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/Abstract: MXenes, due to their tailorable chemistry and favourable physical properties, have great promise in
electrocatalytic energy conversion reactions. To exploit fully their enormous potential, further advances specific to
electrocatalysis revolving around their performance, stability, compositional discovery and synthesis are required. The
most recent advances in these aspects are discussed in detail: surface functional and stoichiometric modifications which
can improve performance, Pourbaix stability related to their electrocatalytic operating conditions, density functional
theory and advances in machine learning for their discovery, and prospects in large scale synthesis and solution
processing techniques to produce membrane electrode assemblies and integrated electrodes. This Review provides a
perspective that is complemented by new density functional theory calculations which show how these recent advances
in MXene material design are paving the way for effective electrocatalysts required for the transition to integrated
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1. Introduction

Globally, sustainable energy systems are required to re-
spond adequately to the rapidly changing climate induced
through the substantial release of greenhouse gases.! To
accomplish this, a framework relying on the use of renew-
able energy resources and sustainable energy carriers is
required.”! A key element of such a framework is electro-
chemical energy conversion reactions which produce sustain-
able chemicals and fuels such as hydrogen (through water
splitting), ammonia (through dinitrogen or nitrate reduc-
tion), hydrogen peroxide (through oxygen reduction), and
hydrocarbons and syngas (including acids, alcohols, alkanes
and alkenes through CO, reduction) from renewable
electricity.®! These electrochemical energy conversion reac-
tions allow for the sustainable production of fuels and
chemical feedstocks supporting global decarbonization ef-
forts and provide a means to store intermittent renewable
electricity.

To unleash the potential of electrochemical energy
conversion reactions, the development of highly efficient
electrocatalytic materials is essential.*"*) These materials are
required to harness and convert renewable electricity into
viable products at high rates, selectivity and stability. The
performance of electrocatalysts depends on a range of
chemical properties which are ultimately related to their
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electronic properties that in turn influence the intrinsic
activity of the material, as well as their morphology which
provides access to the catalytically active sites. Equally, the
stability of the catalyst and its susceptibility to transforma-
tions and deactivation over time must be considered in their
assessment. Furthermore, in order to maximize the applica-
tion space of electrocatalysts, they must have specific
manufacturing capabilities such that they can be synthesized
and processed on large scales, while having the ability to be
integrated on different electrode or membrane configura-
tions according to specific electrolyzer cell and stack
designs.["

MXenes, discovered in 2011 at Drexel University, are
defined as two-dimensional (2D) transition metal carbides
or nitrides, with the formula M,, |, X, T,, where M is an early
transition metal (Mo, Ti, V, Nb, Hf, etc.), X is C and/or N,
T, represents the surface functional groups (O, OH, F, etc.)
and n=1-4."1 As different metals (and mixtures thereof)
can be incorporated into the MXene structure, as well as
considering its layered configuration and the presence of
functional groups, there is effectively an unlimited number
of MXene structures with variable band structures, provid-
ing a plethora of possibilities to tailor their chemical and
physical  properties, essential in the design of
electrocatalysts.’”) Further desirable properties such as a
metallic conductivity, high stability in a wide pH range in
anaerobic conditions, flexible reduction-oxidation charac-
teristics and high mechanical strength favour their use as
electrocatalysts. Importantly, compared to other 2D materi-
als such as MoS, (which, for example, demonstrates weak
hydrogen adsorption on the basal plane), the basal planes of
MXenes have been shown to be active for electrocatalytic
redox reactions due to their specific terminating functional
groups.'™" This negates the need to create complex
architectures or to perform treatments to increase the
exposure and density of active sites as often required for
other 2D materials."? Based on these favourable physical
and chemical properties, MXenes, when rationally designed
and operated under judicious conditions (i.e. with a suitable
stoichiometry, surface composition, choice of electrolyte and
operating potential), have the potential to serve as promis-
ing electrocatalytic materials for energy conversion reac-
tions. We note that MXenes also demonstrate promising
tribological, magnetic, electronic, thermal and optical prop-
erties which allow for their application as lubricants, electro-
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magnetic interference shields, sensors, supercapacitors,
etc.l””

Regarding their catalytic performance, despite the
favourable properties that MXenes possess, there is only a
limited number of reports in which these materials, rather
than their derivatives, have shown satisfactory electrocata-
lytic performance in energy conversion reactions. So far, the
works reporting on the use of MXenes (most commonly
Ti;C,T,, Ti,CT, and Mo,CT,) for energy conversion reac-
tions indicate that appropriate modifications to their pristine
structure must be undertaken to create favourable electro-
catalytic active sites.*'® The intrinsic catalytic performance
of MXenes can be altered through a range of approaches,
primarily through manipulation of their surface properties
(altering the conventional terminating groups and incorpo-
ration of non-native surface atoms) and bulk stoichiometry
(through doping/substitution, defects, solid solution and
ordered alloy formation) which subsequently leads to
changes in reactivity.'"”” While these advances in MXene
synthesis are interesting from a fundamental point of view,
so far, there is limited application on reactions beyond water
splitting, e.g. dinitrogen and carbon dioxide reduction.
Furthermore, recent advances in the development of
MXenes to alter their surface and bulk properties, namely,
the synthesis of high entropy MXenes with multiple M
species,’® and the rational tuning of surface terminations
with unconventional functional groups,'” have had no
reported application in electrochemical energy conversion
reactions. These recent advances give promise in advancing
traditional modification approaches for MXenes which serve
as electrocatalysts for a range of energy conversion
reactions.

Further to this, the stability of MXenes under electro-
chemical conditions must be carefully considered. Particu-
larly innate to oxygen electrocatalysis (such as oxygen
evolution or oxygen reduction) where MXenes are prone to
oxidation, composite catalyst configurations often involving
one or two co-catalysts are used in conjunction with the
MXene.” However, there is an ambiguity about the state of
the MXene under in situ conditions due to the dynamic
nature of MXenes, which are prone to structural changes
and/or decomposition.”* Questions on whether the origi-
nal MXene or rather decomposition products of the MXene
are the catalytically active material are often overlooked.
Theoretical works demonstrate that the stability regions of
some MXenes under an applied potential are limited, and
that the surface terminations of MXenes change consider-
ably with the pH of the media, which may alter their
catalytic performance.>®! Hence further work is required
to determine the stability of commonly used MXenes under
typical electrochemical conditions (i.e. under potential and
at low or high pH). These considerations have often been
neglected in the recent literature and are pivotal to the
advancement of high performing and stable MXenes used in
energy conversion reactions.

This Review entails some of the most recent emerging
findings and opportunities in MXene design, characteriza-
tion, and applications which are beneficial for their perform-
ance in electrocatalytic energy conversion reactions. We
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discuss discoveries such as high entropy MXenes which
present a new route to improving the location of MXenes on
Sabatier volcano plots®*! and surface terminations which
extend beyond the conventional O, OH, F and CI groups
which drastically alter surface reactivity. Regarding the
stability of MXenes under electrochemical conditions, we
discuss considerations that must be taken into account to
determine the dynamic structure of MXenes under electro-
chemical conditions and provide new insights into the
performance and stability of MXenes through a preliminary
investigation using density functional theory (DFT) calcu-
lations and Pourbaix diagrams. In addition to this, we also
give a perspective on the future of computational design of
MXenes using machine learning and DFT, which considers
the large combinatorial parameter space inherent to
MXenes particularly when tuning MXene stoichiometry and
surface chemistry. Finally, when considering industrial
applications, we discuss relevant solution processing and
manufacturing techniques which could allow for the han-
dling and synthesis of MXenes on a larger scale.

It is of our view that if opportunities in these four areas,
that is, performance (through surface and bulk stoichiomet-
ric modifications), stability, discovery and large-scale manu-
facturing can be addressed, MXenes can play a significant
role as catalysts in the clean energy transition.

2. MXene Stoichiometry

Bulk stoichiometry directly influences the chemical proper-
ties of MXenes which in turn affect their electrochemical
reactivity. Briefly, we outline some of the significant
advances in MXene stoichiometry related to electrocatalysis,
as displayed in Figure 1, before discussing in more detail the
potential opportunities surrounding the further application
of single atom-modified MXenes and the emerging area of
high entropy MXenes related to electrocatalysis.

2.1. Monometallic MXenes
2.1.1. Common MXenes

Single-metal MXenes (M, X,7,) are the most simple
variation of MXene materials. They offer a well-defined yet
tuneable platform for the discovery and investigation of
MXenes for a range of energy conversion reactions.
Regarding the hydrogen evolution reaction (HER), Seh
et al. undertook a DFT screening to compare the theoretical
performance of a range of single-metal MXenes after
determining  the most likely functional group
configuration.!"! A range of MXenes with favourable HER
theoretical overpotentials (<0.2 V) were identified, includ-
ing Sc,C and Mo,C, of which Mo,C had one of the lowest
overpotentials of approximately 0.05 V. In the same work,
corroborating their theoretical investigations, Mo,C and
Ti,C were experimentally compared on the basis of their
electrochemical performance, with Mo,C outperforming
Ti,C. To improve the performance of the single-metal
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Figure 1. Schematic depicting different MXene stoichiometries, ranging from monometallic MXenes (conventional and i-MXenes), bimetallic
MXenes (single atom, solid solution and ordered double MXenes), and multi-metallic high entropy MXenes.

MXene, the Mo,C was delaminated, increasing the number
of exposed sites on the active basal plane. In various
theoretical studies single-metal MXenes have also shown
significant promise in the nitrogen reduction reaction
(NRR).”**! For instance, it was demonstrated that Ti-edge
sites and hydroxy surface groups act as active sites for NRR,
and as such, Ti;C,OH quantum dots which have an
abundance of edge active sites, demonstrated a high
Faradaic efficiency of 13.3 % toward NH; at —0.50 V vs. the
reversible hydrogen electrode (RHE).P” Such reports dem-
onstrate that, even for the most commonly used pristine
MXene structures, a reasonable electrocatalytic activity can
be obtained compared to other established materials such as
metal oxides and (oxy)hydroxides. The well-defined and
easily tunable MXene structure therefore presents a plat-
form to precisely study the fundamentals of electrocatalytic
energy conversion reactions.

2.1.2. Defective and i-MXenes

Controlled defect formation facilitated by atomic vacancies
also presents a promising route to tuning the stoichiometric
properties of MXenes, and at this stage this is typically
associated with monometallic MXene compositions. The
discovery of quaternary in-plane ordered MAX phases (i-
MAX), which exhibit an ordered atomic structure has
resulted in the synthesis of “i-MXenes” whereby the
selective etching of the secondary and ternary metal
component facilitates the formation of ordered defects
within the MXene structure. For example, the synthesis of
Mo, 53C MXenes with divacancy ordering has been reported
through the etching of (Mo,;Sc,;),AlC.P"" Nb, ;;C has also
been synthesized from a (Nb,;Sc;;),AIC MAX phase,
however in this material, the vacancies were not ordered
forming a random distribution.” The specific design of the
MAX phase to allow for the removal of a sacrificial M-site
was also shown to facilitate the synthesis of MXenes with
constituent elements which could otherwise not be synthe-
sized. Thus, research which focusses on the incorporation of
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unconventional M-sites within the MXene structure could
benefit significantly by using the i-MXene configuration. For
example, while the instability of W,AIC prevents the
synthesis of W,3;CT,, using an i-MAX phase consisting of
(W,3S¢,3),AlC circumvents such issues and allows for the
formation of W-based MXenes (W ;;C).*" This proves to be
particularly significant as the W,C MXene was theoretically
predicted to exhibit excellent catalytic performance towards
HER under high surface H-adsorption.[*!

More broadly, the existence of defects can also improve
the electrocatalytic performance of MXenes compared to
their pristine counterparts, and it is hypothesized that
hydrogen bound in certain vacancy sites has adsorption
energies that are favourable for HER.® The role of atomic
vacancies (associated with M and X atoms) in tuning the
band structure of the MXene and subsequently altering the
free energy of intermediates associated with the CO,
reduction reaction (CO,RR) was investigated.' While M
vacancies typically strengthen the bond with fragment-type
intermediates (such as *COOH and *CHO), X vacancies
were shown to weaken this bond. This is unlike alternating
molecular-type intermediates (such as *HCOOH and
*H,CO) which are not significantly effected by vacancies as
they are bound to the MXene surface with weaker van der
Waals forces. Overall, this allows for the rational design of
defective MXenes which reduce the overall limiting poten-
tial for CO,RR and possibly allows for the tuning of product
selectivity. These promising findings warrant further studies
to uncover structure-property-function relationships
amongst defective MXenes.

2.2. Bimetallic MXenes

2.2.1. Single Atom Modification

Incorporation of transition metal single sites, specifically Co,
in the Mo,CT, MXene leads to the tuning of the *H binding

energy of multiple sites within the MXene structure,
implying that the inclusion of additional elements into the
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MXene matrix might not only change the electronic proper-
ties of that specific site, but rather a range of neighbouring
sites within the MXene framework.’” Indeed, Co-substi-
tuted Mo,CT, was the first demonstration of a MXene
covalently substituted with a middle to late transition metal,
significantly improving its HER performance. This work
proves significant in the development of MXene electro-
catalysts as the incorporation of an additional chemistry
which is not typically associated with MXene compositions
allows for tuning of bulk chemical and electronic properties
of MXenes, and increases the compositional space of
MXenes significantly. To synthesize Mo,CT,: Co, a standard
etching and delamination procedure was used on a bulk
bimetallic carbide B-Mo,C:Co precursor. In this work, the
Co single atom sites were shown to be covalently bonded in
the Mo,CT, MXene, substituting Mo. In addition to the
example above, a plethora of other works related to electro-
catalysis have exploited the benefits associated with the
incorporation of single atom sites. For instance, the ability
of Ti;C,T, to act as a host for Ru single atoms was
demonstrated, forming a  highly efficient HER
electrocatalyst.'! By using a freeze drying method to absorb
Ru cations and incorporate thiourea and subsequent anneal-
ing to dope N, S and Ru into the structure, the catalyst
Rug,-N-S-Ti;C, 7T, was obtained. This work suggests that the
Ru single atoms act as active sites, and the interaction with
the MXene induces a charge transfer that leads to non-
bonding states around the Fermi level. In this example, the
Ru single atoms were shown to be coordinated to N and S
atoms. Overall, incorporation of Ru leads to the weakening
of *H adsorption, improving HER performance compared
to N-S-Ti;C,T,. Another notable example has been demon-
strated whereby the strong covalent interactions between Pt
single atoms and a vacancy rich Mo,TiC,T, support also led
to outstanding HER performance.'! Using an electrochem-
ical exfoliation method to create Mo vacancies, single Pt
atoms were incorporated into the MXene structure forming
Mo, TiC,T,-Pts,. The immobilization of Pt in Mo vacancies
resulted in the formation of Pt—C and Pt—O bonds.

The above works demonstrate the range of methods and
mechanisms in which single atoms can be incorporated into
the MXene structure, guiding future research in which
MXenes with single atom substituents can be rationally
designed to tune intermediate adsorption energies, leading
to efficient electrocatalysis potentially beyond HER. To
demonstrate the potential application of single atom
modified MXenes in catalyzing reactions other than HER,
we have performed DFT -calculations for a series of
structures consisting of Mo,C(O,)(OH),_, with Fe-substitu-
tion (i.e. Mo,C(O,)(OH),_,:Fe) to investigate their ability
to catalyze NRR (iron was selected as the substituent to
mimic the composition of the active site of FeMo
nitrogenase™). Firstly, to account for effects of surface
coverage in these systems, our calculations indicated that
the average energy of the protonation of O-terminations for
the Fe-substituted material (i.e. reaction Mo,CO,:Fe+H,=
—Mo,C(OH),:Fe) is 0.73eV (0.83eV for unsubstituted
Mo,CO,), which does not exceed the potential of the NRR
rate-limiting step (see below), thus justifying the use of a
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OH covered surface for modelling the NRR energy profile.
Indeed, we found that surface protonation (molybdenum
reduction) strongly increases the affinity of both
Mo,CO,:Fe and 2D-Mo,CO, to N,, in accordance with
experimental results on model molecular Mo-containing
complexes.”*! Specifically for the fully OH-covered Mo,C-
(OH),:Fe surface (featuring a single coordination vacancy
in the vicinity of a Fe site), the adsorption energy of N, is ca.
1.2eV more negative with respect to the O-terminated
surface.

We have considered two possible electron—proton trans-
fer pathways, i.e. distal and alternating pathways, as
illustrated in Figure 2.**! For both Fe-substituted and
unsubstituted molybdenum carbide, *N, protonation and
reduction via the distal pathway was calculated to be more
thermodynamically favorable, with the determining step
(defined as the most endergonic 1H*/1e~ transfer step)
equal to 0.95 eV for Mo,C(OH),:Fe and 1.86 ¢V for Mo,C-
(OH), implying a substantially higher catalytic activity of
Mo,CT,:Fe. We have found that generation of the inter-
mediate diazene *NHNH preceding the formation of N,H,
via the alternating mechanism requires a comparable energy
input (1.02 eV for Mo,C(OH),:Fe). Our calculations dem-
onstrate that single site metal substitution in molybdenum
carbide can impact strongly its catalytic activity in the NRR
by altering the adsorption energies of reaction intermedi-
ates. Further experimental work should be undertaken to
understand how the competing HER (proceeding with
substantially lower theoretical overpotentials than NRR)
can be suppressed in such systems, for example, through
tuning surface functionalization (see below). Overall, there
is strong evidence that the strategy based on single atom
substitution in a MXene matrix can be generally applicable
for the design of efficient catalysts for a variety of
applications and provides an additional degree of freedom
in the engineering of active catalysts based on MXenes.

2.2.2. Ordered Double Transition Metal MXenes

The synthesis of ordered double transition metal MXenes
has proven to be an effective method allowing for the
incorporation of a second metal element into the MXene
structure. The ordered incorporation of metal layers into the
MXene further extends the range of chemistries contained
within the MXene family. Unlike single atom incorporation
into the MXene, the high concentration of the secondary
metal in this case is so far limited to the inclusion of early
transition metals which show great affinity to be incorpo-
rated into the MXene structure. However, their ordered
nature allows for a well-defined platform which is useful for
understanding fundamental structure-property-function re-
lationships in bimetallic MXene electrocatalysts. Anasori
and co-workers undertook a comprehensive theoretical
study to understand the stability of these bimetallic
MXenes.*! They found that there are at least 26 ordered
double metal MXenes, where Mo and Cr typically tend to
prefer the outer layers, while Nb and Ta prefer the central
layers. Regarding their application to HER, 24 ordered
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Figure 2. a) Schematic representation of the Mo,CT,: Fe structure and [M;C] core (M =Mo, Fe), where the coordination and hydrogenation/
reduction of N, takes place. b) DFT-computed free energy diagram for N, reduction catalyzed by Mo,C(OH),:(Fe), i.e. the reaction N, +

6H" +6e” =2NH,. Adsorption energies of the reaction products (N,H,, NH;) and species forming prior to the products release (*NNH;) were
found to be close to 0 eV for both Mo,C(OH),: Fe and Mo,C(OH), and are not shown in the diagram. Gibbs free energy of formation of gaseous

N,H, was taken from an experimental database!! (designated by “*”).

double transition metal MXenes were screened to determine
their stability and activity.*! Out of the materials screened,
the lowest Gibbs free energy for *H (AGy) was found on
the Mo,NbC,0, surface (0.003 eV), which could indicate
that such a composition would possess high HER activity.
This study showed that the chemical properties of the basal
plane are mainly influenced by the outer transition metal
layer, however, it can be tuned by the secondary metal
species in sub-layers. These insights are particularly impact-
ful in the field of catalyst design, as it demonstrates the
importance of sub-layer configurations which can be con-
trolled within the MXene structure, and should be consid-
ered appropriately in future MXene developments. For
example, while Cr;C,0, 5(OH), s has a AGy value of 0.21 eV,
incorporation of Nb to form Cr,NbC,0,,5(OH), ;s results in
a significantly lower AGy value of —0.09 eV, indicating that
the Nb layers beneath the Cr—O and Cr—OH terminated
surface lead to an improved catalytic performance. There-
fore, compositional design strategies achieved through the
selection of the primary and secondary metal in ordered
double metal MXenes present an attractive strategy for
designing novel MXene electrocatalyst formulations.

2.2.3. Solid Solution MXenes

In a similar vein, solid solution MXenes with the ability to
incorporate high concentrations of the secondary metal also
offer a platform to finely tune the electronic properties of
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the material through the MXene stoichiometry. For in-
stance, the systematic synthesis of Ti,_,Nb,CT,, Ti,_,V,CT,,
and V, Nb,CT,; y=0.4,0.8,1.2, and 1.6 through HF etching
and delamination of the M,AX phase was demonstrated.*!
These samples exhibited significant changes to the density of
states near the Fermi level. For instance, as the proportion
of Nb was increased in the Ti, ,Nb,C MXene structure, the
total density of states at the Fermi level increased due to the
higher number of valence electrons in Nb compared to Ti.
This tunability is particularly important for electrocatalytic
systems as the position of the d-band centre and density of
states near the Fermi level are known to significantly alter
the  intermediate  binding  energies on  metal
electrocatalysts.””) Accordingly, there is effectively an un-
limited number of non-stoichiometric combinations of
MXenes which can be theoretically synthesized which result
in tunable electronic properties. Therefore, the design of
such systems may rely on high throughput methods such as
through the use of machine learning (see below). Moreover,
solid solution MXenes have also shown distinct capacitive
properties which can be tuned according to their
compositions.® The promise of solid solution MXenes as
highly efficient HER catalysts has also been supported by
computational studies.*”
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2.3. High Entropy MXenes

While there exists a plethora of established MXene
compositions consisting of traditional mono- and bimetallic
configurations, recent advances in MXene synthesis show
that the number of MXene compositions can be significantly
increased. This is an important implication in the design of
MXene electrocatalysts, as the composition of the bulk
materials can influence surface properties as discussed
above. Catalytic surface and subsurface layers typically
consisting of five or more elements, without the segregation
of distinct metallic phases (intermetallic segregation) are
commonly referred to as high entropy alloys (HEAs).
Recent studies have justified investigations into HEA
electrocatalysts despite their complexities as the electronic
contribution of each element to the overall electronic
properties of the alloy can be tuned by changing elemental
ratios to give rise to desirable binding energies of
adsorbates.” In principle, a continuous spectrum of binding
environments can be attained by tuning the surface proper-
ties of HEAs by varying their metal composition.”"! This
allows HEAs to potentially unlock novel materials with sites
that have optimal binding energies to drive electrocatalytic
reactions efficiently. Indeed, the controllable nanoscale
synthesis of HEAs is also considered to be a significant
opportunity and challenge in the field, as scaling down
physical dimensions of materials can result in innate physical
and chemical properties not exhibited by the bulk materials.

There has been significant progress in recent years in the
development of well-defined HEA nanostructures, however
the uniform and controlled synthesis of such materials with
minimal phase impurities presents a significant research
challenge in advancing the field. Recently, the first report on
high entropy MXenes (HE-MXenes) established a protocol
to synthesize equimolar, phase pure, high entropy M,C;T,
MXenes, TiVNbMoC;7T, and TVCrMoGC;T.." The work
demonstrated that a high entropy phase stabilization effect
allowed for the incorporation of four metals into a stable
M,AIC; MAX phase with no other carbide or oxide
impurities. The high entropy MAX phase was etched
subsequently using aqueous HF and delaminated using
tetramethylammonium hydroxide to form the HE-MXene
phases, with an interlayer distance of 7.81 and 5.44 A for
TiVNbMoC;7T, and TVCrMoC;T,, respectively. Using a
combination of scanning electron microscopy energy-dis-
persive X-ray spectroscopy (SEM EDX) and X-ray photo-
electron spectroscopy (XPS) depth profiling, it was con-
firmed that a near equimolar composition of the high
entropy MXene could be achieved even after the use of an
aqueous HF based etching method to convert the MAX
phase into MXenes. Following this study, a five metal HE-
MXene with a uniform elemental distribution derived from
a bulk (TiysVy5Zr5NbysTays),AIC  phase was also
reported.’™ Extending on this concept, another HE-MXene
composition has been more recently reported with the
chemical formula Ti;;V,;Cr,Nb,(Ta,sC;T,, through the
selective etching of Al from the M,AX; parent MAX phase
of Ti;(V,CroosNb; (Ta, ,AlC;.*) The HE-MXene in this
case exhibited significantly higher volumetric capacitance
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compared to other non-HE MXene compositions indicating
improved charge storage and transfer capabilities.”**]

Specific to catalytic reactions, these findings highlight
new areas of opportunities in the use of MXenes combined
with HEA theory in developing high performing materials.
HE-MXenes can harness established benefits associated
with HEAs. Due to the large compositional array of
elements which can be incorporated into the MXene
structure, certain combinations of elements may result in
changes to the d-band position or overall band structure
which can eventually result in an optimal binding energy
between reactants and the catalyst surface, thus selectively
promoting the desired catalytic reaction. Furthermore, this
creates a route towards the synthesis of materials with
chemical reactivities that are not restrained by the base
elements in monometallic or bimetallic systems, improving
the surface’s position on a Sabatier volcano plot for a given
reaction.”” Due to the high entropy stabilization effect
which can reduce severe lattice distortions, HE-MXenes
may also exhibit an improved stability compared to the
traditional MXene compositions, which may be particularly
useful in aqueous electrochemical environments which can
oxidize the MXene."

Moreover, the field of electrocatalytic HEAs can also
benefit from the use of the MXene structural arrangement.
As previously mentioned, MXenes have a series of favour-
able characteristics which make them strong candidates as
electrocatalysts for energy conversion reactions, e.g. tune-
able surface terminations, high number of exposed surface
sides and metallic conductivity. Further to this, regarding
(HEA) electrocatalysts, it is important to control and
understand parameters related to particle size and morphol-
ogy, crystallinity, and defects.”™ Since the synthesis of
traditional MXenes has been established to control these
parameters (for example by varying etching and delamina-
tion protocols), it is expected that these principles will also
apply to HEA MXenes, solving another significant challenge
in the application of HEA electrocatalysts. Regarding the
challenges in controlled synthesis of HEAs, HE-MXenes
could provide a route to address issues in this area.
Particularly, well-defined structures synthesized in large
scales with limited intermetallic impurities remain challeng-
ing in the realm of HEAs.’” The synthesis of high entropy
MAX phases followed by an appropriate etching and
delamination to create single to few-layered MXene flakes
provides one solution. Using an appropriate etching and
delamination protocol, the phase purity and elemental
distribution of the MAX phase can be retained, while scaling
down catalyst dimensions to create nanostructured HEAs in
2D morphologies.!'s

To show the potential bulk tunability of MXenes in
enhancing energy conversion reactions, we performed DFT
calculations which compare the reaction energetics of HER
using the recently reported HE-MXene TiVNbMoC; with
the V,C; MXene as an example of an established MXene
with M,C; stoichiometry, both with O terminations (Fig-
ure 3).%571 To model the TIVNbMoC,; MXene, each of Ti,
V, Nb, and Mo were randomly but stoichiometrically
distributed within the M,C; structure. As a catalytic
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Figure 3. Diagram demonstrating the benefits of MXenes and HEAs which can be harnessed in-tandem when using HE-MXenes. DFT calculated
reaction energetics for HER on TiVNbMoC;0, and V,C;0, demonstrate that the high entropy configuration resulted in a more favourable band

structure for promoting HER.

descriptor, AGy (i.e., free energy of H adsorption) was
calculated.F**! The results indicate that the HE-MXene
displays spontaneous H adsorption, which is much closer to
AG=0¢eV (—041eV) compared to V,C;0, (-0.97eV),
implying more favourable reaction energetics when using
the high entropy configuration. Since the HE-MXene
possesses a range of H binding sites on terminal groups
(which are connected to a possible combination of T, V, Nb
and/or Mo), we also demonstrate that by selecting three
random binding sites, the H binding energy could be altered
(through the ensemble effect), but was in the range of —0.51
to —0.41 eV (see Supporting Information Table S2). While
there is further opportunity to tailor and optimize the bulk
chemistry of the MXene in high entropy configurations,
these results demonstrate the significance and potential of
HE-MXene bulk chemistry in tuning the adsorbate binding
strength for HER, potentially extending to a range of other
energy conversion reactions.

3. MXene Surface Tuneability

After establishing the tunability of the bulk of MXenes, it is
paramount to consider the surface tunability of these
systems when considering electrocatalytic reactions. The
terminating groups of the material must possess favourable
electronic properties, which are influenced by their composi-
tion, nature of the outer metal layers and their coordination
environment, in addition to the MXene sub-surface struc-
ture and composition (consisting of C/N or M
components).® The surface properties of MXenes are
particularly important as it provides the interface at which
reaction intermediates transform into products. While there
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has been significant investigation into MXene stoichiometry,
fewer studies have systematically investigated the effect of
surface functionalization on electrocatalytic performance. It
has been shown that under most synthesis processes, the
basal plane of the MXene will be functionalized with
terminating groups such as O, OH, F, and CL.*"

3.1. Conventional Terminations

Regarding the conventional surface functionalization of
MXenes which derive from the wet chemical etching
procedures, O, OH, and F terminations on the basal plane
are most common. Handoko and co-workers identified that
increasing the density of F-terminations on a range of Ti and
Mo-based MXenes generally decreased their catalytic per-
formance towards HER, and thus tuned the synthesis
conditions to significantly reduce the formation of F-
terminations.'”! These simple surface modifications were
shown to improve the catalytic performance of Ti and Mo-
based MXenes. It was also demonstrated that functional
groups play a significant role in the catalytic performance of
MXenes toward NRR and CO,RR. Unlike HER, where F
terminations may be detrimental to the catalytic perform-
ance, a theoretical study showed that these functional groups
may enhance NRR performance due to a decrease in the
free energy of the endergonic *N,H formation step, which
can be a rate-limiting step for NRR on MXenes.”” For
CO,RR, a combined theoretical and experimental study
showed that replacing O-terminations with F-terminations
on Ti,CT, altered the *COOH adsorption energy (making it
more endergonic) and thus increasing the magnitude of the
theoretical limiting potential. By limiting F-terminations on
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Ti,CT, a Faradaic efficiency of 56% at —1.8V vs. SHE
toward HCOOH production could be attained."

The surfaces of MXenes were even proposed to break
scaling relationships in the CO,RR.! For example,
Handoko etal. showed that on most single-metal O-
terminated MXenes the CO, reduction pathway to CH,
prefers the formation of the *HCOOH intermediate due to
the O-terminating groups as opposed to the *CO intermedi-
ate  typically demonstrated on transition metal
electrocatalysts.[” This leads to a minimum energy reaction
pathway which is formed by alternating C- and H-bonded
intermediates. As such, the C- and H-intermediates follow
two different linear scaling relationships (due to the differ-
ent intermediate coordinating atoms) that can be tuned
independently to lower theoretical overpotentials. A similar
phenomenon is observed for the production of HCOOH,
where both *COOH and *HCOOH intermediates can be
stabilized on the terminating group, creating deviations to
the linear scaling relationships typically observed on tran-
sition metal electrocatalysts.”!! These works demonstrate
that even amongst the conventional surface terminations of
MXenes, there are significant opportunities to modulate
their role in determining overall reaction energetics.

3.2. Unconventional Terminations

To date, no studies have shown the effect of surface
terminating groups extending beyond conventional termina-
tions to include NH, S, Br, I, Se, and Te terminations on
electrocatalytic energy conversion reactions, although the
surface composition of catalysts plays a crucial role in
determining a material’s catalytic activity. In other 2D
materials such as graphene, surface functionalization by
electronegative species was shown to lead to a significant
alteration of the material’s electronic properties.**®! As
methods to create tuneable surface terminations on MXenes
are rapidly evolving, this is expected to offer new oppor-
tunities in the development of MXenes with desirable
surface properties for electrocatalytic reactions.

For example, the selective surface functionalization of
MXenes beyond the traditional terminating groups can be
obtained from a molten salt etching method." Using a
combination of, for instance, CdCl, and CdBr, salts during
the etching process, functionalization by CI and Br can be
achieved. Following this, substitution/elimination reactions
typically involving Li salts allow for the exchange of surface
Cl or Br groups with ligands such as NH, S, Se, and Te.
More recently, an alternative halogen etching method has
been established whereby the MAX A-layer elements were
removed via a halogen mediated dissociation mechanism,
producing Ti;C,7, MXenes with homogeneous Br or I
terminations.” This method allows for tuneable halogen
surface functionalization at room temperature, extending
the possible MXene surface chemistries.

Regarding these unconventional functional groups, there
are minimal works which have investigated their role in
electrocatalysis, hence we briefly discuss some related
applications in which the tuned surface electronic properties
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prove to be beneficial. Surface functionalized Ti,C,T,
MXenes were modelled using DFT calculations as potential
cathodes for lithium—sulfur batteries.””? Amongst the S, O,
N, F, and Cl surface terminations, S terminations demon-
strated the highest adsorption energy for most Li,S, species
which can reduce undesired shuttling effects, while still
ensuring metallic conductivity. More relevant to electro-
chemical systems, the decomposition of Li,S to form LiS and
Li* over Ti;C,S, for applications in lithium-sulfur batteries
was found to have the lowest energy barrier compared to
other functionalized species, demonstrating an enhanced
catalytic performance that was linked to the specific
functionalization. In the case of Br and I surface terminated
Ti;C,T,, a reversible redox activity from the oxidation and
reduction of Br and I moieties was observed (originating
from Br7/Br’ and I17/1°) through cyclic voltammetry, in
contrast to Cl or O/F terminated MXenes which only
demonstrated pseudocapacitive behaviour.™ The Br and I
terminated MXenes also demonstrate flat discharge plat-
forms in galvanostatic charge-discharge experiments, in
contrast to Cl or O/F terminated systems which did not
exhibit charge/discharge platforms. The significant changes
of the surface electrochemical properties of such MXenes
were attributed to redox active Br and I terminations
between the MXene layers which could cycle from negative
to near zero valence states, and as such, these redox active
terminating groups may also be applied to electrochemical
energy conversion reactions.

To demonstrate the potential of using unconventional
surface terminations in electrochemical energy conversion
reactions, we present DFT calculations which demonstrate
the effects of surface functionalization on AGy, which is
used as a catalytic descriptor for HER.®*¥! Using the
Ti,CO, MXene as a basis, Figure 4a demonstrates that upon
substitution of the O terminations with S terminations, the
free energy corresponding to the *H intermediate increases
from —1.61eV to 043 eV, i.e. significantly closer to zero.
While O terminations on Ti,CO, tend to bind H very
strongly, S terminations tend to reduce this adsorption
strength considerably, tuning the MXene’s affinity to the H
adsorbate, and dramatically increasing its activity in catalyz-
ing HER. To demonstrate this tunability further, we also
undertook calculations taking the Mo,CO, MXene, known
for its experimentally confirmed high activity in HER, as a
model system.'"""*) While O surface terminations proved to
possess favourable free energies for H adsorption for HER
(—0.23 ¢V), adding adjacent Se terminations tend to alter
the MXene’s affinity to H adsorbates. For instance, when
adding 2 adjacent Se terminations (Mo,CO, — 2Se), the free
energy is increased to 0.08 eV, which is at an even more
favourable level for HER (i.e., closer to thermoneutrality).
Increasing the Se terminations demonstrates a positive
correlation with the H adsorption energy, where the free
energy of H adsorption for Mo,CO, — 4Se and Mo,CO, -
6Se were 0.36 eV and 0.62 eV, respectively. These results
are significant for two reasons. Firstly, they demonstrate
that the rational design of the catalyst surface by controlling
terminating groups can be used to improve the catalytic
performance of MXenes towards HER. However, just as
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Figure 4. Various MXene structures used to highlight the role of surface terminating groups in altering the affinity of the MXene to H adsorption, a
catalytic descriptor of HER (AG,). a) DFT calculated reaction energetics for HER on the Ti,C MXene with either O or S terminating groups, and

b) the Mo,C MXene with terminating groups consisting of O and Se. For structures in which all hydrogen adsorption sites on functional groups are
not equivalent, the pink boxes in the DFT modelled structures indicate the location of H adsorption.

importantly, this aspect of tailoring surface functional
groups may also prove to be particularly beneficial when
tuning the selectivity away from HER to other energy
conversion reactions such as for CO,RR or nitrogen/nitrate
reduction reaction where these cathodic reactions often
compete with parasitic HER side reactions.

For instance, one of the first examples of MXene-
catalyzed CO,RR performed by Handoko and co-workers
required the use of non-aqueous electrolyte due to the
MXene’s affinity to hydrogen production from HER.[!
These results warrant further investigation into the syn-
thesis, activity, and stability of unconventional surface
terminations in MXenes and their application in energy
conversion reactions.

4. MXene Stability During Electrocatalysis
4.1. Challenges in MXene Stability

MXenes are known to be oxidized with relative ease in air
or aqueous environments, and as such, it is particularly
important to determine the stability of MXenes under
electrochemical reaction conditions which have the potential
to accelerate the degradation of the MXene.[*™ While
some studies have been undertaken to elucidate the
oxidative stability of MXenes as a function of
temperature,’'™ their stability in aqueous environments,
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under non-neutral pH and under applied potential remains
more elusive. Nevertheless, it is known that Ti;C,7T, is
oxidized to TiO, in an aqueous environment according to an
exponentially decaying function, and depending on the
quality of the precursor chosen, the time constant can be as
little as 4-5 days. These results indicate that the decom-
position and oxidation of MXenes under catalytically
relevant conditions should be considered as this can be
potentially detrimental to its application as an electro-
catalyst. Furthermore, there is an urgent need to probe the
stability of other non-Ti-based MXenes in aqueous
environments.'"*) Computational works have also ques-
tioned the stability of MXenes under the conditions of
electrocatalytic reactions,’™ ™! and therefore both theoretical
and experimental studies are required to further understand
the dynamic nature of MXenes in conditions relevant to
electrocatalysis.

The degradation of MXenes in electrocatalysis presents
two significant challenges; firstly, the changes in the MXene
chemistry and its physical properties could result in a
decrease of the catalytic activity over time, potentially
hindering useful applications of the material. Secondly, the
decomposition of the MXene could result in the formation
of different active sites, which may result in an incorrectly
assigned active site in the original MXene, hampering the
further development and understanding of MXene electro-
catalysts. To verify the stability of MXenes under catalytic
reactions, long term stability tests to identify changes in
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performance, and as importantly, determine chemical and
structural changes that occur during the reaction should be
undertaken. The in situ and post-mortem characterization
will generate insights into the origin of catalytic activity and
assess whether the catalytic activity arises from the MXene
itself, or its decomposition products. It is important to note
that in industrial applications, electrolyzer stacks are
commonly expected to last up to 100000 hours in alkaline
water electrolyzer systems. Since durability tests in the
literature seldom surpass hundreds of hours, it is also
important to design accelerated stability tests when consid-
ering the design of MXene electrocatalysts for energy
conversion reactions./"®

To this end, we have calculated the phase stability of
some commonly used MXenes which are employed in
electrocatalytic reactions. While many recent theoretical
studies discuss the stability domains of different termina-
tions on MXene surfaces, the bulk (in)stability of MXene
materials (particularly under oxidizing conditions, as ob-
served experimentally) is often overlooked, making such
calculations rather irrelevant for prediction of the reactivity
patterns of actual materials. Our calculations instead
estimate the bulk stability regions of selected MXenes to
highlight the limits of the applicability of native MXene
phases in electrocatalysis.

Figure 5 demonstrates calculated Pourbaix diagrams of
Mo,CO, and V,CO, showing the (in)stability of the
MXenes, quantified in units of eV/atom, relative to the
preferentially formed phase(s). The diagram demonstrates
that for both Mo,CO, and V,CO, in multilayer form, the
highest thermodynamic stability occurs in the region with
high pH and negative potential (green shaded regions in
Figure 5). However, in practice, the reduction of the MXene
in low pH conditions (for example, during the MAX etching
process which can span several days at elevated temper-
atures) has relatively slow kinetics compared to the rate of
A metal removal from the MAX phase. Thus, the Pourbaix
diagrams are useful to highlight the importance of the effect
of anodic potentials on the overall oxidative stability of the
MXene. In addition to this, when considering the oxidation
of the MXene, the largest window in which oxidative
decomposition may occur is in the alkaline region, where
even under negative potential the oxidation of the MXene is
still likely, highlighting that caution must be taken when
using MXenes in high pH and under anodic potential
conditions.

4.2. MXene Stability Under Reaction Conditions

As a representative example of the potential decomposition
of MXenes, it was shown that Fe-substituted Mo,CT,
(Mo,CT,:Fe) features a high activity and selectivity towards
the 2-electron oxygen reduction reaction (ORR) to generate
H,0,.” However, analysis of the catalyst material unequiv-
ocally shows that the MXene Mo,CT,:Fe decomposes in O,-
saturated 0.1M KOH to form a graphitic carbon-like
structure with embedded iron oxyhydroxide species, even
without an applied bias, confirming the oxidative instability
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of the MXene in alkaline conditions. The decomposition
products of Mo,CT7,:Fe, rather than the MXene itself, are
shown to be the actual catalytically active species. This
phenomenon was generalized through experiments on
Ti;C,T, and V,CT, compositions which demonstrate the
complete decomposition of both materials in an O,-
saturated alkaline electrolyte even without applied electric
bias. These results confirm the dynamic nature of MXenes
under experimental conditions, particularly for alkaline
oxygen electrocatalysis. Further to this, it has also been
shown that the oxidation of Ti,CT, can be accelerated in the
presence of H,0,,””" which is a product of the 2-electron
ORR reaction pathway.

Overall, considering the high instability of the MXenes
in oxidizing environments as followed from theoretical data
and experimental results discussed above, the electrocata-
lytic application of pristine MXene materials (rather than
their decomposition products) is limited to the reactions
occurring at potentials near the hydrogen evolution or lower
(e.g., N,, CO,, NO;™ reduction, etc.), i.e., near or below ca.
0V vs. the RHE. This highlights a common issue that should
be addressed when using MXenes or MXene composites for
oxidative reactions. Taking this understanding into consid-
eration, as there have been a range of works involving
MXene-based systems in electrocatalysis,?** the integrity
of the MXene during and after the reaction should be
examined to determine the actual catalytically active species,
particularly under oxidizing conditions (for example, when
catalyzing the oxygen evolution reaction—OER). Careful
consideration must be applied when using MXenes for
catalytic oxidation reactions to identify the true origin of the
catalytic performance which is necessary to further the
development of highly active and stable electrocatalysts. It is
equally important to consider such stability ranges in
computational studies,™ where it becomes a common
practice to disregard the thermodynamic instability of bulk
materials when designing the favourable adsorption sites for
reaction intermediates.

In addition to chemical stability, physical stability of the
MXene should also be considered when designing electro-
catalytic systems. Stacking of its 2D nanostructure presents
a common issue when using MXenes, which leads to a
reduced exposure of active sites and mass/ion transport.[*!

4.3. Stabilization of MXenes

While MXenes are susceptible to transformation under
some electrochemical reaction conditions, various strategies
typically involving the use of composite structures have been
employed to stabilize such systems. To stabilize Mo,CT,
under electrochemical HER conditions, an in situ sulfuriza-
tion method was developed which created regions of MoS,
strongly coupled onto Mo,CT,, limiting the further oxidation
of the MXene.™ Without the sulfurized regions, stability
tests over 10 days demonstrate the formation of poorly
active MoO; due to the oxidation of the MXene in the
aqueous environment, even at negative potentials. This
demonstrates the potential of utilizing composite structures
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Figure 5. Calculated Pourbaix diagrams of multilayer a) Mo,CO, and b) V,CO, MXenes with a sheet separation of approximately 4 A. The coloured
lines indicate the region of stability of H,0, CO, and N, with respect to their reduction and/or oxidation product, representing the conditions
required to drive energy conversion reactions (HER/OER, CO,RR and NRR, respectively). Note: the relative stability of each reaction product for a
given pH is not considered (for example, NH," may be converted into NHj; in alkaline media).

to enhance MXene stability. Further to this, the formation
of MoS, was demonstrated to be self-limiting based on the
availability of MoO; derived from MXene oxidation, and as
such its growth did not completely cover the active sites for
HER. The use of carbon nanoplating to protect a composite
of MoS,/Ti;C,, limiting oxidation of the MXene and
promoting long term catalytic stability of the hybrid
architecture towards HER in acid, was also demonstrated.’®
However, there are also examples where the formation of
hybrid structures did not prevent performance degradation
of the material, highlighting the importance of a careful

nanoscale design of systems containing multiple
components."*¥%]  Another approach to improving the
MXene stability in aqueous environments was developed
based on the capping of the edges of MXene flakes in a
colloidal dispersion using polyanions, by taking advantage of
the positive charge of MXene edges.™) This method relies
on the oxidation mechanism of MXenes whereby the flakes
oxidize from the edge inwards.[*! To overcome challenges
in MXene stacking, various approaches may be used
including the formation of composite structures” (e.g. rGO/
MXene composites) and other 3D architectures®™ (e.g.
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aerogels and foams), as well as through the use of spacing
agents”*! (e.g. interlayer spacers or intercalants).

Opverall, while MXenes display significant promise in the
design of ideal electrocatalysts with promising chemical
properties, significant efforts should be invested into
improving its stability, as well as selection of appropriate
operating conditions. Furthermore, it is crucial to ensure
that the reported performance attributed to the MXene is
derived from the MXene itself rather than the products of
its decomposition.

5. MXene Discovery: Combining DFT and Machine
Learning Methods

The announcement of the Materials Genome Initiative in
2011 instigated the advent of a new paradigm for scientific
and engineering communities to accelerate materials design,
discovery and deployment practices.”>*! This was made
possible via a synergistic amalgamation of experiment,
theory and computation in an integrated high throughput
fashion. Consequently, a plethora of computational materi-
als databases, such as Materials Project (MP),””! AFLOWL-
IB consortium,”™ Open Quantum Materials Database
(OQMD),®” etc., were conceived which complemented
traditional and less diverse experimental databases such as
the Inorganic Crystal Structure Database (ICSD)"! and the
Crystallographic Open Database (COD).'™ A crucial
component of high throughput materials mining workflow is
the application of constraints to the database to screen the
best candidate according to the desired attribute. The
process involves a funnel-like sequence where materials

=g
Y >

High-throughput screening

e g e v

Chemical space with inputs on
stoichiometry, functional groups,
stability...
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satisfying certain constraints are passed to the subsequent
stage while those failing are eliminated, resulting in a subset
of materials which outperform the rest in the desired
property or any other problem-specific merit—a task ideally
suited for machine learning algorithms, tools, and
methods." For instance, over 50000 inorganic compounds
were screened from the MP database, with stability and
band structures as criteria, to discover new potential water
splitting photocatalysts."™ Such data-driven discovery prac-
tices urge the push towards a wide scale adaptation of
Materials 4.0 by the materials science community."™!

5.1. Addressing the Large Parameter Space of MXenes

As stipulated in the introduction, MXenes exhibit well-
defined 2D structures of the formula M, , X, T, with a wide
combination of metals, layering configuration and functional
groups. Such exhaustive configurational and compositional
space renders MXenes as ideal candidates for high through-
put computing and machine learning, especially when high
entropy, solid solutions, non-stoichiometric MXenes and
surface terminations are also taken into consideration (see
schematic in Figure 6).'”! Moreover, there has been a
plethora of recent DFT-based studies with different descrip-
tors used for the discovery of promising MXene
electrocatalysts.'"'% This large combinatorial space is
particularly relevant for designing MXenes as electrocata-
lysts since an array of structures and band positioning could
ensue tailorable physical and chemical properties to drive
favourably a range of energy conversion reactions.

A notable example is the utilization of machine learning
models to predict accurately band gaps of functionalized

Property estimation
Materials discovery

Feature design and selection Model training and evaluation

Figure 6. Schematic demonstrating a proposed route to high throughput MXene discovery for application in electrocatalytic energy conversion

reactions using machine learning methods.
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MXenes.'™ Starting from 23870 candidates in the initial
database, a finite band gap classification model was used to
shortlist 76 candidates based on the band gap range of
interest for developing a predictive model with an accuracy
of 94%. Feature regularization and reduction via least
absolute shrinkage and selection operator (LASSO) reduced
the feature set from 47 to 15, which included easily available
properties of MXenes such as boiling and melting points,
atomic radii of comprising elements, bond lengths (such as
mean M/M’-X), etc. Various methods, namely kernel ridge
(KRR), support vector (SVR), Gaussian process (GPR),
and bootstrap aggregating regression algorithms yielded
models which resulted in optimal root mean square error
(RMSE) values between 0.14-0.20eV. It is notable that
PBE-level band gaps are often underestimated by DFT, but
the model outputs were close to GW-level band gaps which
are more accurate but time-consuming to calculate from
DFT. This result shows that machine learning can not only
provide a quick estimation of band gaps of MXenes but can
also bypass band gap underestimation issues associated with
local and semi-local DFT functionals without any need for
subsequent correction.

When the interest is to use MXenes as electrocatalysts in
reactions such as HER, CO,RR etc., screening of materials
is typically dictated by properties related to adsorption
behaviour of relevant adsorbates on the active sites and
subsequent scaling relationships. For instance, Gibbs free
energy of hydrogen adsorption is the fundamental criterion
to judge the performance of potential electrocatalysts for
HERP?—a quantity that is challenging and time-consuming
to evaluate via DFT calculations. In an attempt to reduce
the reliance on DFT and accelerating the screening of
hydrogen evolution catalysts for MBenes (transition metal
borides; a similar class of 2D materials as MXenes), Sun and
co-authors trained machine learning models on 180 MBenes
with DFT-calculated adsorption energies.'"”! With models
such as LASSO, random forest regression (RFR), KRR, and
SVR, Co,B, and Mn/Co,B, were discovered as theoretically
excellent catalysts for HER. The models also elucidated the
underlying factors driving the performance as catalysts, such
as ratio of layers, lattice parameters, and metal valence
electron number. While these models were applied to the
screening of MBenes, these models may also be applied to
MXene-based systems.

Another example of machine learning assisting the
screening of MXenes reported the identification of activity
trends in MXene ordered binary alloys (OBA) with the aim
of facilitating the design of these materials as efficient HER
electrocatalysts."""! The authors conducted high throughput
DFT calculations based on the Sabatier principle to shortlist
188 types of promising HER catalysts. These calculations
indicated that performance of 2D MXene OBAs in HER
can be tuned by the alloying effect, albeit intrinsic character-
istics governing HER activity were still elusive. The insights
were unravelled using machine learning by constructing
descriptors for the alloying effect which led to an electronic
modification and subsequently constructing an AdaBoost
ensemble (a meta-boosting algorithm) learning to predict
the HER performance. The selected descriptors were the
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bond length of oxygen and the surface metal atoms, the
distance between the nearest neighbour O atoms, the
ionization energy difference, the average affinity energy of
the alloy elements, and the number of valence electrons (for
X =C or N) which correlated well with the geometrical and
electronic factors affected by alloying. With a RMSE of
0.14 eV between the predicted and DFT determined values,
the model substantiated that machine learning can reveal
the geometric and/or chemical origin of HER activity of
MXene OBAs.

5.2. Prospects in Machine Learning for MXenes

Despite these advances, considerable potential still exists in
the use of machine learning to support the widespread
adoption of MXenes as electrocatalysts. Unlike other 2D
counterparts such as graphene, the surface structure of
MXenes is fundamentally intricate and dynamic. This
complexity in structure arising from factors such as mixed
terminal groups, transition metal ordering, high entropy
configurations, stoichiometry etc. results in a unique surface
chemistry on contact with an electrolyte under bias. Under-
standing of such structure—activity relationship of MXenes
under electrochemical environment is less developed.!*
With deep learning architectures such as crystal graph
convolution neural networks, it has become possible to
encode intricate structures into machine learning models
and map with pertinent information and unravel quantita-
tive structure-activity-property relationships if sufficient
data is available.""” While significant attention is directed
towards forward predictive models, for instance predicting
the activity of a given structure, considerable value lies in
solving the reverse problem, i.e. predicting MXene struc-
tures that lead to active, selective, and stable electro-
catalysts. A number of techniques, such as generic algo-
rithms, gradient descent, generative adversarial network,
etc., are available to optimize complex objective functions
and could assist in solving this challenge. Published studies
have focused on predicting properties such as band gap and
adsorption energy, or estimating HER activity, and high-
lighting important features governing these predictions.
These efforts could continue to formulate machine learning
models for other quantities such as d-spacing, electric
conductivities, and even the role of defects, which are a
valuable descriptor for the performance of MXenes, but
difficult to measure experimentally and expensive to
compute via first-principles. Regardless of exhaustive combi-
nations that may exist in composition space, the volume of
data generated for MXenes could potentially bottleneck
performance of machine learning protocols. Here, one may
explore active learning and Bayesian statistics to systemize
model training practices rather than deploying conventional
machine learning methods.
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6. Manufacture of MXene Electrodes
6.1. The Need for Scalable and Tailorable Electrode Synthesis

As electrochemical energy conversion reactions become
increasingly technologically feasible and economically via-
ble, large scale catalyst and electrolyzer manufacturing
techniques will be required to meet the demand for
sustainable chemical and fuel production. Focussing on
hydrogen production through electrolysis alone, by 2030,
IRENA’s planned energy scenario target of deployed
electrolyzers is 100 GW. This indicates a dramatic increase
in the quantity of electrode materials required. Using proton
exchange membrane (PEM) electrolyzers as an example, the
2050 stack size target of 10 MW (operating at 1.7 V and
4 Acm™?) will require approximately 147 m* of geometric
electrode area. With this consideration in mind, MXene
electrocatalysts demonstrate significant promise in industrial
application to facilitate energy conversion reactions. It was
shown that a 50 time increase in the synthesis scale of
Ti,C;T, (from 1 g to 50 g, see Figure 7) could be achieved
using large batch synthesis methods, where the synthesis
conditions between each scale are directly applicable.!
Furthermore, the chemical and physical properties of
MXenes from large- and small-scale synthesis were identical.
With an assumed catalyst loading of 0.25 mgem 2, 50 g of
catalyst could theoretically produce 20 m* of electrode area,

Reviews

An dte

Chemie

accounting for a significant proportion of area required for
the aforementioned 10 MW electrolyzer system, assuming
suitable performance and stability. Indeed, Carbon-Ukraine
Ltd. in collaboration with the Materials Research Centre
(Ukraine) also offer large scale MXene synthesis, with
specially designed etching reactors that can produce 100 g of
Ti,C,T, per batch." Furthermore, etching methods which
reduce or remove the requirement of HF are being
developed rapidly, including in situ HF, molten salt, alkali,
and electrochemical etching methods, and are discussed in
detail in other works.!""!

Alongside this significant increase in the required geo-
metric catalyst area, there is also a projected increase in
demand for a range of minerals related to the current energy
transition containing elements such as Co, Ni, Cu etc. which
are used in a range of clean energy technologies (such as
batteries, fuel cells, solar photovoltaics, wind turbines,
etc.)."® These elements are also of significant relevance to
the development of electrocatalytic materials. The expected
demand of these elements for clean energy technologies is
expected to increase by approximately 70 % by 2030 (from
7094 kt in 2020, to 12141 kt in 2030)."* Thus, in addition to
upscaling the production of electrocatalysts for the clean
energy transition, it is imperative to reduce the required
mass loading of catalytic materials (by increasing their
intrinsic activity and stability), and to avoid materials which
are projected to put significant strain on global supply

MXene Electrodes for Electrocatalysis

MXene Synthesis

Alternative etching
procedures avoiding
concentrated HF

Large scale synthesis

Solution Processing

Multiple techniques
including blade, spray
and spin coating

High dispersability in
a range of solvents

Electrode Assembly

Integrated and free
standing electrodes
e.g. aerogels and
supported films

Membrane electrode
assembly (MEA)

Multilayer MXene
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»
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Figure 7. A summary of considerations related to the industrial synthesis of MXene electrodes for electrocatalytic energy conversion reactions.
a) Images showing the scaled-up synthesis of Ti;C,T, from 1 g to 50 g (reproduced with permission from ref. [113], © John Wiley & Sons, Inc.).
b) Diagram and image showing the large scale synthesis of an aligned MXene film using a blade coating method (reproduced with permission

from ref. [122], © John Wiley & Sons, Inc.).
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chains. The use of precious metals in vast quantities should
also be avoided where possible, both due to cost viability
and supply chain limitations.”” As mentioned above,
MXenes, due to their tailorable chemical properties, afford
the opportunity to have significant improvements in their
intrinsic catalytic performance. Furthermore, their 2D
morphology leads to high surface areas with an active basal
plane, improving exposure of catalytically active sites,
allowing for a reduction in the required catalytic material
for electrocatalytic applications. In addition to this, the sheer
diversity of base materials that can be used to synthesize
and/or be incorporated into the MXene also presents an
opportunity to avoid the use of cost prohibitive precious
metals. This aspect can also allow for the use of materials
where abundance and supply chain/life cycle issues can be
taken into account.

6.2. Membrane Electrode Assemblies using MXenes

For membrane-based systems where a PEM or anion
exchange membrane (AEM) electrolyzer is used, large scale
manufacturing techniques to produce the catalyst as well as
methods to adhere the catalyst to the membrane to create
the membrane electrode assembly (MEA) are required. A
range of MEA configurations can be employed revolving
around the use of porous transport layers and ionomer
coatings depending on the desired properties.""”! For reac-
tions involving a three-phase interface (such as CO,RR and
ORR), these interfaces must be engineered such that the
catalyst morphology and wettability can be controlled,
allowing for sufficient gaseous mass transport to the active
sites."™ To meet these requirements, controlled high-
volume roll-to-roll manufacturing (direct coating of ink onto
the membrane, for example, using a slot die for coating on a
continuous process) provides a promising opportunity for
the large scale manufacturing of catalyst-coated
membranes.!"” The high dispersibility and ability to form
stable dispersions at varying concentrations give MXenes
significant promise in this aspect as well since dispersed inks
are required to minimize coating irregularities and defects.
The strong hydrophilicity of MXenes due to polar
terminating groups allows them to be soluble in a range of
hydrophilic or aqueous solvents such as water, ethanol,
dimethyl sulfoxide (DMSO), and N,N-dimethylformamide
(DMF). This will ensure that an appropriate solvent/catalyst
combination can be used to create strong adsorptive
interactions between the catalyst and different membranes,
which make it an attractive precursor in roll-to-roll manu-
facturing using a range of membrane compositions.'*”) The
tailorable surface chemistries of the MXene will also prove
valuable in this process to create robust binding interactions
with the membrane. To ensure that issues surrounding the
stacking of MXenes which can limit mass/ion transport are
addressed, an ink containing the MXene and a compatible
high surface area substrate or interlayer spacer may be used,
such as carbon nanotubes, enabling the practical application
of MXenes.” Further to this, depending on flake size,
solvent, and concentration, the viscosity or elasticity of the
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dispersion can be tuned to create different types of
dispersions used for deposition known as inks, slurries, dyes,
etc. Importantly, the hydrophilic and conductive properties
of MXenes are favourable when used in the catalytic layer,
even as a supporting material, as these properties can
increase mass and charge transfer to active sites.

6.3. Free-Standing and Integrated Electrode Synthesis

Electrocatalytic energy conversion systems which rely on
non-membrane based electrodes (such as the alkaline water
electrolyzer) may also require free-standing or integrated
electrode systems, whereby there is no requirement to have
the catalyst directly coated on a membrane. For these
systems, solution processing techniques to generate free-
standing structures such as aerogels or films which can be
deposited on a variety of substrates (such as current
collectors, or other high surface area supports) are essential.
Regarding film synthesis, due to the tuneable rheological
properties of MXenes, a range of solution processing
techniques have been developed which allow for uniform
structures to be synthesized on a variety of substrates.!*
For instance, regarding free-standing films, a method to
produce large Ti;C,7 films with aligned, high density flakes
using a blade coating method was demonstrated.l?! After
coating a polypropylene separator membrane, the films
could be subsequently peeled off. A free-standing film size
of 1x0.1 m was reported in this work, with conductivity up
to approximately 15100S and tensile strength up to
approximately 570 MPa, depending on film thickness. There
have also been a plethora of other methods used to create
MXene films, such as vacuum assisted filtration,'”! spray
coating,!! dip coating,['™! and spin coating.!'*"

Aerogel structures have also proven to possess favour-
able characteristics when considering application in electro-
catalysis, derived mainly from their free-standing nature,
high surface area, and large interconnected porous structure
which allows for efficient reactant and product
mobility.l?"1 MXenes can also be processed to create an
aerogel framework. For instance, it was reported that a
method to synthesize Ti;C,/rGO aerogel scaffolds could be
achieved through the hydrogel iodine reduction of a mixture
containing graphene oxide and the MXene.'"”! In addition,
an alternative direct freeze-casting method to synthesize a
MXene aerogel was demonstrated, where the delaminated
MXene is initially frozen and then vacuum dried.® These
solution processing properties of MXenes prove to be
extremely useful and present viable opportunities in the
context of designing and manufacturing electrode configu-
rations for energy conversion reactions.

7. Conclusion and Outlook

To summarize, due to their remarkable physical properties
and a wide diversity of structures, stoichiometries, and
surface functionalities, MXenes offer a platform to create
highly active and selective electrocatalysts for key energy
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conversion reactions. Some of the latest advances in MXene
development, such as in high entropy and solid solution
structures, as well as in unconventional surface functional
groups, have yet to be explored in depth in relation to
improving their electrocatalytic activity. Our DFT calcula-
tions reveal promising prospects in using these advances to
improve the electrocatalytic performance of MXenes for
energy conversion reactions, for example, through heteroa-
tom incorporation, high entropy compositions, and surface
functionality tuning which can improve the MXene’s
performance in NRR, HER, and tune the MXene’s affinity
to H. Furthermore, our Review emphasizes the importance
of considering the stability of MXenes under electrochem-
ical conditions by presenting Pourbaix diagrams highlighting
the caution that must be taken when using the MXene under
anodic potentials and high pH. Due to this, to advance the
development of MXene electrocatalysts, the MXene stability
under operando conditions must be considered to identify
and characterize the true active site, which may change over
time. We also present the benefits of combining machine
learning and DFT calculations in addressing the large
parameter space in MXene discovery. Due to the structural
complexities associated with MXenes, particularly when
considering changes that arise under operando conditions,
we postulate that deep learning architectures such as crystal
graph convolutional neural networks may prove to be
beneficial when designing machine learning models to
screen and identify promising MXene electrocatalysts.
Furthermore, these endeavours may be advanced through
the use of active learning and Bayesian statistics which can
systemize model training practices, addressing the large
parameter space and volume of data associated with such
models. Finally, we provide insights into the large scale
synthesis and wide array of solution processing techniques
which is important for the potential industrial application of
MXene electrocatalysts. The large scale synthesis of
MXenes has been shown through etching protocols that can
generate up to 100g of MXenes per batch presenting
promise for future industrial scale synthesis. Furthermore,
the range of solution processing techniques such as vacuum
assisted filtration, spray, dip and spin coating, and the
versatile dispersibility of MXenes allow for the construction
of a variety of MEA and free-standing electrodes, which
may eventually be used to incorporate MXenes into electro-
lyzer systems. Overall, further advancement in these four
main topics, that is, MXene discovery, performance, stability
and large-scale synthesis, will unlock the potential of
MXenes in the clean energy transition.
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5 Due to their remarkable physical proper-
@S %—3‘:"‘4/ ties and diversity of chemical structures,

MXenes offer a platform to create highly
active and selective electrocatalysts for
key energy conversion reactions. This
Review discusses the latest literature
relevant to their application in electro-
catalysis and provides a perspective
supplemented by new DFT calculations
on how MXenes may play a key role in
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