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Carbonitride MXenes:
An innovative catalyst support
for sustainable hydrogen production

Kenneth J. Gordon,' Xiao-Dong Zhou,"* and Ling Fei'*

In this issue of Chem Catalysis, Djire’s research team at Texas A&M
University employed TizCN as catalyst support for Ru nanoparticles
in the hydrogen evolution reaction (HER). The catalyst exhibited
excellent performance, comparable to noble-metal catalysts. These
findings underscore the substantial potential of MXenes as catalyst
supports for various electrochemical catalysis.

The urgency for sustainable and
economical replacements for fossil
fuels as energy sources has become
more pressing with growing concerns
about climate change and greenhouse
gases. Hydrogen has emerged as a
potential replacement; however, the
challenge of producing hydrogen in a
sustainable manner remains.'” The
main hydrogen production comes
from steam reforming and coal gasifica-
tion, both of which are based on fossil
fuels.> While electrocatalytic water
splitting using the HER is a cleaner
method, it requires a catalyst to accel-

erate the reaction to a viable rate.”™

One major challenge in hydrogen pro-
duction through electrocatalytic water
splitting is the high cost and low abun-
dance of platinum (Pt), the state-of-
the-art catalyst.”™ To address this,
ruthenium (Ru) is a promising alterna-
tive due to its similar bond strength
with hydrogen and lower cost.”> How-
ever, the cost is still relatively high. To
mitigate this, researchers are exploring
methods to optimize the distribution of
nanoparticles/atoms on a catalyst sup-
port to minimize the amount of metal
while maximizing the number of active
sites.®

Compared to bulk materials, a catalyst
comprised of metal atoms or nanopar-
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ticles offers better active-site utilization
and potentially reduces metal usage.
The challenge is to eliminate the
agglomeration that often occurs during
synthesis and catalyst operation.®® To
address this, a suitable catalyst support
that provides strong interactions be-
tween the metal atoms/nanoparticles
and the substrate is crucial.®’ The ideal
support must prevent agglomeration,
have high conductivity, be highly elec-
trochemically and possess
good hydrophilicity. While various sup-

active,

port materials have been explored,
such as metals, metal sulfides, metal ox-
ides, carbon nanotubes, graphene, and
other carbon-based materials, they
tend to lack one or more of the neces-
sary characteristics.” MXenes, on the
other hand, have been identified as a
potential support material that meets
all these criteria.

MXenes are a group of two-dimen-
sional metal carbides, nitrides, and car-
bonitride materials that are produced
by etching off the “A" layers (generally
Al) of MAX (M,11AX,) phases, where
M is a transition metal; A is a IlIA or
IVA element; and X is carbon and/or ni-
trogen.” This A-layer etching process
leads to the immediate functionaliza-
tion of exposed metal atoms with sur-
face terminations such as O, OH, and
F, resulting in MXenes with a general
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formula of M, 1X Ty, where T, repre-
sents the surface termination (O, OH,
and/or F).**

The unique properties of MXenes,
including high electrical conductivity,
large surface area, and excellent hydro-
philicity, position them as a highly
promising support material for catalyti-
cally active metal nanoparticles or

“? It has also been demon-

atoms.
strated that nonmetallic heteroatom
doping is a promising functionalization
strategy for enhancing the performance
of MXene nanosheets as catalyst sup-
port. By introducing nonmetallic ele-
ments as heteroatoms into the MXene
structure, it is possible to modify the
electronic  properties and surface
chemistry, thereby further promoting
the catalytic reaction. Liu et al. demon-
strated the use of stabilized Ru
atoms on nitrogen-doped TizC,; MXene
(Ru-N-Ti3C5), achieving lower overpo-
tential compared to non-heteroatom
anchored Ru-TisC,.” Similarly, stabi-
lized Ru nanoparticles on boron-doped
Ti3C, (Ru-B-TizCy) were successfully
synthesized, which exhibited a lower
overpotential compared to non-doped
Ru-TisC,.” It is worth noting that the
synthesis of such catalysts often in-
volves an additional step of heteroatom
doping, which may increase the over-
all cost.

A recent study published in Chem
Catalysis by Djire’s group proposed
TisCN, an alternative MXene material,
as a support for Ru metal nanoparticles
for HER catalysis without the need for
an additional heteroatom doping

step.'” To prepare the catalyst, the
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Figure 1. Electrochemical activity evaluation in 0.5 M KOH
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researchers first etched TizAICN to
obtain TizCN and then reduced RuCls
using NaBH, to form Ru nanoparticles
on the TizCN support. The as-synthe-
sized catalyst was obtained through
filtration and drying. Density Functional
Theory (DFT) calculations showed that
Ru preferentially binds to the MXene
surface, acting as active sites, rather
than substituting the titanium atoms.
This resulted in a remarkable synergis-
tic effect between Ruand TizCN in cata-
lyzing the HER process. Notably, the
catalyst exhibited excellent perfor-
mance, with a low overpotential of
56 mV at 10 mA cm~2 in an alkaline
electrolyte, rivaling both their carbide
counterpart (Ru-TizC;) and heteroat-
om-doped Ru-X-Ti3C,, as well as per-
forming comparably to noble-metal
catalysts (e.g., Pt/C). The performance
of Ru-TizCN shown in Figure 1 closely
matches that of Pt on carbon. This result
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E) Nyquist plot of TisAICN, TizCN, Ru-TizCN, and Pt/C in 0.5M KOH.
F) Chronopotentiometry plot of Ru-TizCN in 0.5M KOH. LSVs were recorded at 5 mV s~ and 1600 RPM.'°

highlights the potential of using MXene
supports as a new approach to develop
cost-effective and efficient catalysts.

This preview highlights a promising
approach toward the cost-effective
and sustainable production of green
hydrogen, offering a viable and less-
expensive alternative to platinum on
carbon catalysts without compromising
the performance. The
straightforward synthesis process sug-

electrolysis

gests the possibility of scalable produc-
tion. As a class of catalyst support,
MXenes present a wide range of possi-
bilities for further exploration and diver-
sification. This perspective lays a solid
foundation for investigating other types
of MXenes with a potential for even
higher performance. Another prom-
ising avenue for future research is to
identify and evaluate non-precious
metals, such as transitional metals, on
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MXene supports, which can be more
cost-effective. This exploration could
lead to the development of high-per-
formance catalysts that are both effi-
cient and economically viable. Further-
more, MXene-based catalyst supports
hold significant potential for various
electrochemical catalysis applications
beyond hydrogen production.
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