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Abstract

The growth in energy consumption and the limited nature of fossil resources are
driving the search for alternative energy sources. Hydrogen is an environmentally
friendly fuel, especially when produced by water electrolysis. However, its
efficiency depends on the overpotential at the electrodes, which is related to the
choice of catalyst. Noble metals, such as platinum, are effective but expensive.
An alternative is catalysts based on transition metals, especially in alkaline
media, where they are more resistant to corrosion. Oxides, nitrides, sulfides, and
phosphides exhibit the highest catalytic activity; however, their efficiency is limited
due to particle aggregation and poor adhesion to the substrate. MXene materials —
layered transition metal carbides and nitrides — possess high electrical conductivity,
stability, and potential for modification. They form robust freestanding electrodes,
effectively bind with additives, and provide a large contact area with the electrolyte.
This review analyzes hydrogen evolution reaction catalysts in alkaline media based
on MXene and its modifications. Key relationships between the composition,
structure, and activity of the catalysts are identified, and pathways to improve the
quality of research in this field are proposed.

1. Introduction

involves two processes: hydrogen evolution at the
cathode and oxygen evolution at the anode [3]. As

In the modern world, there is a constant increase
in energy consumption. Fossil fuels such as coal, oil,
and gas serve as the primary energy sources. This
leads to the gradual depletion of their reserves,
and their combustion process contributes to atmo-
spheric pollution with greenhouse gases [1]. These
circumstances compel humanity to seek alternative
energy sources, among which hydrogen is the most
environmentally friendly. However, currently wide-
spread methods for its production — coal gasification
and steam methane reforming —are accompanied by
carbon dioxide emissions and require high tempera-
tures [2]. The most environmentally sound method
for producing this fuel is water electrolysis, which
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water electrolysis is an energy-intensive process,
primary energy consumption is related to electricity
usage. To reduce this consumption, specifically the
operating voltage of the process, catalysts are ac-
tively being developed for both electrode reactions
— hydrogen and oxygen evolution.

In recent years, interest in developing efficient
catalysts for electrochemical hydrogen production
has significantly increased (Fig. 1, search keywords
were “hydrogen evolution reaction”, “catalyst, “al-
kaline”). Alongside noble metal-based materials
[4-6], which have already established themselves
as highly active but are too costly, numerous studies
have been conducted using catalysts based on tran-
sition metals [7-10] and even non-metallic materials
[11-13]. Besides cost, the chemical stability of mate-
rials in the electrolyte, whether acidic or alkaline, is
also a critical factor. In acidic environments, the use
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Fig. 1. Number of experimental articles on HER catalysts
in alkaline media according to Scopus data (till May
2025).

of cheaper and sometimes more catalytically active
non-noble materials is limited by their high suscep-
tibility to corrosion, which reduces their lifespan. In
alkaline electrolytes, however, transition metals and
their compounds exhibit significantly less corrosion,
making this medium more favorable for exploring
new solutions in hydrogen production [14].

Various transition metal compounds, such as ox-
ides, nitrides, sulfides, and phosphides, as well as
non-metallic and hybrid catalysts combining differ-
ent classes of compounds, are used as catalysts for
the hydrogen evolution reaction (HER) in alkaline
media [15]. Some of these materials exhibit high in-
trinsic catalytic activity, in some cases [7] achieving
HER overpotentials even below 30 mV, which sur-
passes the performance of platinum. However, this
high activity does not always translate into effective
practical application due to the problem of nanopar-
ticle agglomeration into larger clusters. Consequent-
ly, despite high intrinsic activity of the material, a
substantial portion of it becomes inaccessible for
the reaction, leading to inefficient utilization of ex-
pensive components and increased overall costs. To
address the issue of low surface area, materials with
a developed structure, such as nickel foam, are often
used as substrates [8—10, 16]. Nevertheless, apply-
ing catalytic coating to such substrates presents an-
other challenge: ensuring its stable adhesion to the
metal surface is not always achievable [17], which,
in turn, reduces the catalyst’s durability.

Layered materials of the MXene class are tran-
sition metal carbides, nitrides, and carbonitrides,
which can contain either a single type of transition
metal [18—-22] or a combination of them [23, 24].
The process of obtaining MXenes typically involves

the synthesis of a so-called MAX phase (where M is
a transition metal, A is a p-element such as Al, Si,
etc., and X is carbon or nitrogen), which serves as
a precursor. Subsequently, the A component is se-
lectively etched from this MAX phase. This results
in a suspension containing individual nanoscale lay-
ers (flakes) of MXene. Upon subsequent filtration
of this suspension, the flakes self-assemble to form
thin disks or films that are mechanically strong even
without the use of a substrate or binders. It is im-
portant to note that this production method offers
opportunities for easy material modification: for
instance, various nanoparticles can be introduced
into the MXene structure during the filtration stage
to impart desired characteristics. This not only does
not compromise the strength of the resulting MXene
disks but, in some cases, can even further bind the
individual layers together, enhancing the durabili-
ty of the composite catalyst [25, 26]. Furthermore,
MXenes possess a range of valuable properties: high
electrical conductivity, large surface area, and the
presence of various functional groups (-F, -Cl, -O,
-OH) on their surface after etching, which facilitate
the effective anchoring of diverse modifying addi-
tives [20, 27].

This review focuses on the analysis of MXene-based
catalysts for the hydrogen evolution reaction in alka-
line media. It covers pristine MXenes as well as their
modified forms, including materials with altered sur-
face groups, those doped with metal or non-metal
atoms, and composites incorporating nanoparticles
of various morphologies and chemical compositions.
By comparing their characteristics, key correlations
between the catalyst’s composition/morphology and
its efficiency are identified. Furthermore, the most
promising materials based on their overall properties
are determined, and avenues for the further improve-
ment of research methodologies in this field are pro-
posed.

2. Hydrogen evolution reaction, evaluated parame-
ters, and catalyst requirements

During the electrolysis of aqueous solutions, the
hydrogen evolution reaction occurs at the cathode
[28]. The HER mechanism involves several sequen-
tial steps, as shown in Fig. 2, the specific pathway
of which depends on the electrolyte’s pH. The first
step, known as the Volmer reaction, is the adsorp-
tion of a hydrogen atom onto the cathode surface.
In acidic media, adsorbed hydrogen (H,q) is formed
through proton reduction, whereas in alkaline me-
dia, it arises from a water molecule with the simul-
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Fig. 2. Scheme of the HER mechanisms in (a) acidic and (b) alkaline media. Reproduced from Ref. [28]. Licensed
under a Creative Commons Attribution (CC BY) license.

taneous release of a hydroxide ion. The subsequent
formation of molecular hydrogen can proceed via
one of two main pathways: the Heyrovsky reaction
or the Tafel reaction. The Heyrovsky step involves
electrochemical desorption, where a hydrogen mol-
ecule (H,) is formed when an adsorbed hydrogen
atom (H,4) reacts with a proton (in acidic media) or
with a water molecule (in alkaline media), accompa-
nied by an electron transfer. Alternatively, the Tafel
step is a chemical recombination: two hydrogen at-
oms (H,4) adsorbed on the cathode surface combine
to form an H, molecule, which then desorbs from
the surface. It is important to note that the Tafel
step, unlike the Heyrovsky reaction, proceeds identi-
cally in acidic and alkaline media.

The assessment of catalyst efficiency in the hy-
drogen evolution reaction requires consideration of
a combination of thermodynamic and kinetic param-
eters, as well as operational characteristics. Thermo-
dynamically, the minimum voltage required for the
electrolytic decomposition of water into hydrogen
and oxygen under standard conditions is 1.23 V [15].
However, in practice, a higher voltage is always nec-
essary to carry out this process. This is due to the
need to overcome the energy barriers of the reac-
tions at the cathode (HER) and the anode (oxygen
evolution reaction), which manifest as respective
overpotentials, as well as ohmic losses within the
electrolyzer components. In experimental studies,
the overall energy efficiency of the system is often
assessed by the overall water splitting voltage, mea-
sured in a two-electrode configuration.

One of the fundamental thermodynamic descrip-
tors that allows for the prediction of the intrinsic
activity of an HER catalyst is the Gibbs free energy
of atomic hydrogen adsorption (AG,). This value,

of the catalytic cycle.
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typically calculated using quantum chemistry mod-
eling methods, characterizes the binding strength
of the reaction intermediate — adsorbed hydrogen
atom (H,4) — to the catalyst surface. According to
Sabatier’s principle [29], optimal catalytic activity
is achieved with moderate adsorbate binding: ex-
cessively strong binding hinders their subsequent
removal from the surface (e.g., in the Heyrovsky or
Tafel steps), while excessively weak binding impedes
effective adsorption (Volmer step) [30]. Therefore, a
AG,« value close to zero is desirable, corresponding
to an energetically favorable pathway for all stages

Due to the finite rate of any electrochemical
process, achieving a significant HER rate requires
applying a voltage to the cathode that exceeds its
equilibrium potential. This difference is termed
overpotential (n) and serves as the primary measure
of a catalyst’s kinetic efficiency: the lower the over-
potential needed to achieve a specific current densi-
ty, the higher the material’s catalytic activity.

For a deeper understanding of HER kinetics, the
exchange current density (ig) and the Tafel slope (b)
are analyzed. The exchange current density, defined
as the current density at zero overpotential (i.e., un-
der equilibrium conditions for the given electrode
reaction), characterizes the intrinsic ability of the
material to catalyze the reaction. The Tafel slope,
obtained from the linear relationship between over-
potential and the logarithm of current density (n =
a + b log]i|), reflects the sensitivity of the reaction
rate to potential changes and provides insight into
the HER mechanism and its rate-limiting step. The
combination of these parameters (i, and Tafel slope)
determines the magnitude of the overpotential un-
der various conditions (applied current or voltage).
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In scientific literature, the overpotential required to
achieve a current density of 10 mA/cm? (n,) is wide-
ly used as an indicative criterion for comparing the
efficiency of different HER catalysts.

Beyond activity, catalyst stability is a key charac-
teristic. The material’s durability under electrolysis
conditions determines its potential for practical use.
Stability is investigated using various electrochem-
ical methods: chronoamperometry, which records
the change in current density over time at a constant
potential; chronopotentiometry, where the change
in potential is monitored at a constant current densi-
ty (this method is often considered to most accurate-
ly reflect real operating conditions); and long-term
potential cycling (e.g., 1000-5000 cycles) with mon-
itoring of the retention of catalytic characteristics,
particularly the overpotential at a given scan rate.

Finally, the cost of the catalyst is a significant fac-
tor, determined by the price of raw materials and
the complexity of its production technology and di-
rectly influences economic feasibility of scaling up
production. More detailed information on HER cat-
alyst parameters, their theoretical foundations, and
determination methods can be found in our recently
published review [15].

Thus, an effective HER catalyst should possess
low overpotential and a small Tafel slope, have a
Gibbs free energy of hydrogen adsorption close to
zero, exhibit high stability under operating condi-
tions, and be economically viable.

3. MXene synthesis. MXenes as HER catalysts

Currently, the primary approaches to MXene
synthesis are “top-down” and “bottom-up” technol-
ogies, which are discussed in detail in review [31].
Summarizing the information presented there, one
can highlight the specific features and main methods
for each approach.

The “top-down” approach involves obtaining
MXenes through the chemical processing of pre-syn-
thesized layered MAX phases. The most common
method consists of selectively etching (removing)
the A-layer from the MAX phase structure using var-
ious etchants, such as hydrofluoric acid, mixtures of
fluorides and acids (e.g., LiF/HCI), as well as chlo-
rides and sodium hydroxide. Less common are other
variations of this approach, for instance, treatment
in molten salts, which requires high temperatures
and is therefore energy-intensive, or electrochem-
ical etching, which often demonstrates insufficient
efficiency, as indicated in the same review [31].

The alternative “bottom-up” approach involves
the direct construction of the MXene structure from
simpler precursors. Such methods include chemical
vapor deposition, which can be carried out in one
or two stages, synthesis on various substrates, and
plasma-enhanced pulsed laser deposition. Common
to these methods is the direct reaction of metals (or
their compounds) with carbon or nitrogen sources
(often, for example, methane) to form the target 2D
structure. However, “bottom-up” methods have sig-
nificant drawbacks: they typically require very high
temperatures (often exceeding 1000 °C) and lead
to the formation of MXenes with a very compact,
densely packed layer structure [31]. This significant-
ly reduces the material’s specific surface area, limit-
ing its utility as a high-porosity matrix for catalysts.
Furthermore, the use of a simplified composition
of starting reagents in these methods results in the
formation of a smaller number of surface functional
groups, which play a key role in anchoring modify-
ing additives and in exhibiting catalytic activity [32].
Considering these factors, it becomes evident why,
in the vast majority of experimental works aimed
at synthesizing MXenes for catalytic applications,
preference is given to the chemical etching of MAX
phases [26, 33-37].

The presence of diverse surface functional groups
on MXene flakes formed during their synthesis (pri-
marily by etching methods), along with their unique
2D structure, has provided the basis for active inves-
tigation into their potential as catalysts for the hy-
drogen evolution reaction. The evaluation of MXene
catalytic activity is conducted using both experimen-
tal methods [38-41] and theoretical approaches,
particularly quantum-chemical calculations [42, 43].
Computational methods offer valuable advantages,
such as saving time and material resources. Howev-
er, when modeling complex real-world electrochem-
ical systems (including the electrolyzer, electrolyte,
and electrodes), it becomes challenging to accurate-
ly account for the entire multitude of factors influ-
encing the process, and some of these aspects are
difficult or even impossible to adequately reproduce
in theoretical models. Nevertheless, the Gibbs free
energy of hydrogen adsorption is one of the key pa-
rameters frequently determined and widely used in
theoretical studies to predict and compare the cata-
lytic activity of various materials.

In addition to predicting AG,, studies dedicated
to the computational screening of various MXenes
for their HER catalytic activity attempt to consider
more complex aspects, such as the surface hetero-
geneity characteristic of experimentally synthesized
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samples. An example of such an approach is the re-
search presented in reference [42]. The authors of
this work selected 12 transition metals (Sc, Ti, V, Cr,
Mn, Y, Zr, Nb, Mo, Hf, Ta, and W) from which MXene
structures could potentially be formed. For these
metals, the heats of formation of their corresponding
carbides and nitrides were calculated, considering
both unfunctionalized (pristine) MXenes and struc-
tures with different surface groups: -O, -OH, and -F.
The calculation results indicated that MXenes ter-
minated with oxygen (-O) or hydroxyl (-OH) groups
are energetically more favorable, while compounds
with fluorine (-F) groups and pristine MXenes were
found to be thermodynamically less stable. Based on
the conclusion of the thermodynamic preference for
oxygen-terminated MXenes (M,C,0, or M,N,0,), the
authors proceeded to calculate the Gibbs free ener-
gy of hydrogen adsorption (AGy.) for a wide range
of such O-terminated MXenes, including combina-
tions of two, three, and four different metals in their
structure. From these calculations, the most prom-
ising compositions in terms of catalytic activity were
identified as those for which the AG,- value did not
exceed 0.1 eV. These materials, listed in increasing
order of their absolute |AG,«| values, include (Fig.
3): Sc,C0,, Cr,C;0,, Mn,C;0,, Y,C,0,, Cr,N;0,, V5C,0,,
Cr,CO,, Cr,NO,, Sc,C;0,, Mn,N;0,, and Nb,NO,.
Furthermore, the values for another 9 variants
did not exceed 0.2 eV, which corresponded to the
threshold established in another similar study [43].
Since it was conducted later, it immediately consid-
ered only MXenes with oxygen surface groups. Also,
only carbides were considered, and the selected list
of metals coincided with the previous work, with
the exception of yttrium, likely due to the complexi-
ty of synthesis or the high cost of reagents. The AG-

H*
0.044 0.04
0.02
< 0.00+
@)
~ Sc,CO,, Cr,C50,,
(DI -0.02 Mn,C;0,
q Y,C40,, Cr,N,0,
-0.04 V,C,0,, Cr,CO,,
Cr,NO,
S¢,C50,
-0.06 Mn,N;0,
Nb,NO,
-0.08

Reaction coordinate

Fig. 3. AGy- values for various MXenes based on
theoretical calculations from reference [42].

values were calculated at low hydrogen atom cov-
erage of the catalyst surface (1/18 H), whereas in
study [42] this parameter varied between 25-100%,
corresponding to the equilibrium state of the sys-
tem; therefore, the Gibbs energies in these studies
differed for the same structures. Within the es-
tablished limit, MXenes with compositions Ti,CO,,
Nb,CO,, Zr,C,0,, and W,,,;Cn0O, [43] were found.

Despite excellent calculated AG,- values for in-
dividual MXenes, the expected low HER overpoten-
tials were not achieved in practice; moreover, the
aforementioned MXenes are almost not found in
experimental studies, which is most likely due to
their instability or complexity of synthesis. The most
common MXene, Ti;C,T,, depending on the synthe-
sis pathway, exhibits an HER overpotential ranging
from 610 to 740 mV in an alkaline medium [44].
Among other MXene compositions, the overpoten-
tial at 10 mA/cm?is 398 mV for Nb,C,T, [45], 570 mV
for Ti;CN [39], 376 mV for Mo,CT, [40], 516.4 mV for
Ti, sNbosC,T, [24], 271 mV for Ti,NT, [46], 315 mV for
MoN [47], and for V,CT, it is 493 mV at 1.5 mA/cm?
[48]. All these indicators are too high for the pos-
sibility of using MXenes in their pure form as HER
catalysts, which indicates the necessity of their mod-
ification to enhance catalytic activity.

4. Application of MXenes with various addi-
tives as HER catalysts

4.1. Modification of MXenes by altering surface
functional groups

Replacing the initial, often compositionally het-
erogeneous, surface groups of MXenes with spe-
cific functional groups of a single type represent
the most technically straightforward and least re-
source-intensive modification method (Fig. 4). Such
changes are typically achieved either by varying
the conditions during the MAX phase etching stage
or through post-treatment of the already formed
MXene electrode. However, there is a limited num-
ber of studies in scientific literature dedicated to this
type of MXene modification for producing hydrogen
evolution reaction catalysts specifically in alkaline
solutions. This might indirectly suggest a low effi-
ciency of MXenes with surface groups modified in
this manner in this particular medium.

Furthermore, the feasibility of using certain
types of surface functional groups is questioned
even at the theoretical calculation stage. For in-
stance, an analysis of Pourbaix diagrams construct-
ed for MXenes with various surface terminations has

Eurasian Chemico-Technological Journal 27 (2025) 71-88
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shown that the existence of fully H-terminated (hy-
drogen-terminated) MXene is possible only at very
negative potentials relative to the reversible hydro-
gen electrode (RHE). Such a condition precludes its
practical application as an HER catalyst [49].

Two main etching solutions are predominantly
used to obtain the most common MXene, Ti,C,T,,
from the corresponding MAX phase: one based on
hydrofluoric acid (HF) and another based on a mix-
ture of lithium fluoride and hydrochloric acid (LiF-
HCI). In many publications, the choice of a specific
etchant is not always thoroughly justified [18, 26,
34, 36, 37, 50-54], possibly due to an assumption
of their equivalence for the MXene formation pro-
cess. However, a study [44] revealed that using the
LiF-HCI solution results in the formation of consider-
ably fewer fluorine-containing functional groups on
the surface of Ti;C,T, flakes. This positively affects its
catalytic activity in the hydrogen evolution reaction
in acidic media: the overpotential was 500 mV at
10 mA/cm?, whereas after etching in 10% HF, it
reached 760 mV. In alkaline media, conversely,
an opposite trend was observed: the catalyst ob-
tained by HF etching showed a lower overpotential
(610 mV) compared to the sample synthesized using
LiF-HCI (740 mV) at the same current density. The
authors attributed this to a reduction in fluorine con-
tent on the MXene surface directly in the electrolyte
(in situ) in the former case, and to an initially low-
er fluorine content on the surface even before the
electrochemical measurements in the latter.

Significantly better catalytic characteristics were
achieved by modifying already exfoliated Ti;C,T,
with nitrogen atoms [18]. For this, an MXene sus-
pension, pre-intercalated with ammonium bicar-
bonate, was treated with an NH,/Ar plasma mixture.
Although the nitrogen dopant atoms were present
in the resulting catalysts in three different forms
(adsorbed on the surface replacing hydrogen in an
OH group, replacing the entire OH group, and sub-
stituting a carbon atom in the MXene lattice), their
ratio varied depending on the plasma composition.
X-ray photoelectron spectroscopy results and the-
oretical calculations showed that the material with
a predominance of surface-adsorbed nitrogen pos-
sessed the highest catalytic activity. Such materi-
al was obtained at an NH;:Ar plasma ratio of 6:1.
Electrochemical tests confirmed these findings: the
overpotential of this catalyst at a current density of
10 mA/cm? was only 119 mV.

A completely different approach was used to
synthesize an MXene with the composition Ta,CS,,
containing exclusively sulfur atoms on the flake
surfaces [55]. This material was obtained by direct
synthesis from elemental tantalum, carbon, and
sulfur via high-temperature annealing (1200 °C) in
a vacuum for 10 hours. The resulting Ta,CS, cata-
lyst demonstrated an HER overpotential of 73 mV at
10 mA/cm?, which is almost half that of commercial
Ta,C;T, MXene (139 mV). However, when consid-
ering the practical applicability of this method, its
high energy consumption is a key factor.

Thus, as anticipated, attempts to improve the cat-
alytic properties of MXenes for HER in alkaline solu-
tions by modifying their surface functional groups
are either relatively ineffective [44] or require tech-
nically complex [18] or highly energy-intensive [55]
methods.

4.2. Modification of MXenes with single metal atoms

One promising approach to modifying MXenes to
enhance their catalytic activity in HER is the anchor-
ing of single metal atoms, both noble and transition
metals, onto their surfaces (Fig. 5). The use of noble
metals in such a highly dispersed form allows for a
significant reduction in the overall catalyst cost due
to the lower consumption of the expensive compo-
nent, while often maintaining high catalytic activity
comparable to their bulk counterparts. Modification
of MXenes with single transition metal atoms also
leads to catalysts with respectable performance,
which, moreover, can surpass the activity of the cor-
responding transition metals in their pure form [4].

Eurasian Chemico-Technological Journal 27 (2025) 71-88
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Fig. 5. Schematic illustration of MXene modification by metal single atoms for enhanced HER.

The standard synthesis method for such composite
catalysts typically involves mixing an MXene suspen-
sion with a salt solution of the chosen metal [56].
Subsequent reduction of metal ions to their atom-
ic state occurs directly on the surface of the MXene
flakes, facilitated by oxygen-containing functional
groups that act as nucleation and anchoring sites.
This process can be carried out either at room tem-
perature or with the application of thermal treat-
ment (annealing) after mixing the components to
ensure more effective metal reduction from the salt.

Despite the apparent energy advantage of MX-
ene modification methods that do not require heat-
ing, the significant time investment they entail can
reduce the overall practical efficiency. For instance,
in study [57], single ruthenium atoms were success-
fully anchored onto Ti;C,T, MXene by impregnating
the MXene suspension with a RuCl; solution for 18
h under constant stirring, without any additional in-
tensifying treatments. Extended X-ray Absorption
Fine Structure (EXAFS) data confirmed that ruthe-
nium was attached to the MXene surface via Ru-O
bonds, and the absence of peaks characteristic of
Ru-Ru bonds indicated the formation of single atom-
ic centers rather than metal nanoparticles. Although
the low HER overpotential achieved in this case
(40.3 mV at 10 mA/cm? and 464.6 mV at 1.5 A/cm?)
somewhat justifies the lengthy synthesis, it is likely
possible to shorten the process by employing ultra-
sonic treatment or moderate heating.

On the other hand, the formation of small atom-
ic clusters, rather than individual single atoms, can
also lead to enhanced catalytic activity. For exam-
ple, study [58] demonstrated that ruthenium clus-
ters formed on titanium cluster vacancies within the

Ti,C,T, crystal lattice exhibit higher efficiency com-
pared to ruthenium anchored via oxygen bonds or
on single vacancies. The HER overpotential for such
a catalyst was 35 mV at 10 mA/cm?, slightly lower
than for the system with single Ru atoms [57]. The
modification process itself took 14 h, of which 12 h
were for drying the reactant mixture at 60 °C and
only 2 h for annealing at 400 °C. In the same work,
analogous catalysts with rhodium, platinum, and
iridium clusters were also prepared and investigat-
ed; however, their HER catalytic activity was found
to be lower compared to the MXene-ruthenium
composite.

Despite the fact that transition metals generally
possess lower intrinsic catalytic activity compared to
noble metals, their use for modifying MXenes also
allows for the creation of materials with notewor-
thy characteristics. For instance, the modification
of Mo,TiC, MXene with cobalt, carried out by treat-
ment with cobalt chloride followed by annealing in a
reducing atmosphere (5% H,/N,) in a tube furnace at
700 °C [23], led to an interesting catalyst. Although
its activity at a standard current density of 10 mA/
cm? was not very high (160 mV overpotential), at a
significantly higher current density (400 mA/cm?),
the overpotential increased to only 321 mV. This
value was even lower than that of a commercial
Pt/C catalyst (366 mV) under the same conditions,
indicating the promise of such an approach for op-
eration under high current load regimes. In anoth-
er example [19], Nb,CT, MXene was obtained in the
form of nanowires using an electrochemical etching
method. The resulting nanowires were further mod-
ified with cobalt ions by mixing the MXene suspen-
sion with a cobalt nitrate solution. X-ray diffraction
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analysis confirmed the presence of chemical bonds
between cobalt atoms and the oxygen of MXene’s
surface functional groups. However, despite the
synergistic effect from cobalt modification and the
unique nanowire morphology, the resulting cata-
lyst exhibited the highest catalytic activity only in
comparison with other materials described in that
same study. The recorded HER overpotential was
236 mV at 10 mA/cm?, which is still substantially
higher than that of several other catalysts modified
with single metal atoms (especially noble metals).
Nickel has also been used as a modifying transition
metal. Modified Ni-Ti;C,T, was obtained by co-an-
nealing Ti;C,T, with a nickel-based metal-organic
framework (Ni-MOF) [59]. This procedure led to the
formation of a catalyst with high porosity, which
contributed to improved kinetics for the hydrogen
evolution reaction.

Summarizing the discussed examples of HER cat-
alysts based on MXenes modified with single metal
atoms, it can be concluded that the best catalytic
characteristics are achieved when using noble met-
als (that is economically justified at their low content
as single atoms or clusters), or when using MXenes
that inherently have a mixed transition metal com-
position in their structure.

4.3. Modification of MXenes with metal nanopar-
ticles

An effective approach to creating highly active
HER catalyst at relatively low cost is the modifica-
tion of catalytically less active matrices with metal
nanoparticles that possess high intrinsic catalytic ac-
tivity (Fig. 6). The use of layered materials, such as
MXenes, as support for such nanoparticles further
helps to increase the catalyst-electrolyte contact
area, which positively affects the overall process ef-
ficiency. For example, a catalyst created by growing
platinum nanoparticles of quantum dot size (approx-
imately 1.15 nm) on the surface of Nb,CT, nanowires
at a relatively low temperature (150 °C) demonstrat-
ed an HER overpotential of only 65 mV at a current
density of 10 mA/cm? [20]. This value was even lower
than that of a bulk platinum plate (141 mV) tested
in the same study. For composites of platinum with
Ti;C,T, MXene, an optimal metal nanoparticle con-
tent of 2.4% was also determined [60]. At this con-
centration, their uniform distribution was achieved
in @ multi-level bulk structure obtained from a Ti;C,T,
suspension by spray drying, which ensured excep-
tionally high HER activity with an overpotential n;o =
27 mV. Using a smaller amount of platinum (0.8%)

=
w
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>
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Fig. 6. Modification pathways of MXenes with metal
nanoparticles for HER catalysis.

led to decreased activity due to an insufficient num-
ber of active sites, whereas increasing the content to
4.2% caused the formation of platinum particles four
times larger in size and, consequently, reduced the
utilization efficiency of the expensive noble metal.

The hydrophilicity and aerophobicity of the cat-
alyst surface play a significant role in HER, as im-
proved electrolyte wettability and facilitated hydro-
gen bubble detachment promote mass transport.
MXenes, due to the presence of oxygen-containing
functional groups on their surface, exhibit favor-
able characteristics in this regard: as shown in study
[61], the contact angles for a water droplet and an
underwater hydrogen bubble were <15° and 168°,
respectively. Nevertheless, the main enhancement
in chemical catalytic activity in that particular study
was achieved by incorporating ruthenium nanopar-
ticles via hydrothermal synthesis. The modified
Ru/c-Ti;,C,T,/NF catalyst (where NF is nickel foam)
showed an HER overpotential of 37 mV at 10 mA/
cm?, whereas for the initial c-Ti;C,T,/NF sample,
it was 144 mV. Notably, good results can also be
achieved with lower energy input during synthesis.
For instance, Ti;CN MXene modified with rutheni-
um nanoparticles through simple chemical reduc-
tion of RuCl; in the presence of sodium borohydride
(NaBH,) at room temperature demonstrated quite
high HER efficiency with an overpotential of 56 mV
at the same current density [39]. Slightly lower ac-
tivity was shown by a catalyst based on Mo,CT, with
relatively large ruthenium clusters (average size 50
nm), composed of 5-nanometer granules, anchored
on its flakes [40]. The HER overpotential for this ma-
terial was 78 mV, which is in good agreement with
the previously noted trend in study [60]: an increase
in nanoparticle size leads to some reduction in cata-
lytic efficiency.
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Transition metal nanoparticles have also been
actively investigated as catalytically active additives
for MXene modification. For example, etching the
MAX phase Ti;AIC, in molten cobalt chloride at 750
°C led to the simultaneous formation of MXene and
the reduction of cobalt, which was distributed both
in the interlayer space and on the material’s surface
[62]. Subsequent 12-hour treatment with a 0.5 M
H,SO, solution resulted in the removal of some sur-
face cobalt, which enriched the MXene surface with
oxygen-containing functional groups. This, in turn,
further lowered the hydrogen evolution reaction
overpotential on the resulting Ti;C,T,:Co composite
— values at 10 mA/cm? were 103.6 mV for the ac-
id-treated sample and 150.3 mV for the sample with-
out such treatment. Another example of an effective
catalyst based on MXene modified with transition
metal nanoparticles is Ti, sNby sC,T, (an MXene with a
mixed transition metal composition in its structure),
the surface of which was modified with nickel-cobalt
alloy nanodots with an average diameter of 5 nm
[24]. This catalyst demonstrated a low HER overpo-
tential — only 43.4 mV at 10 mA/cm?. This result, as
well as the previously mentioned good performance
of the Co/Mo,TiC, catalyst [23], may indicate a cer-
tain advantage in using MXenes that inherently con-
tain several transition metals in their structure for
creating highly active catalytic systems.

The combination of two different metals (e.g., a
noble and a transition metal) within nanoparticles
for MXene modification has also been considered
a promising approach [27, 63]. However, an anal-
ysis of specific experimental data reveals certain
problems and limitations of this direction. For in-
stance, Pt;,;Ni nanowires anchored on Ti;C,T, flakes
showed the lowest calculated hydrogen adsorption
energy (AGy«) compared to other Pt-Ni composites
with different metal ratios, as well as compared to
a commercial Pt/C catalyst (although the maximum
difference in AGy- was only about 0.1 eV). The mea-
sured HER overpotential on Pt;,;Ni/Ti;C,T, at a cur-
rent density of 5 mA/cm? was 56 mV (which extrap-
olates to 103 mV at 10 mA/cm?) [63]. However, this
catalyst exhibited extremely low stability in alkaline
media: after only 2 h of operation, the current den-
sity dropped to 27% of its initial value. The authors
attributed this to the blocking of MXene active sites
by hydroxyl groups, which was confirmed by the dis-
appearance of the fluorine (F) signal in XPS spectra
after the stability test. This latter observation was
noted as rather strange, considering the previously
established negative impact of surface fluorine on
the HER catalytic activity of MXenes [44]. Nanopar-

ticles of another bimetallic composition, iridium-co-
balt, in combination with porous Ti,C,T,, also failed
to show high catalytic activity: the HER overpotential
on this composite at 10 mA/cm? was 135 mV [27].
Thus, the analysis shows that MXene modifica-
tion with metal nanoparticles is most effective when
using monometallic nanoparticles of elements that
possess high intrinsic HER catalytic activity, particu-
larly platinum and ruthenium. The use of nanoparti-
cles of individual transition metals as modifiers can
also be quite effective. However, in the examples
discussed, the use of bimetallic nanoparticles (a mix-
ture of a transition and a noble metal) did not lead to
a significant synergistic increase in catalytic activity.

4.4. Modification of MXenes with nanoparticles of
various compounds

The use of nanoparticles of various compositions
and shapes as modifying additives to MXenes is pri-
marily aimed at increasing the active surface area of
these additives, which can contribute to improving
the composite’s catalytic properties (Fig. 7). The in-
trinsic catalytic activity of the resulting composites
depends on the activity of the incorporated addi-
tives, which is often qualitatively assessed by the
calculated Gibbs free energy of hydrogen adsorption
(AG,+). However, overall efficiency is also influenced
by factors such as the often insufficient mechanical
and chemical stability of catalysts under electroly-
sis conditions, as well as the size of the modifying
nanoparticles themselves, which directly affects
their contact area with the electrolyte. A significant
problem when analyzing literature data is that in-
formation on both indicators is not provided in all

studies.
Phosphides
Co,P/Co,N,

CoNig 44-MOF-T74, et
MOF-CoP

Carbon-
containing

Coy.3:M0; 6sC/
Mo,C

Metal +
oxide

Co/Co30,,
Co-Co0

Layered
compounds

Nij 09C0; 6104,
NiFeCo-LDH,
VOOH

oxide

NiFe,0,,
MoO,

Fig. 7. MXene surface modification strategies with
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Modification of MXenes with phosphorus com-
pounds is most often carried out by introducing co-
balt phosphide nanoparticles, although the catalytic
activity of the resulting composites can vary signifi-
cantly. For example, for Ti;C,T, MXene, obtained in
a bulk structure to prevent the aggregation of indi-
vidual flakes, cobalt phosphide (CoP) was formed
on its surface by phosphidizing the corresponding
oxide. The CoP particle size, according to transmis-
sion electron microscopy data, was in the range of
3-5 nm [64]. Electrochemical tests of this composite
revealed a relatively high HER overpotential of 168
mV. For comparison, in study [65] for a CoP/Mo,CT,
catalyst, where cobalt phosphide was present as
nanowires, the HER overpotential was reduced to
78 mV, which the authors attributed specifically to
the increased surface area of the active additive
(CoP nanowires). Although one might also assume
a contribution from the different MXene matrix
composition (Ti;C,T, versus Mo,CT,, for which AG,«
were -1.01 eV and 0.71 eV, respectively), the differ-
ence in AGy- for the additives themselves was more
substantial (0.81 eV for pure phosphorus and only
-0.079 eV for CoP), indicating a dominant role of the
nature and morphology of the phosphide additive in
these catalysts, rather than the MXene type. An ex-
ceptionally low HER overpotential (15 mV at 10 mA/
cm?) was achieved using a Co,P/Co,N modifier with
a hierarchical structure (Co,P particles coated with
Co,N nanoparticles) in combination with Ti,C,T, sup-
ported on nickel foam [50]. It is most likely that such
outstanding activity was due precisely to the com-
posite’s architecture, which provided a very high
specific surface area, as the calculated AGy- for this
catalyst (0.105 eV) was noticeably higher (less opti-
mal) than in other mentioned examples with cobalt
phosphides.

Metal-Organic Frameworks are coordination
polymers consisting of metal ions linked by organ-
ic ligands. Due to their high porosity and wide pos-
sibilities for varying chemical composition, MOFs
are promising precursors for the synthesis of var-
ious catalytic materials. An interesting approach
to modifying MXenes with phosphides involves
coating MOF-derived phosphide crystals with MX-
ene. The purpose of such a coating is to increase
the electrical conductivity of the phosphide compo-
nent, which, in turn, should lead to an increase in
the overall catalytic activity of the composite. This
method was implemented in study [46] for the syn-
thesis of a Ti,NT,@MOF-CoP catalyst. The process
involved the self-assembly of Ti,NT, MXene with a
MOF precursor (ZIF-67), followed by decarboniza-

tion and phosphorization to convert ZIF-67 into CoP.
The MOF-CoP material itself demonstrated good
catalytic activity, judging by the slight difference in
HER overpotentials for MOF-CoP (153 mV) and the
Ti,NT,@MOF-CoP composite (112 mV), especially
when compared to pristine Ti,NT, (271 mV). The
large particle size of MOF-CoP (466 nm) also sug-
gests that its intrinsic activity played a key role.

Furthermore, in another example [66], a MOF
was used directly as a catalytically active additive to
MXene. Hexagonal crystals of CoNiyo,-MOF-74 with
a significant average diameter (about 10 um) were
perpendicularly anchored on the surface of MXene,
which, in turn, was deposited on nickel foam (NF)
serving as a high-surface-area substrate. Despite
the large MOF particle size, this composite achieved
an HER overpotential of 102 mV at 10 mA/cm?. This
result is attributed to both the catalytic activity of
the MOF itself and the increased overall surface
area of the catalyst. For comparison, Ni-unmodi-
fied Co-MOF-74 on MXene/NF, as well as CoNigg,-
MOF-74/NF and pristine MXene/NF individually,
showed poorer results (overpotentials of 175, 203,
and 217 mV, respectively). However, it is important
to note that not all MOFs possess sufficient catalyt-
ic activity for HER. For instance, ZIF-8 material, as
spherical particles with a diameter of 500 nm, ex-
hibited a high HER overpotential (542 mV at 10 mA/
cm?) in its pure form, which was even higher than
that of the MXene used (514 mV). Their composite
only slightly reduced this value (to 502 mV), which is
insufficient for creating a competitive catalyst [34].

Transition metal carbides are also used as mod-
ifying additives to MXenes, particularly Ti;C,T,,
although the catalytic activity of the resulting com-
posites varies widely. For example, molybdenum
carbide (Mo,C) only reduced the HER overpotential
to 219 mV at 10 mA/cm?, despite additional im-
provements such as modifying these nanoparticles
with phosphorus and coating them with N-doped
carbon shells (obtained by pyrrole polymerization
followed by annealing) [67]. Much better results
were shown by a composite with a mixed carbide,
Cop31:Mo0,6C, also protected by a graphene carbon
shell — the overpotential in this case was already
75 mV at the same current density [68]. In this work
[68], hydrogen adsorption energies were also cal-
culated for carbides of different compositions; the
minimum AGy- value (0.05 eV), most favorable
for HER, was obtained for the graphene-coated
Coy3:M0; C, while for uncoated Mo,C, it was -0.92
eV, which explains the lower activity of the catalyst
in study [67].
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Carbon-containing modifiers also include co-
balt oxalate, which, with MXene, forms self-assem-
bling nanotubes, allowing for a large contact area
with the electrolyte; the AGy. for such a composite
is -0.16 eV [69]. The initial HER overpotential at a
current density of 10 mA/cm? was 74 mV; howev-
er, after 5 successive linear voltammetry scans in
1M KOH, the value decreased to 28 mV due to the
transformation of cobalt oxalate into its hydroxide,
the latter forming as hexagonal plates perpendicu-
larly attached to the nanotube surfaces. Most likely,
it was this additional increase in surface area that
enhanced the catalyst’s efficiency, as the Gibbs free
energy AG,: shifted closer to zero by only 0.04 eV,
albeit with the opposite sign (0.12 eV).

Interesting synergistic effects are also observed
when modifying Ti;C,T, MXene with a mixture of
a transition metal and its oxide, using cobalt as an
example. On one hand, a comparison of hydrogen
adsorption energy values for different active sites
shows more favorable AG,- values for HER on unox-
idized metal [51]. On the other hand, a significant
reduction in the overpotential for this process is
observed on the mixed catalyst (87 mV) compared
to the pure metal (443 mV) [70]. Different cobalt
oxides are formed in the considered studies (CoO
[51] and Co;0, [70]), but a general difference in the
contribution of the metal and oxide phases to the
reaction catalysis can be assumed. In the case of a
Co-CoO mixture, the calculated AG,- values are clos-
est to zero on the Co, active center, both with and
without a Ti;C,T, matrix (0.232 eV and 0.271 eV, re-
spectively). Meanwhile, on the oxidized cobalt Co**
center, the adsorption energy is noticeably higher
— 0.444 and 0.403 eV with and without MXene, re-
spectively, indicating better hydrogen adsorption on
pure cobalt. In the case of Co/Co;0,, it is stated that
water molecule splitting occurs due to Co;0,, while
the metal only improves the transport of adsorbed
hydrogen atoms to each other to form hydrogen
molecules. The surface area factor is also present:
from the morphology schemes of Co-CoO/Ti,C,T,
and Co/Co;0,/TisC,T,, it is quite logical that for the
more ordered structure with small crystals of the
former, the HER overpotential is lower (45 mV) than
for the latter with nanoparticles in the form of amor-
phous spheres (87 mV).

The major influence of the modifier’s crystal
structure on catalyst activity can also be seen in the
comparison of two NiFe,0,/Ti;C,T, catalyst systems.
In one case, where NiFe,0, was present as parallelly
intergrown nanowires (confirmed by TEM and SEM
images), the HER overpotential was 584 mV, only

slightly better than pristine Ti;C,T, (650 mV), likely
due to an insufficient increase in surface area [52].
In the second case — with spinel-structured crystals
— the HER overpotential was substantially lower at
173 mV at 10 mA/cm? [36]. On the other hand, with
a more favorable catalyst morphology, a significant
improvement in its characteristics can be achieved.
For example, molybdenum oxide with a nanorod
structure and a fairly high average diameter of 250
nm (in [52], it was 0.18-5.64 nm), thanks to a chaoti-
cally interconnected structure visible in SEM images,
demonstrated an HER overpotential of 192 mV even
in its pure form. Its combination with MXene al-
lowed this value to be more than halved —to 91 mV
[71]. The authors attribute this to an increase in the
catalyst’s surface area and electrical conductivity.

The modification of 2D MXene materials with
various layered inorganic compounds is widespread
[41, 72-76]. The orientation of these layered modi-
fiers relative to the flakes of the MXene matrix can
vary: they can be arranged either parallel or perpen-
dicular to them. In both cases, an increase in the
catalytic activity of the resulting composite is usually
observed. However, it is assumed that with parallel
arrangement, the main contribution to performance
improvement comes from the distribution of mod-
ifier particles over the surface of individual MXene
layers, which increases their contact area with the
electrolyte. In the case of perpendicular orientation,
a more effective separation of both the modifier lay-
ers and the MXene layers themselves occurs, which
should lead to a more significant increase in the
total active surface area of the catalyst and, conse-
guently, to a more substantial reduction in the HER
overpotential under equal current densities.

For example, in study [72], hexagonal nanoplates
of mixed nickel and cobalt oxide were deposited
on the surface of MXene flakes by a hydrothermal
method. However, even the composite catalyst with
the composition Nig5C0,.4,04/TisC,T,, considered op-
timal by the authors, showed a relatively high HER
overpotential of 210 mV at 10 mA/cm?. SEM analysis
revealed a rather chaotic arrangement of the modi-
fier nanoparticles on the MXene surface, with a pre-
dominant parallel orientation, which may indicate
the low efficiency of such a morphology.

Layered transition metal hydroxides are also ac-
tively used as modifying additives to MXenes. Com-
posites with both single metal hydroxides [73, 74]
and mixed layered double hydroxides (LDHs) [75]
have been investigated. The VOOH/Ti;C,T, cata-
lyst contained VOOH nanosheets with a diameter
of about 600 nm, which, according to SEM images,
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were primarily anchored on the MXene surface in
a horizontal (parallel) position [73]. Despite the ab-
sence of a pronounced effect of increasing the active
area due to this morphology, the HER overpotential
for this material was 100 mV at 10 mA/cm?, indicat-
ing its higher intrinsic catalytic activity compared to
the aforementioned Nij0sC054;04/Ti5C,T, with a sim-
ilar morphology. In contrast, a composite catalyst in
which cobalt hydroxide nanoplates were anchored
perpendicularly to the MXene flakes demonstrated
excellent activity [74]. Such a structure provided a
significant increase in the modifier’'s contact area
with the electrolyte and allowed the HER overpo-
tential to be reduced to 21 mV, which is almost iden-
tical to the value measured in the same study for a
platinum catalyst. Excellent results were also shown
by the NiFeCo—LDH@Ti;C,T, composite, containing a
layered hydroxide of three transition metals, where
the HER overpotential was 34 mV [75].

Among other layered additives to MXenes that
effectively reduce HER overpotential, cobalt phos-
phide with the composition Co,P can be noted, for
which a value of 42 mV was achieved. This result cor-
relates well with its calculated Gibbs free energy of
hydrogen adsorption (-0.067 eV) [41]. A highly active
combination also proved to be MXene and CoBDC
nanosheets (a metal-organic framework), where the
Co—O-Ti bond formed at the phase interface facili-
tated improved charge transfer and optimization of
the active site’s electronic structure. This led to a re-
duction in AGy«to -0.2 eV and the HER overpotential
to 29 mV [76].

Modification of MXenes with transition metal sul-
fides generally leads to a moderate increase in HER
catalytic activity. This may be due to both the not
remarkably high activity of the sulfide phases used
and an insufficient increase in the effective surface
area of the catalysts. For example, cobalt sulfide was
synthesized on the surface of Ti;C,T, MXene flakes
by a hydrothermal method followed by sulfuriza-
tion. Although transmission electron microscopy
showed the formation of CoS, particles with a clear
crystalline structure in the form of nanowires, SEM
data indicated their rather dense arrangement, pre-
dominantly parallel to the substrate plane [53]. As
a result, the CoS,@MXene composite showed only
a slight reduction in HER overpotential (175 mV at
10 mA/cm?) compared to the individual components
(225 mV for CoS, and 260 mV for MXene). Another
cobalt sulfide, Co,S;, showed a slightly better result
of 142 mV, which correlates well with a more uni-
form distribution of its nanoparticles on the MXene
flakes [37]. However, even in this case, according to

SEM images, there was no effective separation of
MXene flakes, which probably limited further reduc-
tion in overpotential. In another study [48], based
on hydrogen adsorption energy calculations, it was
predicted that V,CT, MXene (AG,- = 0.38 eV) should
have better catalytic activity than Ti;C,T, (AGy- = 0.46
eV). Both these materials were modified with nickel
sulfide (NiS,), which uniformly and densely coated
their surfaces in the form of spherical nanoparticles.
Electrochemical tests confirmed the prediction: on
NiS,/V-MXene, the HER overpotential was 179 mV,
slightly lower than on NiS,/Ti-MXene (205 mV). The
highest overpotential among MXenes modified with
sulfides (196 mV) was recorded for the NiysFe,,PS;@
Ti;C,T, composite [54]. Such low activity can be ex-
plained by the arrangement of the modifier nanopar-
ticles, which have a mosaic structure, parallel to the
surface of the MXene flakes, which did not contrib-
ute to an increase in the material’s total contact
area with the electrolyte.

Non-metallic compounds, particularly carbon
nanotubes (CNTs), are also used in composite cat-
alysts with MXenes. Depending on their diameter
and integration method, CNTs can perform various
functions: either serving as a protective framework
for MXene flakes, preventing their aggregation [47],
or physically separating MXene layers by being po-
sitioned perpendicularly between them, thereby in-
creasing the accessible surface area [25, 26].

In the first case, described in study [47], hex-
agonal MoN MXene nanoparticles (3—5 nm in size)
were anchored on the inner walls of boron and ni-
trogen-doped carbon nanotubes (BCN-CNTs) with a
diameter of 30—50 nm. Both components (BCN-CNTs
and MoN) were presumed to contribute to catalysis.
The resulting catalyst exhibited an HER overpoten-
tial of 118 mV at 10 mA/cm?. This moderate activ-
ity could be attributed to either insufficiently high
intrinsic catalytic activity of the components or to
hindered electrolyte diffusion into the nanotubes,
which limited access to the more active MoN com-
ponent. Indeed, the calculated Gibbs free energy of
hydrogen adsorption for MoN (-0.78 eV) was more
than twice as close to the optimal zero value than
that for BCN-CNTs (-1.90 eV).

A significantly better increase in surface area is
achieved when CNTs are grown directly between
MXene layers. The activity of such composite cat-
alysts strongly depends on the composition of the
MXene used. As previously mentioned [48], V,CT,
MXene possesses higher intrinsic catalytic activity
compared to Ti;C,T,. This was confirmed in study
[25], where an overpotential of only 27 mV at
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Fig. 8. Distribution of HER overpotentials (a) and Tafel slopes (b) for the reviewed catalysts across value ranges.

10 mA/cm? was obtained for the MWCNT@V,CT,
catalyst (multi-walled CNTs on V,CT,). Meanwhile,
for the 3D CNTs@Ti;C,T, composite (a three-dimen-
sional structure of CNTs on Ti;C,T,), this value was
93 mV at the same current density [26].

Since the catalytic properties of the materials dis-
cussed in this review vary widely, their HER overpo-
tentials (n,,) and Tafel slope values were compiled
and presented graphically (Fig. 8) for a more visu-
al comparison of their efficiencies. Analysis of the
overpotential distribution (Fig. 8a) shows a pattern
close to a normal distribution, with the maximum
frequency occurring in the 51 to 100 mV range. This
indicates a good average activity of catalysts being
developed in this research area. The Tafel slope
values (Fig. 8b) were grouped according to the pre-
dominant HER mechanism: below 40 mV/dec (Tafel
rate-limiting step), from 40 to 120 mV/dec (Hey-
rovsky rate-limiting step), and around 120 mV/dec
(Volmer rate-limiting step) [30]. It should be noted,
however, that Tafel slope values significantly ex-
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ceeding 120 mV/dec are most likely the result of an
erroneous determination of this parameter. The his-
togram presented in Fig. 8b clearly shows that, for
most the systems investigated, the second HER step
is predominantly the Heyrovsky step.

Additionally, for a comparative analysis of Gibbs
free energies, their values were presented as a di-
agram showing the respective deviations from the
ideal value (0 eV) for each catalyst (Fig. 9). The
materials exhibiting the best activity according to
this parameter were Pt;,;Ni/Ti,C,T, [63] (-0.03 eV),
CoP/Mo,CT, [65] (-0.037 eV), and graphene-coated
Coy3:Mo0, ,C [68] (0.05 eV).

5. Conclusion

Hydrogen represents an environmentally friend-
ly alternative to fossil fuels and has the potential to
meet growing global energy demands. Water elec-
trolysis is the “greenest” method for its production;
however, to enhance the economic efficiency of this
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Fig. 9. Gibbs free energies of the reviewed catalysts: general view (a) and enlarged view (b).
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process, catalysis of the hydrogen evolution reaction
is necessary to reduce energy consumption.

Noble metals are traditionally considered the
most effective HER catalysts, but their high cost se-
verely limits their widespread industrial application.
Among catalysts based on more accessible transition
metals, some active options exist, but their common
problem is low specific surface area due to nanopar-
ticle aggregation. In this context, layered materials
of the MXene class offer an excellent platform (ma-
trix) for creating composite catalysts due to their
unique combination of high electrical conductivity,
good chemical and mechanical stability, as well as an
inherently developed surface and capacity for func-
tionalization. The analysis of the reviewed studies
shows that the best catalytic performance among
MXene-based composite materials is demonstrat-
ed by systems incorporating noble metal atoms or
nanoparticles, various morphologies of cobalt phos-
phides, layered transition metal hydroxides, certain
metal-organic frameworks, and carbon nanotubes
integrated into the MXene structure.

This review aimed to summarize and compare
data on various materials investigated as MX-
ene-based HER catalysts. However, it must be not-
ed that in many published studies, the conditions
for electrochemical tests vary significantly, and the
data provided are not always complete, which com-
plicates direct and accurate comparison of results.
Moreover, long-term stability tests of catalysts are
very rarely conducted until a significant degradation
of measured parameters or for a sufficiently long
duration, making it impractical to compare stability
results obtained with different testing times, even if
other conditions were identical. Due to these com-
plexities, a detailed analysis of catalyst stability was
not included within the scope of this review. To ad-
dress these issues and enable adequate comparison
of developing catalytic systems, there is an urgent
need for the standardization of electrochemical
measurement conditions, particularly concerning
the selection of standard current densities for over-
potential assessment and the definition of regulated
minimum durations for stability tests.

6. Future perspectives and challenges

Despite significant achievements in the develop-
ment of MXene-based HER catalysts, several oppor-
tunities remain unexplored and unresolved prob-
lems persist:

1. Although theoretical calculations indicate
many potentially more catalytically active MXene

compounds, most studies use the almost inactive
Ti;C, due to its relative ease of synthesis. To achieve
greater activity of the resulting composite catalysts,
it is necessary to use more active MXenes from the
outset, but this requires the development of energy-
and cost-effective methods for their synthesis.

2. During the literature search on this topic, only
a few attempts were found to control surface groups
using both top-down and bottom-up methods, while
modelling studies indicate that MXenes with func-
tional groups of the same type are the most catalyti-
cally active in terms of HER. Therefore, this direction
needs to be developed in practice.

3. In most of the studies reviewed, MXene mixed
with additives is applied to a substrate (e.g., nick-
el foam) or mixed with a binder (PVdF). However,
thanks to the layered structure of the MXene suspen-
sion, it is possible to obtain self-standing electrodes
by filtration without the use of additional materials,
which can reduce its cost and weight, allowing for
more efficient use of the electrolyser space, which
is beneficial for industrial applications. At the same
time, the question of mechanical stability remains
open, which can be solved by improving the design
of the electrolyser and by carefully controlling the
composition and conditions of electrode production.

4. MXenes are subject to oxidation and structural
degradation during prolonged electrolysis, especial-
ly in aqueous environments. This requires improv-
ing their chemical stability and applying protective
solutions that would maintain their activity in acidic
and alkaline conditions. Improving stability is a key
condition for their practical use.

5. Comparing the results of different studies is
difficult due to differences in test conditions and
incomplete data. For an objective assessment, it is
necessary to introduce uniform standards for mea-
suring overvoltage and compare it with the calculat-
ed values of AG,+, as well as use in situ methods to
monitor activity and degradation in real time.

6. Despite success in laboratory conditions, there
is still insufficient data on the use of MXene in prac-
tical electrolysers. Promising tasks include the cre-
ation of stable and mechanically strong electrodes,
the development of full-fledged HER/OER systems,
and conducting long-term tests under real-world
conditions.
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