance of impregnated pristine (pCF) and carboxylic-group-functionalized (fCF)
carbon fibers with the preformed Ru nanoparticles from colloidal solution was compared with the
electrocatalytic performance of Ru nanoparticles grown in situ on the pCF and fCF. According to the
presented results, Ru nanoparticles impregnated on pristine carbon fiber had the best stability and
activity. According to kinetic parameters (Appendix A), activities of both impregnated Ru@CF and in
situ Ru@CF are to some extent affected by the functionalization of the carbon support. Considering
only the onset potential, modification of carbon support seems to affect only in situ Ru@CF. However,
if Ru content in the composites is taken into account, deterioration of catalytic performance in the
case of impregnated Ru@CF seems plausible, particularly because overpotential at 1 A mg~" is higher
for impregnated Ru@fCF, compared to the impregnated Ru@pCP, while the former has significantly
lower stability. Benefits of functionalization of carbon-based supports were demonstrated in the
case of ultrasmall iridium nanoparticles supported on N-doped graphene, reported by Wu et al. [57].
They compared the electrocatalytic performance of Ir nanoparticles (1.81 + 0.55 nm) supported on
graphene (obtained by hydrothermal treatment, followed by annealing at 700 °C - Ir@G-750), Ir
nanoparticles (2.18 + 0.92 nm) supported on N-doped graphene (prepared by annealing polydopamine
modified graphene oxide with Ir3* at 750 °C - Ir@N-G-750 °C), and commercial Ir/C and Pt/C. The best
hydrogen evolution catalytic performance was observed for Ir@N-G-750 and explained in terms of
abundant Ir-N interactions that enhance electron density in Ir atoms. Ir nanoparticle adhesion energies
and H adsorption energies were calculated by DFT on pristine graphene, graphitic N-doped graphene,
and pyridinic N-doped graphene. The choice of graphene structures was based on the confirmation
of these types of N-atoms in the XPS spectrum of N-G-750. Calculated Ir adsorption energy was the
least positive for pyridinic N-doped graphene, which implied the favorable thermodynamics of Ir
nanoparticle formation. Furthermore, three types of N atoms were resolved from the XPS spectrum of
Ir@N-G-750: pyridinic, graphitic, and Ir-coordinated N atoms, that actually dominated in the spectrum,
which together with calculated Ir-N distances implied the formation of Ir-N bonds. Huang et al.
exploited native porosity, large surface area, uniform cavities, and polyhedral structure of zeolitic
imidazolate framework-8 for preparation of N-doped porous carbon polyhedrons (NPCP) as supports
of rhodium nanoparticles. The size of the obtained NPCP polyhedrons was around 120 nm, with
mostly encapsulated Rh nanoparticles with the diameter of 2.8 nm. Electrocatalytic performance for
hydrogen evolution reaction was evaluated in alkaline, neutral, and acidic media and compared to the
activities of Pt/C and Rh-free NPCP. According to the reported results, Rh@NPCP performed better
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than Pt/C in alkaline electrolyte, while Rh-free NPCP showed no electrocatalytic activity. Activities
of Rh@NPCP and Pt/C in acidic and neutral electrolyte were comparable below 100 mA cm~2, while
Pt/C performed better at higher current densities. However, excellent performance of Rh@NPCP is
even more pronounced if mass loadings of the metals (20% Pt in Pt/C and 9.84% Rh in Rh@NPCP) are
compared [58]. Among different MXenes (2D early metal carbides), TizC,Tx (Tx = surface terminations,
usually -O and ~OH)) is considered as a promising candidate for electrocatalytic applications, due to
high electronic conductivity and hydrophilicity. Li et al. reported excellent electrocatalytic activity of
intermetallic Pt3Ti nanoparticles on 2D Ti3C, Ty support, prepared by incipient wetness impregnation
(IWI) and subsequent reduction in H; at different temperatures. The size of prepared nanoparticles
was in direct correlation with reduction temperature and ranged from single Pt atoms to 9.0 + 4.1 nm.
The authors also confirmed that Pt;Ti intermetallic nanoparticles cannot be formed when the reduction
temperature is below 550 °C. These findings had direct reflections on the electrocatalytic activity, as can
be seen in Appendix A. Although pristine MXene has poor HER activity, Pt/Ti3C,Tx have comparable
to or even better activities than Pt/Vulcan with the same Pt loading: at 1 = 50 mV mass activity of
Pt/Ti3C,T-550 was 1.305 mA pg~!, which was significantly higher compared to the 0.397 mA pg~! for
Pt/Vulcan. Specific activity (given per mass of surface Pt) for Pt/Ti3CyTx-550 (17.17 mA ug_lsurface Pt)
was increased 10X compared to the activity of Pt/Vulcan (1.79 mA ug ™' iface pr)- This increase in
activity was ascribed to favorable faceting of the Pt;Ti alloy (leading to thermoneutral hydrogen
adsorption). Namely nanoparticles prepared in this way have a cuboctahedral symetry (as confirmed
by STEM), mainly composed of {111} and {100} facets. These faces have near-zero differential adsorption
free energies: —0.01 eV and —0.05 eV for Pt3Ti(111) and Pt3Ti(100), respectively, which is improved
compared to —0.03 eV for Pt(111) and —0.19 eV for Pt(100) [59].

The performance of HER electrocatalysts is usually evaluated at near-equilibrium conditions or at
relatively low currents. However, their activity and durability at high current densities (>1000 mA cm™~2),
important for large-scale industrial applications, are rarely addressed in laboratory-scale research.
Jiang et al. reported IrFe nanoalloys supported on N-doped carbon layers that outperform Pt/C and Ir/C
at low, as well as high current densities in both, acidic and alkaline electrolyte. Apart from high stability
(>10,000 cycles), IrFe/NC needs only 850 mV to deliver 1000 mA cm~2 in 1M KOH, which surpasses all
known electrocatalysts, including Pt/C which requires 1170 mV for the same current density. IrFe/NC
with a mean particle diameter of IrFe amounting to 1.85 nm was prepared by pyrolyzing Ir-modified
Fe-based metal-organic framework. DFT calculations revealed that the introduction of Fe atoms
decreases H adsorption energy on Ir atoms through charge accumulation. Bader charges showed that
Ir atoms, as the main active H adsorption sites, have a higher number of electrons if located in the
vicinity of dopant Fe atom. Large specific surface area and superior conductivity, obtained by this
preparation method, additionally contribute to excellent catalytic performance [60].

The joint contribution of alloying metal and catalyst support on the performance of Pt-based
catalysts was also reported in the recent paper by Meng et al., describing synthesis and HER
electrocatalytic properties of different PtCo alloy nanostructures supported on reduced graphene oxide
(rGO). All prepared PtCo/rGO composites had slight dependence of the activity on the initial Pt/Co
ratio and showed excellent electrocatalytic activities, compared to the expected performance of Pt/C
and slightly inferior performance of unsupported PtCo [61].

Du et al. reported a one-step chemical reduction procedure for the preparation of Pt-Ni alloy
nanoparticles supported on reduced graphene oxide. Such prepared samples also exhibited HER activity
dependence on the initial ratio of Pt and Ni precursors and had better performance than Ni/rGO,
Pt/rGO, and commercial Pt/C (see Appendix A). Material obtained with the initial Pt/Ni molar ratio of 1
(Pt-Ni(1:1)/rGO) had the highest specific activity of 1.09 + 0.08 mA cm~2py, obtained at —0.1 V vs. RHE,
which is significantly higher compared to Pt/rGO (0.21 + 0.02 mA cm~2p;) and commercial Pt/C (0.28 +
0.02 mA cm~2py). Excellent electrocatalytic performance of rGO-supported Pt-Ni nanocatalysts could be
ascribed to combined contribution of: (i) modification of platinum electronic structure by electron transfer
from nickel atoms, leading to the decrease in H adsorption energy on Pt, and (ii) nickel hydroxide layer
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inherently formed during hydrothermal procedure, which promotes water decomposition by accepting
OH™ ions, previously demonstrated by Markovic group [62—-64]. In order to test the Ni(OH), contribution
to the HER activity, linear voltammograms for Pt-Ni(1:1)/rGO were also recorded after etching the sample
in acetic acid, which caused a slight decrease in activity (see Appendix A). The excellent stability of these
materials is discussed in terms of protection by Ni(OH), layer [65].

The importance of interfacial process in HER catalysis [66] was also demonstrated recently for
supported Ni particles [67]. Change in the density of Ni/NiO interfaces, important for acceptance of
OH ions in alkaline electrolyte, has been considered as the main reason for the change in electrocatalytic
activity in the recent work of Zhang et al., in which nickel nanoparticles anchored on nitrogen-doped
carbon were synthesized from tetracyanoquinodimethane precursors and tested for HER electrocatalytic
performance in 1 M KOH. Metal tetracyanoquinodimethane compounds have a rigid planar structure,
which can hinder the metal nanoparticle aggregation during pyrolysis and thus enable size control of
metal nanoparticles. This synthetic approach enabled easy control of Ni nanoparticle size through
controlling the reaction temperature; sizes of anchored Ni nanoparticles were 1.3, 8.8, and 14.9 nm for
300, 400, and 500 °C, respectively. The difference in catalytic performance between obtained samples,
reflected in different Tafel slopes (Appendix A), was explained in terms of different density of Ni/NiO
interface in direct contact with electrolyte [67].

Lattice mismatched nickel nanoparticles decorated by highly strained Pt islands by slow reduction
approach, under mild conditions in nonpolar solvent, yielded Pt nano-islands with the diameter of 1.9
and 2.7 nm, for the reaction time of 48 and 72 h, respectively (Figure 4). This approach enabled high
control of the Pt islands size and prevented galvanic replacement. The specific activity of 1.9 nm Pt@Ni
in alkaline electrolyte was 7.5 times higher than specific activity of Pt/C with Pt nanoparticle size of
1.6 + 0.5 nm, while mass activity was 9.6 times higher (7.7 + 0.6 mA pg_lpt for 1.9 nm Pt@Ni; 0.8 =
0.1 mA ug‘lpt for commercial Pt/C). Such outstanding activity is the consequence of (i) contact between
Pt and Ni phases, which facilitate water dissociation through adsorption of OH™ on nickel phase, thus
cleaning Pt surface for easier H* recombination, and (ii) strained Pt with modified hydrogen binding
energy. Strain effect is obvious from the results, as ~1.4 times increase in the compressive strain for the
1.9 nm Pt-islands, compared with the 2.7 nm Pt-islands, increased specific activity from 6.4 mA cm~=2p;
to 14.7 mA cm™2p, [68].
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Figure 4. (a) Scheme illustrating the growth of Pt atoms (red) directly on a Ni branch (green). (b) TEM
image of the Ni-branched Pt-islands nanoparticles after 48 h (1.9 nm Pt-island). (c) Pt island size
distribution. (d) HAADF-STEM image of a Ni-branched 1.9 Pt-island nanoparticle. (e) STEM-EDX map
showing Pt (red) islands on Ni (green) nanoparticle. (f) TEM image and (g) Pt island size distribution
after 72 h (Ni-branched 2.7 nm Pt-island). (h) HAADF-STEM image of a Ni-branched 2.7 nm Pt-island.
(i) STEM-EDX map with Pt (red) and Ni (green). Reprinted (adapted) with permission from [68].
Copyright (2019) American Chemical Society.
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The effect of different carbon-based materials on HER electrocatalyst performance is also
demonstrated by Cardoso et al. for SnO,-supported PdNi nanoparticles. Two highly conductive
carbons (Ketjenblack EC-600]D and EC-300], designated as KB600 and KB300, respectively), graphene,
and Vulcan XC72 were composited with SnO;, in order to achieve high support conductivity and
suppress aggregation and pulverization of Sn clusters. Obtained supports were decorated by PdNi
(90:10) nanoparticles and tested for HER performance at different temperatures. Results obtained for
the lowest (25 °C) and the highest (85 °C) are shown in Appendix A. PANi/(SnO,-graphene) had the
highest overall Tafel slopes and the highest activation energy but at the same time showed the best
performance at high temperatures, at which industrial water electrolyzers usually operate. On the
other hand, PdNi/(SnO,-KB600) was the best material in terms of the determined kinetic parameters,
particularly below 45 °C [69].

Considering the effect of carbon support, the contribution of some specific features of the
graphene-based supports to the electrocatalytic activity of carbon-supported Ni was reported recently
for two series of electrochemically prepared Ni@rGO composite catalysts and tested for HER in alkaline
media using two different graphene oxide (GO) samples: chemically (CGO) and electrochemically
exfoliated graphene oxide (EGO). Although both materials were soluble in water and had a significant
number of surface defects, based on the Raman spectra, the XRD pattern of EGO showed dominant
graphitic reflection, indicating multilayer graphene material. Catalyst preparation involved single-step
electrodeposition of Ni during which GO support is converted to rGO. It was observed that there is an
optimal Ni deposition time for each GO which results in maximum HER activity. However, the most
interesting result is the fact that the improvement of the catalytic activity of Ni is apparently not linked
to the quality of GO and the exfoliation degree but to surface oxidation and disorder. It seems that
relatively cheap EGO performs much better than more expensive alternatives obtained by chemical
exfoliation [70]. In this case, the improvement of HER activity was governed by interfacial effects,
which are addressed in Section 3.4.

Begum et al. significantly improved PdMn/CNT electrocatalytic activity by utilizing
Mn-phthalocyanine as (i) the Mn source for PdMn alloying and (ii) mediator for PdMn nanoparticle
anchoring onto the carbon nanotube (CNT) support, through 7—m interactions. This approach
enabled homogenous dispersion of Pd and Mn over the CNTs in the PAMn-N4/CNT sample, with the
nanoparticle average size of 4.4 nm. Electrocatalytic activity of this sample was improved, compared
with the activities of PdMn and Pd anchored directly onto the CNT (designated as PdAMn/CNT and
Pd/CNT), which was discussed in terms of better attachment of PdMn through N4-system onto carbon
nanotubes, comparatively smaller particles formation with better dispersion and higher electrical
conductivity [71] (Appendix A).

An alternative example employing support effects was reported recently for hexagonal boron
nitride (h-BN) by Liu et al. Pristine h-BN is a wide bandgap semiconductor and is assumed to be
electrocatalytically inert. However, Liu et al. studied h-BN supported on Au and Cu (h-BN/Au and
h-BN/Cu) by scanning electrochemical droplet cell technique. Obtained results revealed improvement
but still a very poor activity of h-BN on Cu and moderate activity of h-BN/Au (two orders of magnitude
higher than for h-BN/Cu), which revealed a significant influence of the metallic surface [72].

Decrease in platinum content with the increase in electrocatalytic activity was also reported for
platinum nanoparticles dispersed on Ni(OH), [73-75], NigN [76] CoP [77], nitrogen-doped carbon/Ni
nanofibers [78], nitrogen-doped ordered mesoporous carbon [79], sulfur-doped graphene [80], and
Fe-doped a-Ni(OH); [81]. Similar synthetic procedures as those described in the preceding text were
used for preparation of other supported PGMs or their alloys and composites with non-noble metals,
including Pd@Cu(Il) phthalocyanine/MOF [82]; Ru nanoparticles supported on cobalt carbonate
hydroxide nanowires [83]; PtCu anchored on N-doped carbon nanofibers [84]; and Co, Fe co-doped
Ru on carbon [85]. Further improvement of electrocatalytic of supported metallic nanoparticles can
also be achieved by the functionalization of Pt/CoP with ethylene glycol [77], with the specific activity
of 101.2 mA pgp;~! and Rh with polyallylamine [86]. In both cases combined surface, interface, and
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support engineering of materials lead to better performance of prepared materials in terms of activity,
compared to Pt/C.

In addition to PGM-free works, new reports with PGM-free supported catalysts that contain
metallic phase(s) include carbon encapsulated Co nanoparticles [87]; cobalt and nitrogen-doped
mesoporous graphitic carbon [88]; Au-NiSx heterostructures [89]; core-shell ZnCo/N-doped
carbon@Mo$5, [90]; Co/CoP@N-doped carbon [91]; and Co, N, co-doped graphene [92]. It is important
to note that non-noble transition metal nanoparticles are almost always oxidized to some extent, which
when considering their electrocatalytic activity positions them between metal-based catalysts and
(hydr)oxides, reviewed in next section.

3.2. Supported Chalcogenides, Hydroxides, Pnictides, and Carbides

The majority of papers considering transition metal-based catalysts (chalcogenides, hydroxides,
carbides, pnictides), published in 2018 and 2019 deal with improvements of synthetic procedures,
in order to increase electrochemical surface area and dispersion of active nanoparticles and charge
engineering through introduction of nitrogen into the carbon support, thus enabling formation of
metal-nitrogen bonds. Few papers also report new strategies to prepare TM sulfides, carbides, nitrides,
and phosphides on the porous nickel foam substrates. Given that several recent reviews [93-97]
deal with these types of catalysts extensively, the following text gives an overview of the most
recent papers, with a focus on the optimization strategies for the preparation of high-performance
HER electrocatalysts.

Several recent works dealing with supported transition metal chalcogenides are focused on the (i)
improvement of electronic and catalytic properties by inserting cobalt atoms and (ii) enhancement of
nanoparticle dispersion on a carbon support. In the paper by Xu et al. Co-doped Nig g5Se on reduced
graphene oxide support was obtained after one-step hydrothermal treatment at 200 °C. If HER activities
(Appendix B) of unsupported Nig g5Se, Nig g55e/rGO, and Co-Nij g5Se/rGO are compared, beneficial
effects of both, Co-dopant and rGO support, are clearly revealed [98]. Calcination of cobalt nitrate,
ammonium molybdate, and graphene oxide at 600 °C, reported by Ma et al., yielded material with
two distinct phases-CoMo0QO,4 and MoO,-supported on reduced graphene oxide, with excellent HER
performance, as can be seen in Appendix B. Improvement of electrocatalytic activity with introduction
of cobalt is significant, as evidenced from kinetic parameters, given in Appendix B [99]. Hou et al.
reported more extensive research on the synthetic routes for the preparation of graphene and N-doped
graphene supported CoMoS, and consequent electrocatalytic performance. They investigated the
effects of H,O,, NoHy, and NaBH,4 addition, with and without NHj3, in the reaction mixture on
the electrocatalytic activity of the final product, obtained by hydrothermal reaction between cobalt
chloride, ammonium molybdate, thiourea, and graphene oxide at 140 °C. Samples designated as
CoMoS,/NGO-N°, where N° =, IL, II1, 1V, V, VI, VII, were prepared with the addition HyO,, NpoHy,
NaBHy4, H,O; + NH3, NoHy + NHs, NaBH, + NH3 and without any of the listed additives, respectively.
The lowest activity was measured for CoMoS;/NGO-VII (sample without any of the additives),
which also had the highest particle size (100-200 nm) and lowest electrochemical surface area, while
CoMoS,/NGO-1IV (sample with HyO, + NHj), with particle size of 5-8 nm and high electrochemically
active surface area (ECSA), had the best performance. Moreover, electrocatalytic activity was higher for
samples prepared with the addition of ammonia, compared to corresponding samples without NHj,
and increased as additive was changed in the order NaBH4 — N2H4 — HO,, regardless of ammonia
presence (Appendix B) [100]. Heterostructured CdS@CoMo,54/MoS, catalyst prepared directly on
indium-tin-oxide glass by the hydrothermal method was tested as photo- and electrocatalyst for HER,
as reported in a recent paper by Sheng et al. [101]. CoMo,54/MoS; ratio, which can be tuned by reaction
time or the ratio of precursors, was found to be crucial in the enhanced photo-assistant electrocatalytic
hydrogen evolution: if MoS; phase was dominant, catalyst had superior photocatalytic performance;
on the other hand, composite with dominant CoMo0,S4 phase had excellent photocatalytic as well as
electrocatalytic activity, with 1779 = 172 mV.
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Besides different carbon-based supports, HER electrocatalysts can be prepared directly on the
nickel foam, which does not serve only as conductive support with a high surface area but also as
a source of nickel in the process of synthesis of different Ni-based catalysts. The use of this support
provides sufficiently high electronic conductivity, very low interfacial resistance between Ni and
catalysts phase, and robustness responsible for high stability. Preparation of nickel foam-supported
electrocatalysts usually includes at least one solvothermal step in which nickel is replaced by other
metals to some extent. This approach, using thioacetamide as the source of sulfur, reportedly yielded
hierarchical Ni-Mo-S5/MoO,/NF 3D frameworks with good electrocatalytic properties, as can be seen
from Appendix B [102]. Solvothermal step with subsequent calcination was reported for preparation of
CoMoOy supported od nickel foam by Yan et al. [103] They investigated possible ways for optimization
of the synthesis method, by varying the synthesis time, Co/Mo molar ratio, and urea content in the
reaction mixture, in order to obtain desired morphology and HER activity of CoMoOy4/NF. The sample
obtained by optimized procedure had an excellent HER performance, particularly compared to the
performance of Co304/NF and MoO,/NF, as listed in Appendix B. The presence of urea in reaction
mixture affects the morphology of the sample, which was confirmed by SEM analysis. Cui et al.
presented a similar methodology for the preparation of 3D hierarchical Ni3S,@MoS,/NF catalyst, with
the inclusion of sulfurization between solvothermal and calcination step (Figure 5a). The excellent
performance of this material in the alkaline electrolyte was ascribed to several factors. Hierarchical
heterostructure of NizS,@MoS;,/NF had a very high electrochemical surface area, estimated from
double-layer capacitance, and was abundant in well-exposed phase interfaces (Figure 5b—e), responsible
for “boosting evolution-release process of hydrogen gas bubbles” [104].
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Figure 5. (a) Schematic illustration of the synthetic procedures for Ni352@MoS2eNF heterostructure.
(b) Schematic diagram of hybridization between MoS, and Ni35, for HER. (c-e) SEM images of 3D
Ni3S,@MoS;eNF composite with different magnification. Reprinted from [104], Copyright (2019), with
permission from Elsevier.

Wang et al. used a relatively simple two-step electrodeposition method for the preparation of high
surface area oxygen reduction catalyst-NiFe layered double hydroxide supported on porous nickel
modified nickel mesh (NiFe LDH/Ni/Ni). However, the hydrogen evolution activity of this sample
was also significantly increased, compared to the activity of NiFe LDH deposited on unmodified Ni
mesh in alkaline electrolyte [105]. A similar approach was reported by Yu et al. for the preparation of
NiO-modified nickel nanodots supported on Ni foam (NiO/NiND@NF). Nickel nanoparticles were
electrodeposited from aqueous solution, oxidized in air, and tested for electrocatalytic activity towards
HER in alkaline electrolyte. According to the authors, the presence of Ni/NiO interfaces enhances
electrocatalytic activity by preferential attachment of OH™ ions onto the NiO surface. The authors also
discuss possible improvements in conductivity caused by the presence of Ni nanoparticles [106].

Electrocatalytic activities of Titania supported PAO and Eu, O3, prepared by template-free one-step
solvothermal method, were reported by Ibrahim et al. Pd or Eu salt was allowed to react with titanium
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butoxide in dimethyl sulfoxide (DMSO). Such preparation approach yielded PAO/TiO; with the average
particle size of 46 + 0.78 nm and better HER activity and stability, compared to Eu,O3/TiO; obtained
by the same method with the average particle size of 39 + 0.67 nm [107].

Other works focused on preparation of HER active chalcogenides and hydroxides include
Ni-Co sulfide/Ni-Co carbonate-hydroxide grown on Ni foam [108], MoS,@Ni(OH),/Ni foam [109],
Co9Sg@MoS, [110], Te@NiTe,y/NiS [111], MoS, coated Ni3S; [112], WS, supported on TiO, [113],
N-doped reduced graphene oxide supported CoSe; [114], Co9Sg supported on N,S co-doped
carbon [115], MoNiS@NiS [116], Mo-incorporated Ni(OH); [117], Nip P-NiSe; [118], NiC0,54/CdO [119],
Ni3S; decorated by NiszSnyS, quantum dots [120], metallic WSe,:5n supported on reduced graphene
oxide [121], and RuO,/Co304-RuCo supported on N-doped carbon [122].

Ni et al. reported the difference in catalytic performance between bulk NizN, prepared by
high-temperature reduction of Ni(OH), ni NHj3 atmosphere, and carbon-supported nanoparticulate
NizN, prepared from NiO via an oleylamine-assisted method. Compared to bulk NizN and nickel
nanoparticles on the same carbon support (Vulcan-XC 72R), Ni3N/C had a significantly higher activity
for HER. The difference in the mean particle size for bulk NizN and NizN/C (42.2 + 18.5 nm and 4.6
+ 1.0 nm, respectively) reflected on the mass activity of two catalysts: 1.73 mA mg_lcat for bulk and
24.38 mA mg~! ot @ 17 =50 mV for supported sample [123]. Wu et al. proposed interesting strategies for
tuning the electrocatalytic performance of rGO-supported molybdenum phosphide, using NaCl as a
solid template. Besides the effect of NaCl, the effects of sulfur (introduced by thiourea during one-step
preparation route) and pyrolysis temperature were also investigated. According to the presented
results, the NaCl template leads to noticeably increased electrocatalytic activity for HER, which is
discussed in terms of increased specific surface area. Optimal values yielding the most active material
were observed for all three parameters, i.e., NaCl content, sulfur content, and pyrolysis temperature:
0.5 g of NaCl in the reaction mixture (besides 0, 0.2, and 0.8 g for other samples); 0.01 g of thiourea
(next to 0 and 0.019 g for other samples); and 800 °C (which was between 700 and 900 °C for other
samples) [124].

Uniform dispersion of ultrasmall iron phosphide nanoparticles on carbon nanotubes was reportedly
achieved by oxidation and subsequent phosphorization of precursor formed by adsorption of iron(II)
phthalocyanine onto carbon nanotubes through 7— interactions. This approach yielded ultrasmall
FeP nanoparticles with an average diameter of 2—4 nm, anchored on, or even impregnated into the
CNTs. CNT-supported FePs, prepared from different initial FePc/CNT mass ratios (1:1, 2:1, 3:1, and 4:1,
designated as FeP/CNT-1, FeP/CNT, FeP/CNT-2, and FeP/CNT-3, respectively) had significantly higher
electrocatalytic activities, compared to the unsupported FeP and phosphorized CNTs [125].

Specific interactions between Mo, C and defect-rich N-doped carbon nanosheets and their effects
on the electrocatalytic activity towards the HER were reported by Lei et al. Tested materials were
prepared by calcination of graphitic carbon nitride, sucrose, and ammonium heptamolybdate in a
nitrogen atmosphere at 800 °C. A representative sample, prepared with the g-C3Ny/molybdate mass
ratio of 2, consisted of Mo,C nanoparticles with the dimensions between 1-3 nm, wrapped in carbon
nanosheets with thickness of 3-5 defect-rich graphene layers, and had the best HER performance (1
=83 mV, Appendix A, Table A2). The hydrogen evolution activity of this sample was compared to
three control samples, two of which were prepared with the g-C3Ny/molybdate mass ratios of 1 and 5,
while the g-C3N4 was absent during the preparation of the third one (i.e., the g-C3Ny/molybdate mass
ratio was 0). Sample prepared without the g-C3Ny4 had the poorest HER performance (179 = 391 mV)
compared to MoNCs-1 (19 = 163 mV) and MoNCs-5 (19 = 158 mV) [126].

Formation of Mo-N bond in the molybdenum carbide supported on N-doped carbon nanotubes
was also achieved by reaction between Mo(IV)-melamine polymer and oxidized carbon nanotubes, in
the work by Song et al. Activity was tuned by changing the Mo(IV)-melamine/oxidized CNTs ratio
in the reaction mixture, which yielded composites with different Mo atomic content (and N atomic
content as well), and different activities: samples with the lowest (1.16 at %) and the highest (6.06 at
%) Mo content had poorer HER activities, compared to the samples with 3.78 and 2.69 at % of Mo.



Catalysts 2020, 10, 290 16 of 38

However, activities of all of these samples were better compared to the activities of Mo, C/C, obtained
by the same procedure but without oxidized CNTs as precursor, NCTNs, and CNTs, as can be seen in
Appendix A, Table A2, which clearly demonstrate synergy between N-doped nanostructured carbons
and catalyst in the improvement of electrocatalytic performance [127].

Novel HER active supported transition metal pnictides and carbides also include bimetallic
phosphide; Ni, (CoxP supported on electrospun N-doped carbon nanofibers [128]; CoP/NiCoP
supported on N-doped carbon [129]; Mo nitrides supported by B,N co-doped carbon nanotubes [130];
MoC-MoP/N-doped carbon nanofibers [131]; Cuz(PO4),/Cu-MOF [132]; biphase NisP4/NiP; grown
on Ni foam [133]; Co,P/CoMoPy supported on Ni foam [134]; coupled Mo,C and Ni nanoparticles
encapsulated in porous carbon nanofibers [135]; Nip P/CusP on carbon paper [136]; N-doped carbon
coated MoP nanowires [137]; CeO,-CoP-C hybrid nanostructure [138]; CogW¢C nanocrystals anchored
on N-doped carbon nanofibers [139]; FeOOH/NisN [140]; carbon supported CoP nanoparticles with
focus on size-dependent activity [141]; Fe, Co, and Ni phosphides anchored on metal-caged graphitic
carbon [142]; MoC;,-doped NiFe alloy nanoparticles encapsulated with N-doped graphene [143];
C3Ng@MoN [144]; CoP nanowires coupled with CoMoP nanosheets [145]; Ni-Fe-P nanoparticle
embedded in N-doped carbon supported on Ni foam [146]; and Co, Al doped Fe,N/FesN [147].

3.3. Miscellaneous Materials

This section contains a brief overview of novel materials prepared and tested for electrocatalytic
performance towards the HER, which does not fit into previously described categories. Few of these
reports employ preparation methods similar to the methods overviewed in the previous section, such
as synthesis of Cuz(PO4),/Cu-MOF [132], Co(OH)F, and Co-P nanoarrays supported od Ni foam [148],
CoCO3@CoSe supported also on Ni foam [149], and Nij (HPO3)g(OH)s/Mn3Oy4 [150]. A comparison
of HER performance for three 2D polyhalogenated Co(Il)-based MOFs demonstrated the possibility to
tune the activity by changing the halogen substituents [151]. Wang et al. compared HER activity of
two covalent organic polymers based on Zn phthalocyanine supported on graphene oxide with the
activities of pure components and their physical blends and found significant improvement caused by
the covalent linkage between all of the components [152]. Another interesting material—phosphorene
quantum dot modified Prussian blue porous network—with reportedly excellent HER activity was
reported by Xia et al. Superb electrocatalytic activity in acidic electrolyte was explained in terms
of passivation of phosphorene edges by CN-groups in Prussian blue [153]. Knowing that graphene
oxide can be completely reduced at the significantly lower overpotentials compared to those needed
for HER and that HER at reduced graphene oxide requires large overpotentials, results reported by
Aslam et al. for HER at graphene foam seem surprising, especially because authors performed detailed
characterization and excluded presence of metallic impurities [154].

3.4. Role of the Metal-Support Interfaces in HER Mechanism

Almost all of the recently published papers, dealing with supported electrocatalysts, recognize the
beneficial effects of different interfaces for catalytic activity towards the HER. However, most of them
discuss these effects in vague terms of “synergistic effect” and “tailored electronic configurations”,
where usually one phase “accepts OH™" and thus improves catalytic activity. Of course, the last point
relies on the work of Markovic groups on the formation of complex interfaces with transition metal
(oxy)hydroxides [62-64]. Nevertheless, only a few papers address these phenomena more extensively
in terms of electronic effects. Zhdanov and Kasemo recognized four reasons responsible for unique
catalytic behavior of supported nanosized catalysts: (i) diffusion-mediated communication between
adjacent crystal facets at far-from-equilibrium conditions; (ii) spillover effect; (iii) adsorbate-induced
reshaping of catalyst particles; (iv) electronic modification of catalyst particles by the support [155].
Spillover, being defined as “the transport of active species sorbed or formed on a first surface onto another
surface that does not under the same conditions sorb or form the active species” [156], is a well-known
interfacial step in mechanisms of reactions involving heterogeneous catalysts. Hydrogen atom spillover



Catalysts 2020, 10, 290 17 of 38

(not to be confused with H; spillover, which includes dissociation and is an important step for
hydrogenation reactions and hydrogen storage) was recognized as the phenomenon responsible for the
promotion of Pt electrocatalytic activity towards the hydrogen evolution 47 years ago, for Pt supported
on pyrolytic graphite [157]. Several experimental works contributed to the affirmation of H,4s spillover
as the important step in HER mechanism at Pt/C [158], Pt/transition-metal-oxide [159], Pt/Au [160],
Pi/Ni [161], atomically-dispersed-Pt/WOs  [162], Pd/Au [163], WO3-2H,O/WS, [164], Rh/MoS, [165],
Rh/Si (although authors do not employ the term spillover) [166], Pd@Cu(Il) phthalocyanine/MOF [82],
and Ni/rGO interfaces [70,167,168]. Kinetic Monte-Carlo simulations were employed to investigate
the impact of the spillover rate on the rate of H, production at the Ni/rGO interface, using the model
that was able to qualitatively reproduce the experimentally observed trends [168]. Spillover was
also found to be a part of HER mechanism on nanocrystalline Ni films, where H,45 transferred from
Ni nanocrystals to intercrystalline non-homogenous disordered Ni [169]. However, straightforward
experimental observation of H,qs spillover is not an easy task, especially if quantitative data are needed.
Eikerling et al. proposed a kinetic model [170] as a theoretical framework for experimental results
from all-in-situ STM investigation of the local reactivity of a single Pd nanoparticle supported on
Au(111) [171]. Calculated data revealed significant dependence of the kinetic parameter values on the
size and geometry of Pd particle, where the contribution of H,gs spillover from large Pd particle to the
Au support was insignificant, compared to small particle (two layers of Pd on Au). Size (i.e., height)
of large Pd particles also reduced electronic effects, making hydrogen adsorption weaker, compared
to small particles [170]. This model was further developed for an array of Au-supported catalyst
nanoparticles, in order to investigate the effect of particle density on the catalytic activity, where
desorption rate and hydrogen diffusion coefficient on the support were found to be the key kinetic
parameters that influence the current density [172]. Direct observation of H,gs spillover from ultrathin
gold nanocatalysts to indium tin oxide (ITO) substrate was reported recently by Hao et al., using
total-internal reflection fluorescence (TIRF) microscopy (Figure 6) [173]. The results of computational
studies strongly support the scenario where spillover plays a significant role in the mechanism of HER
at multiphase catalysts [35,77,167,168,174].

4. HER at Single Atom Catalysts

As experimental techniques employed for studying heterogeneous catalysts mature, becoming
more capable of elucidating structures at the Angstrom scale, debates about the presence and activity
of isolated sub-nanometer active sites and their comparison to NPs [175] are becoming more informed.
The phase space of supported single atoms (Single Atom Heterogeneous Catalysts, SACs) expands
the potential pool of candidates for HER catalysts due to the rich coordination chemistry of transition
metals and plentiful supports (Figure 7). However, it is necessary to consider the traits unlocked by
nanostructuring and their effect on the simple mechanism of hydrogen reduction. In comparison to
OER, HER is typically not considered a bottleneck in electrochemical devices; however, SACs provide
a way of increasing the economic feasibility of electrolyzers relying on more expensive (typically) Ir
OER catalysts, by reducing the precious metal loading and therefore the price of the HER subassembly.
Particularly, in proton exchange membrane water electrolyzers (PEMWE), even HER catalysts with
state of the art catalytic performance and Pt dispersion that offer an efficiency ratio of 0.01 g Pt/kW
would lead to a consumption of 1 t of Pt per year projecting an 100 GW/year PEMWE growth [176].
Therefore, SACs have a future minimizing active phase waste and ensuring the optimal catalyst atom
economy [177]. Even with state-of-the-art experimental techniques such as high-resolution electron
microscopies (HR-TEM, AC-STEM) and local coordination environment tools that rely on synchrotron
radiation (XANES, EXAFS), the speciation of isolated atoms remains a significant challenge. Density
functional calculations (DFT) often have the final say on deriving structure performance relationships.
HER, due to its mechanistic simplicity, was the first candidate for deriving scaling relationships in
extended metal surfaces [24,178]. However, confining the search for the optimal catalyst by optimizing
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a single parameter (atomic hydrogen adsorption free energy) becomes more complicated with the
increasing complexity of the active site, as it is commonly the case with SACs.
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Figure 6. (a) A scheme of the experimental setup used for imaging H2 nanobubbles in electrocatalytic
water splitting. H, nanobubbles generated on an ITO surface are labeled by single R6G molecules and
imaged by TIRF microscopy. (b) A series of TIRF images of a 22.8 x 22.8 um? area on an ITO electrode
taken from a potential scan from 0 V to —2.0 V at 100 mV/s vs. Pt QRE in water containing 1 M NaySOy4
and 10 nM R6G. Fluorescence images were recorded at 19.81 frames per second with a 50-ms exposure
time. (Scale bar, 5 pm.) (c) A comparison between the rate of nanobubble detection (detections per
frame) (blue) and the current-voltage response recorded on the same electrode (black). The red dashed
line indicates the baseline of the faradaic current. (d) A scatter plot showing the fluorescence intensity
(counts) of individual H, nanobubbles in the potential range of interest from —0.5 V to —2.0 V from
the same recording. The photon counts of each fluorescent burst on one frame were converted from
the total integrated fluorescence signal under the fitted 2D Gaussian function using Thunder STORM.
Adapted from Reference [173]. Copyright 2018 National Academy of Sciences.
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Figure 7. Equivalent circuit of the anodic part of an electrolyzer depending on the speciation of the
active metal phase (a). Schematic representation of crucial hydrogen evolution steps in protic acidic
medium on an extended (111) surface of an fcc metal (b) and a typical [179] Single Atom Heterogeneous
Catalyst (SAC) (Pd atoms supported on heptazinic carbon nitride) (c¢). Coordination environments
(d) of successful single atom HER catalyst described in the literature [180-186].

In SAC:s the role of the support becomes more profound as each isolated atom lies at the border
between the support and metal ‘phase’. The strategy of stabilizing single atoms on carbon (and other)
carriers involves providing anchoring groups or defects acting as ligands for the metal atoms [187,188].
These ligands act as Lewis bases binding the metal center and inherently poses H affinity if not
saturated by bonding to the metal atom. While comparing the equivalent circuits (Figure 7a) of a single
atom supported on a popular heptazinic carrier [179] to that of an extended surface of an hcp metal
catalyst (Figure 7b), the conventional classification of elementary steps to Tafel/Volmer/Heyrovsky
becomes more complicated. In a system where both the support and metal center adsorb H (Figure 7c)
co-adsorption can occur, which can be detrimental to HER activity (trapping the active sites in
off-cycle thermally modulated paths). To circumvent this possibility, SACs have been designed with
saturated cavities covalently bound to the metal atom [180-183]. In this case, the preferable adsorption
spot (Figure 7d) is the metal top position, where a proton (hydronium ion) can adsorb via a single
coupled proton-electron transfer, with molecular hydrogen evolving recurrently trough the Heyrovsky
pathway [184]. In this case, the support has a more passive role that is expressed via its influence on
the electronic states of the metal center, and the existence of a shared reaction path ensures that the
H* adsorption energy can be considered equivalent to the HER onset potential. The H* adsorption
energy can be put into context by linearly combining the number of d electrons of the (isolated) metal
atom (M), the electronegativity of M and H, and the contributions of the electronegativity of the
atoms in the first coordination sphere (C or N atoms) [184]. This descriptor is universal for a wide
range of metals and defects and correlates well with the experimentally determined onset potentials.
The thermoneutrality condition needs to be examined in the context of SA stability (Figure 8a), as some
favorable configurations may have compromised stability, in situations where scaling relations are
more difficult to derive due to the active role of the support and the dynamic nature of the coordination
environment. Similarly, complex behavior was observed when adjusting the nuclearity of the active
site (increasing the number of metal atoms in the active site from one to two or three), with significant
mechanistic differences being triggered by the existence of 3-fold sites (Figure 8 b,c) [189].

Although the effects of cluster size and (for carbon-supported SACs) the active role of the support
are yet to be exploited for performance gains in HER as means of breaking the scaling relationships [190],
non-Pt systems are becoming more competitive with the state-of-the-art. Particularly Co [191], Ni,
Fe [192] and Ru [193] (Table 2) have shown to be comparable and even in some cases outperform
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conventionally accepted Pt-based catalyst (although Pt systems can be further optimized for specific
activity [176]. The nanostructuring of the precious metal phase is certainly appealing from an
economical perspective, but it is necessary to consider all the possible implications of providing
support with good SA dispersion properties, to ensure high stability. In fact, increasing the stability
of SACs can be connected to the number of defects present in the support, which can compromise
electrical conductivity.

Table 2. Comparison of experimentally measured kinetic and thermodynamic parameters of recently
developed carbon-supported HER SACs in comparison to state-of-the-art Pt systems.

M M Speciation n (V) Tafel Slope (mV/dec) **  Conditions (Acid /Base) Reference
Pt SOA/NP ~0.01 31.0 Acid [191]
Co SAHC -0.03 82.0 Acid [191]
Pt SOA/NP -0.00 33.9 Acid [193]
Fe SAHC —0.04 37.8 Acid [193]
Ni SAHC -0.05 45.8 Acid [193]
Pt SOA/NP -0.03 39.0 Base [192]
Ru SAHC -0.01 24.0 Base [192]

M = metal; SA = single atoms; SOA = state-of-the-art, ** - absolute value.

In order to drive the increasing interest in HER catalyst to the market, effective strategies are needed
for catalyst preparation, and techniques that rely on complex procedures such as atomic layer deposition
(ADL) [194] are in a disadvantage versus more chemical routes such as wet impregnation [179] and
electro-deposition [187,195]. Considering that the expected electrolyzer power consumption is expected
to be measured in GW in the near future, the scalability of catalyst preparation procedures is also
highly desirable.
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Figure 8. (a) Descriptor-based screening results of transition metal embedded graphene (TMEG)
catalyst candidates based on activity (|AG,4s|) and stability (Econ — Eemp). The lower-left quadrant of (a)
contains materials that passed both criteria. For comparison, the gray shaded region covers the range
of |AG,4s| that a Pt (111) surface could have depending on the coverage of hydrogen. Note the different
scales in the left and right sides of the horizontal axis. Adapted from Reference [196], copyright (2015),
with permission from John Wiley & Sons. (b,c) influence of active site nuclearity of single Pd atoms (ii)
and Pd trimmers (iii) in the thermal part of HER versus an idealized single atom active site (i). (Values
for (ii) and (iii) are originally computed as hydrogen activation and taken from reference [189].
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5. Perspective

Considering the enormous number of recently published papers dealing with synthetic procedures
for preparation of supported HER electrocatalysts, according to which almost every prepared material
has “excellent performance”, while significant number of them even “outperforms commercial Pt/C”,
as well as practically infinite number of possible synthetic approaches that can be exploited, the future
of HER electrocatalysts will depend on the development of methods for fast screening of huge number
of prepared materials. This is necessary in order to select those that really work, i.e., that can be applied
in real systems and for which synthetic procedures can be adapted for large-scale production. As a
dominant number of papers cited in this review (that describe preparation of supported electrocatalysts)
does not report shortcomings of the prepared material (and there has to be some for every of them), it
seems like there is nothing to improve in the field aside from tuning material a bit to get a personalized
electrocatalyst with excellent HER performance. This is, of course, not the case, and there is still a lot
that we have to understand when it comes to HER. If one takes just a brief look at provided Appendices,
it is clear that many of the important data about catalyst performance are missing, so there is also a
need to standardize testing procedures for HER catalysts. Considering the practical aspects of the use
of different HER electrocatalysts, we have tried to provide our view on different properties of the main
classes of HER catalysts (Figure 9). Obviously, there is a lot of space for the improvements, but the
critical mass is reached in every case. Future developments will show which type will prevail as the
need for efficient HER catalysts continues to grow.

Maturity
Bulk 5
non Pt

Performance M loading
in acidic
SAHC —| Interface
rEl.Cat.

Performance v Stability
in alkaline
Catalyst preparation complexity

Figure 9. Comparison of the analyzed groups of electrocatalytic systems presented in this review
(Authors’ view). We consider maturity, metal loading (M loading), stability (under operating conditions),
the complexity of the catalyst preparation, the overall performance in alkaline solutions, and the overall
performance in acidic solutions. Note that in the case of the catalyst preparation complexity case,
higher grade means more complex preparation.
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Appendix A Overview of Supported Metallic Nanoparticles

Table A1l. Supported metallic nanoparticles.

Material Elect. jo/mA ¢cm~2 1o/mV 1;/mV b/mV dec1* Mech. RDS Stability Ref.
PtNP/OMC } ) } ) 32 } ) [55]
Pt/Vulcan 28 o
pCF - 220 - - - - -
fCF - 180 - - - - -
Ru@pCF - 70 (265)19 82.5 V/T \Y% low
Ru@fCF 1 M H,SO, - 30 235 124.8 V/T \Y% low [56]
RuPP@pCF - 5 225 212.3 V/T \Y high
RuPP@fCF - 0 180 158 V/T A% moder.
(RuPP)other work _ 0 20 _ _ _ _
Ir@G-750 - - (28)10 29 - -
Ir/N-G-750 - - 19 26 V/T T
Ir/C 0.5 M HpS0, - - 33 34 - - . [57]
Pt/C - - 23 28 - -
Ir@G-750 - - (142)19 85 - -
Ir/N-G-750 - - 43 35 - -
Ir/C I MKOH - - 68 38 - - )
Pt/C - - 54 37 - -
Rh@NPCP 1.67 ~0 (20)19 33 V/T ) excellent
Pt/C I MKOH 1.34 - 35 36 - - (58]
TizCy Tx - - 576.8 238.0-395.2 - - -
Pt/TizCy Tx-200 - - 270.8 - - - -
Pt/TizC, Tx-400 - - (73.0)19 46.3 - - - o
Pt/TizCpTx-550 0.1 MHCIO, - - 327 323 - - excellent (59
Pt/TizC,Tx-700 - - 122.3 77.6 - - -
Pt/Vulcan - - 55.8 439 - - -
Fe/NC - - - - - -
IrFe/NC - - - 22 - -
Ir/C 0.5 M HpS0, - - - 43 - - excellent [60]
Py/C - - - 29 - -
Fe/NC - - - -
IrFe/NC - - (22)19 30
Ir/C 1 MKOH - - ca. 80 97 V/H H excellent

Pt/C - - ca. 55 46
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Table Al. Cont.

Material Elect. jo/mA cm—2 1o/mV nj/mV b/mV dec1 * Mech. RDS Stability Ref.
PtygCopp NCs/rGO - 1.3 (25.3)10 26 V/T - excellent
Pty9Coy; NPs/rGO - 2.3 30.3 36 - - v. good
PtgzCo17 NPs/rGO 2.3 31.3 35 - - v. good
Pts,Coyg NPs 0.5 M H,50, - 10.3 46.3 38 - - poor [61]
Pt black - 14.3 60.3 46 - - moder.
Pt/C - 8.8 37.0 31 - - v. good

Ni/rGO - - (231)19 125 - - -

Pt/rGO - - 149 88 - - -
Pt-Ni(3:1)/rGO - - 120 83 - - -
Pt-Ni(3:2)/rGO - - - 112 69 - - - [65]
Pt-Ni(1:1)/rGO - - 78 53 - - excellent

Pt-Ni(1:1)/rGO-HAC - - 82 56 - - -
Pt/C - - 124 78 - - -
NiNC-300 - - 310 102 - - -
NiNC-400 1 M KOH - - 230 87 - - - [67]
NiNC-500 - - 370 88 - - -
1.9 nm Pt@Ni 69
2.7 nm Pt@Ni - - - - 61 - - - [68]
Pt/C 60
PdNi/(SnO,-KB600) @ 25 °C 0.03 - (322)19 129
PdNi/(SnO,-KB600) @ 85 °C 0.47 - 264 162
PdNi/(SnO,-KB300) @ 25 °C <0.01 - - 105
PdNi/(SnO,-KB300) @ 85 °C ) 0.07 - - 155 } }
PdNi/Vulcan @ 25 °C <0.01 - - 131 VH (691
PdNi/Vulcan @ 85 °C 0.10 - - 169
PdNi/(SnO,-graphene) @ 25 °C 0.03 - 338 149
PdNi/(SnO,-graphene) @ 85 °C 1.52 - 201 142
Pd/CNT - 80 (137)19 82.8 - - -
PdMn/CNT - 45 90 61.5 - - moder.
PdMn-Ny/CNT 1 M KOH - 35 71 417 - - highest (71]
Pt/C - 35 65 42.5 V/H des. lowest
Pt/2D-Ni(OH), - - (188)5 119 - - -
Pt@2D-Ni(OH), 0.1 M KOH - - 123 72 - - - (73]
Pt/C - - 210 129 - - - )
Pt@2D-Ni(OH), . - - (72)5 50 - - -
Pt/C 0.1 M LiOH } B i 93 ) } B
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Table Al. Cont.

Material Elect. jo/mA cm—2 1o/mV nj/mV b/mV dec1* Mech. Stability Ref.
Pt/Ni(OH), 0.1 M KOH - - - - - - [74]
Pt-Mn/Ni(OH), 0.1 M NaOH - - - ~60 V/H - [75]
0.45%Pt-NizN/Ni@C - - (45)10 473 - -
NigN/Ni@C - - 456 160.8 - -
Ni3N@C 0.5 M H,504 - - 490 207.7 - - [76]
Pt/C - - 10 441 - -
0.45%Pt-Ni;N/Ni@C - - - 170.2 - -
NigN/Ni@C - - - 271.0 - -
Ni3N@C 0.2 M PBS - - - 201.9 - -
Pt/C - - - 441 - -
0.45%Pt-Ni;N/Ni@C - - 38.6 54.9 - -
Ni;N/Ni@C - - 616.6 166.4 - -
Ni3N@C I MKOH - - 329.6 120.6 - -
Pt/C - - 34.4 316 - -
EG/CoP 0.28 - (167)10 104.6 - -
EG-Pt/CoP-1.5 0.5 M H,50, 1.67 - 21 425 - excellent (771
NCNFs-Pt 0.275 15 (64)10 41 - -
Ni0.1-NCNFs-Pt 0.279 11 62 40 - -
Ni0.3-NCNFs-Pt 0.5 M H,S0, 0.303 9 57 38 - - [78]
Ni0.5-NCNFs-Pt 0.326 5 47 31 - -
Pt/C - - 45 29 - -
NOMC-700 - - - 208 - -
NOMC-A - - - 634 - -
Pt@NOMC-700 0.5 M H,SO, - - (9110 88 - - [79]
Pt@NOMC-A - - 7 36 - excellent
Pt/C - - 8 43 - -
3DG - - (750)10 180.6 - -
3DSG - - 380 88.7 - -
Pt/3DG - - 220 67.2 - -
0.4% Pt/3DSG - - 270 100.3 - -
0.9% Pt/3DSG 0.5 M H,S0, - - 195 73.8 - - [80]
1.5% Pt/3DSG - - 115 50.2 - -
2.2% Pt/3DSG - - 70 37.7 - -
3.1% Pt/3DSG 0.54 - 30 30.1 - -
20% Pt/C 0.34 - 50 31.2 - -

24 of 38
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Table Al. Cont.

Material Elect. jo/mA cm—2 1o/mV 1;/mV b/mV dec 1 * Mech. RDS Stability Ref.
Fep 05Nig.05(OH)2 - - - 129.4 - - -
1.2%Pt-Feg 95Nig 95(OH), - N - 79.9 N - -
2.3%Pt-Feg g5Nip 95(OH), - - - (18)19 25.6 - - - [81]
3.3%Pt-Feg g5Nig 95(OH), - - - 31.8 - - -
Pt/C - - 35 30.3 - - -
Pd@CuPc¢/MOF H,SO,4/TBAPDMSO 8.900 - - 0.1769 - - - [82]
CoCH@CF - - (233)19 187 - - -
Ru@CF - - 99 70 - - -
Ru-CoCH@CF I MKOH - - 66 65 - - excellent [83]
Pt/C - - - 62 - - -
Pt/NPC - - (34)10 37 - - -
PtCuy 1/NPC 0.5 M H,S0, - - 13 34 - - - [84]
Pt/C - - 20 44 - - -
CoFe-CDs - - (334)19 218.4 - - -
CoFe@C - - 232 190.2 - - -
Ru@C - - 86 95.7 - - -
FeRu@C 1M KOH - - 18 35.5 - - - [85]
CoRu@C - - 14 34.6 - - -
CoFeRu@C - - 4 33.7 - - -
Pt/C - - 21 49.1 - - -
Rh-irNCs - - (22)10 - - - -
Rh-NSNSs - - 12.1 - - - -
PAH@Rh-NSNSs 0.5 M H,S0, - - 9.8 - - - - [86]
PAH@Rh-NSNSs/CNT - 1 44 30 - - -
Pt-JM NC - 104 - 31 - - -
NG-800 - - (470)19 132 - - -
Co@NG-700 - - 309 85 - - -
Co@NG-800 0.5 M H,SO, - - 286 118 - - - [88]
Co@NG-900 - - 363 119 - - -
Pt/C - - - 45 - - -
Au@NiSy core@shell - - (253)19 43.7 - - -
Au-NiSy yolk-shell - - 263 494 - - -
Au-NiSy oligomer-like 0-5 M H>504 - - 283 50.6 - - - (8]
NiSy - - 321 56.1 - - -

* Tafel constant, absolute value.
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Table A2. Supported carbides and pnictides.

Material Elect. jo/mA cm~2 No/mV N10/mV b/mV dec-1 * Mech. RDS Stability Ref.
MoNCs-0 6.20 x 1073 391 - 179.1 - - -
MoNCs-1 - 163 233 - - - -

MoNCs 0.5 M H,SOy4 2.65x 1073 83 157 60.5 V/H - excellent [126]
MoNCs-5 - 158 223 - - - -
Pt/C - - - 26.7 - - -
CNT - 426 596 - ) - -
NCNT - 371 497 - } - -

Mo, C/C - 219 340 110 ] - -
Mo,C/NCNT-10 - 115 213 86 H ads excellent
Mo,C/NCNT-20 0.5 M H;50, - 101 200 82 ] H ads excellent 11271
Mo, C/NCNT-30 - 922 195 75 ) H ads excellent
Mo, C/NCNT-40 - 127 212 81 ) H ads excellent

Pt/C - 31 87 33 - -
P-CNT 0.01 171 - 78 - - -
FeP 0.19 91 - 89 - - -
FeP/CNT-1 - - 100 - - - -
FeP/CNT 0.5 M H,SOq4 0.31 41 68 58 V/H - - [125]
FeP/CNT-2 - - 85 - - - -
FeP/CNT-3 - - 129 - - - -
Pt/C 0.76 ~0 - 30 - - -
Ni-Ref - - - 88 - - -
NizN - - - 122 - - -
NisN/C I MKOH : : 64 48 : : : [123]
Pt/C - - - 32 - - -

* Tafel constant, absolute value.
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Appendix B Overview of Supported Chalcogenides and Hydroxides

Table A3. Supported chalcogenides and hydroxides.

27 of 38

Material Elect. jo/mA cm~2 1o/mV 10/mV b/mV dec1* Mech RDS Stability  Ref.
Nio_85Se - - 270 81 - - _
Ni0_85Se/rGO - - 182 62 - - _
Co-Nij g55e/rGO 0.5 M H;50, - - 148 49 V/H - ] [98]
Pt/C - - - 33 - -
Nig g5Se 299 156 -
Nig g5Se/rGO ) ) 198 118 - ) )
Co-Ni g55¢/rGO 1 MKOH 128 89 V/H
Pt/C - 36 -
MoO,/G - 107 262 98.22 - - -
Co-MoOy- MoO,/G 0.5 M H,SO4 - 36 103 45.99 - - - [99]
Pt/C - 24 54 43.97 - - -
CoMoS,/NGO-I 116 61.77
CoMoS,/NGO-II 148 67.05
CoMoS,/NGO-III 173 69.97
CoMoS,/NGO-1IV 0.5 M H,SOq4 - 54 - 34.13 - - - [100]
CoMoS,/NGO-V 76 45.33
CoMoS,/NGO-VI 89 46.03
CoMoS,/NGO-VII 204 86.67
NF - 175 - -
Co304/NF 181 88 V/H -
MoO,/NF 1M KOH - - 175 86 V/H - [103]
CoMoQOy4/NF 68 82 V/H excellent
Pt/C 30 - - -
NF - 194 -
MoS,/GC - 120 -
MoS,/NF 1M KOH - - - 125 - - - [104]
NizS,@MoS,/NF 60 48 excellent
20 34 -

Pt/C
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Table A3. Cont.
Material Elect. jo/mA cm~2 No/mV N10/mV b/mV dec-1 * Mech. RDS Stability Ref.
Ni/Ni 221 1229
NiFe/Ni 1M KOH - - 332 122.8 - - - [105]
NiFe/Ni/Ni 132 107.7
NF - 150
NiO/NiND@NF 1M KOH - - 119 113 - - - [106]
Pt/C@NF 0 34
GCE 25%107° 750 821 172
TiO, 45x%1073 390 490 146
Eu,05/TiO, 4 M NaOH 5.0 x 1072 218 315 135 - - - [107]
PdO/TiO, 26 x 1072 110 195 125
Pt/C 71 x 1072 12 135 121

* Tafel constant, absolute value.
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