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Two-dimensional (2D) transition metal carbides, MXenes, have garnered significant interest for their
potential applications in various energy storage and conversion systems. This work presents a novel

approach to synthesizing MXene/metal composites via direct etching of MAX phase/metal-Al alloy

precursor materials. By combining the TizAlC, MAX phase with metal alloys and optimizing the
processing conditions, we demonstrate a scalable method for producing MXene/metal composites with
a 3D porous architecture and good mechanical integrity. Electrochemical tests have revealed that these
composites exhibit high electrochemical activity toward the hydrogen evolution reaction (HER) and
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1 Introduction

The exploitation of renewable wind and solar energy for
sustainable development is an important part of national and
international energy policies. Due to the variability of wind and
solar power, energy storage systems that allow effective
management of power generation are required.' Today, several
technologies are considered for energy storage, among which
hydrogen production by water electrolysis is regarded as one of
the most promising approaches. Ammonia is considered
a potential hydrogen carrier, however, the NH; electrosynthesis
from N, and H,O looks attractive, but is currently limited by its
low efficiency.” Electrochemical CO, reduction is another
attractive technology for the production of liquid fuels.* All
these technologies require efficient and cost-effective electro-
catalysts for successful industrial implementation. MXene/
metal composites are regarded as promising electrocatalysts
for these processes.*
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enabling the fabrication of customizable MXene/metal composites with tailored nanostructures for
a broad range of electrochemical applications.

Ni and Ni-based alloy (Ni-Cu) electrodes have been
employed as non-precious metal catalysts for hydrogen
production owing to their substantial catalytic activity toward
the hydrogen evolution reaction (HER) in alkaline media.’
However, in low-cost alkaline water electrolysers, the sluggish
water dissociation kinetics (Volmer step) of platinum-free
electrocatalysts results in poor hydrogen production activity.
As HER electrocatalysts, MXene/nano-Ni composites demon-
strate a lower overpotential in alkaline media compared with
bulk Ni electrode. An enhanced catalytic activity of MXene/
nano-Ni composite is attributed to the acceleration of the
Volmer step in HER process in alkaline media, by enhancing the
water adsorption and dissociation on the catalyst surface, which
is a rate-limiting step.®” Bulk copper is a poor electrocatalyst for
HER. This property has been exploited to develop an MXene/
nano-Cu catalyst with high selectivity for the nitrogen reduc-
tion reaction (NRR) and NH; electrosynthesis, where selecting
a metal support with low HER activity is crucial for MXene-
based catalysts.>

Cu-based electrocatalysts are also highly promising electro-
catalysts for the carbon dioxide reduction reaction (CO,RR).
Combining Cu with MXene leads to a significant enhancement
in the CO,RR performance.® Other possible directions for the
application of MXene/metal composites are metal-ion batteries
and supercapacitors.®*’

High electrical conductivity is crucial for bulk MXene-based
electrodes to ensure optimal performance. Thick MXene-based
multi-layered films generally have lower electrical conductivity
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(7000 S em ™! for ~23 pm," 3000 S cm ™! for ~5 pum)*? compared
to thinner films (15100 S cm™" for ~200 nm)™ or a single
monolayer Ti;C,T, flake (24000 S cm ™" for 1 nm)"“ due to
a greater number of inter-flake interfaces." However, it is well
known that, as the electrode thickness decreases, the areal
capacitance and electrocatalytic activity tend to decline,
limiting potential practical applications."®

Similar to other 2D materials, MXene nanosheets tend to
stack and aggregate due to strong van der Waals forces.
Therefore, owing to the volume swelling and weak conductivity,
long-term stability and high-rate capacity of MXene materials
have not been achieved. It is assumed that the MXene-based
composites with a 3D porous structure are more stable and
less susceptible to restacking problems caused by van der Waals
forces and hydrogen bonding between the 2D nanosheets.”'”'?
Different additives are used to improve areal capacitance and
mechanical stability of thick multi-layered MXene-based elec-
trodes, such as polymer binders (e.g., PVDF), and carbon black
for increasing interflake electrical conductivity.' MXene/metal
composites exhibit more metallic behavior than ceramic
compared to pure MXenes offering potential applications in
areas such as electrocatalysis and energy storage.>® Despite the
corrosion of metal current collectors in water-based electrolytes
being one of the main factors limiting the use of metal current
collectors,” the potential to improve MXene-based electrodes
through the formation of such composites appears attractive. In
such MXene/nano-metal composites, the nano-metal acts as
a binder, internal current collector at the interflake interfaces,
and co-catalyst.

Nanoporous metals are known to possess high surface area,
high electrical conductivity (for copper, 5.95 x 10> S em™') and
mechanical characteristics.”® Nanoporous noble metals them-
selves usually have low specific capacitance, e.g. nanoporous
gold exhibits capacitance values of up to 10 F g~ . The relatively
low values are often attributed to the limited electrochemical
activity of gold.

Nanoporous transition metals attract attention for practical
applications due to their rich redox chemistry. The combination
of porous metals with pseudocapacitive materials (e.g., transi-
tion metal oxides, MXenes) has proven effective in improving
capacitive performance.”® Among different transition metals,
nickel-based electrodes have been considered among the most
promising materials, since they possess higher theoretical
specific capacitance, are environmentally friendly and cost-
effective. However, hierarchical nanoporous non-noble metals
have not yet been realized. This is mainly owing to the poor
pore-forming ability and low chemical stability of transition
metals.”* Still, some recent studies of porous Ni-Cu alloys have
reported high redox capacitance values (100-600 F g~') and
good stability in alkaline electrolytes.>

In electrocatalysts, supercapacitors, and batteries the porous
structure is required for rapid ion diffusion. Thus, the elec-
trodes should preferably have large pores (50-100 nm) to facil-
itate electrolyte diffusion and small pores to ensure a large
internal surface area.>*® After the etching of Al from the parent
MAX phase followed by delamination, MXene multilayered
crystals can create nanopores between the Ti;C, layers. As
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a result, larger pores may form in the metal phase of MXene/
metal composites, enhancing their structural and functional
properties.

Large porous structures in MXene/metal composites can be
formed during the synthesis stage of MAX phase/metal
composites by methods similar to those used for producing
porous metals. One such method is space-holder casting using
inorganic granules or soluble salts. The space-holder granules
are then removed by leaching in suitable solvents.”” A key
advantage of using space holders is the ability to control the
pore size distribution, which is determined by the particle size
distribution of the filler granules.

Most MXene/metal composites are obtained by the reduction
of metal salts in solution, with subsequent deposition of metal
nanoparticles (NPs) on the surface of MXene flakes for the
development of highly conductive materials.*®** Metal NPs can
enhance local electrical pathways especially, when metal
loading is sufficiently high or when the metal forms inter-
connected networks, resulting in a noticeable increase in overall
electronic conductivity compared with bare MXene. If NPs are
isolated and not well connected, the gains in conductivity are
modest. However, the functional groups at the surface of MXene
hinder the direct formation of such composites, leading to poor
wettability between MXene and metals.** Although such
composites exhibit higher conductivity values (27193 S cm ™"
for MXene/Ag nanowire composite®” or 1.6-2.7 times higher
than that of Ti;C,T, for MXene/metal NPs composite****) this is
still insufficient for the formation of thick films. Higher NPs
loadings can improve catalytic activity and electronic conduc-
tivity, but too high a loading may lead to NP aggregation and
restacking of MXene.*® To date, it remains challenging to
improve the mechanical properties of MXene film without
largely affecting its superb electrical conductivity.*® The use of
polymer binders can moderately reinforce MXene films but
sharply decreases their electrical conductivity.*”

An alternative approach enables the direct synthesis of
MXene/metal (Ti;C,(OH),/nano-Ni) composites by etching MAX
phase/metal-Al alloy composites (TizAlC,/Ni,Al;) under alkaline
conditions.*®* Many previous attempts to obtain MAX phase/
metal composites or to introduce metallic dopants into the
MAX phase during sintering were unsuccessful because the Al-
metal bond energy in alloys (e.g., NizAl) is higher than in MAX
phases (e.g., Ti3AlC,). This leads to MAX phase decomposition
and preferential formation of conventional carbides (TiC) and
Ni-Al alloys, particularly at low Al content.* The possibility of
simultaneous synthesis or sintering of MAX phase/metal-Al
alloy (TizAlC,/Ni,Al;) composites from elemental precursors is
possible when the reaction mixture contains an excess of Al, and
metal additive forms an Al-saturated phase (Ni,Al; or NiAls)
with a lower Al-metal binding energy, thereby preventing MAX
phase decomposition.*®

Promising candidate metals for A-element-metal alloys may
be those that form alloys with the A element (Al) but do not form
MAX phases. These metals include Ni, Cu and some others, and
their corresponding alloys (Cu-Al, Ni-Al) are often used as
precursors for the synthesis of nanoporous metals by deal-

loying.>****  Moreover, monolithic samples of these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoporous metals can be fabricated through chemical deal-
loying of corresponding alloys Al-Cu,* Al-Ni-Cu,** Ni-Cu-
Mn,* and Ni-Cu-Al-Mg.*

Hence, MAX phase/Ni-Al alloy composites can be used as
precursors for the synthesis of MAX phase/MXene/Ni compos-
ites by direct Al etching and dealloying under alkaline condi-
tions.***® However, the MXene content in such composites is
relatively low due to incomplete Al etching. Etching of Al from
TizAlC,/Ni,Al; composites in fluorine-containing media may
also cause Ni dissolution.?**’

Among various metals, those that are stable in fluorine
containing media or form stable alloys are of particular
interest.*® These metals include noble metals and Cu. The
standard electrode potential of Cu®*/Cu is +0.342 V versus SHE,
which facilitates the dealloying Al from Cu-Al alloys and the
formation of nanoporous metallic structure.”” Another inter-
esting material is sintered porous Ni-Cu alloys*® that exhibit
superior corrosion resistance in aqueous hydrofluoric acid
compared to porous Ni.** Thus, it can be assumed that MXene/
metal porous composites can be obtained by selective Al etching
of bulk sintered MAX phase/Cu-Al or Ni-Cu-Al alloy composites
in HF or alkaline solutions.

Therefore, this work aims to advance this field by developing
electrode concepts for electrochemical energy conversion and
storage systems, enabled by a facile synthesis of MXene/nano-
metal composites (metal: Ni, Cu; MXene - Ti;C,T, (T = F,
OH)) with a 3D porous structure via etching of MAX phase/
metal-Al alloy precursors.

2 Materials and methods

2.1 [Initial precursors

The samples were synthesized from commercially available
powders of titanium (—325 mesh, less than 45 microns, 99%),
carbon black acetylene (50% compressed, 99.9+%), nickel (APS
3-7 micron, 99.9%), aluminium (—325 mesh, 99.5%, metal
basis, APS 7-15 microns), and copper powder (—325 mesh, 99%
metals basis). Before mixing with other components, carbon
black was subjected by ball milling for 8 hours (2 g of carbon
black and 30 ml of ethanol) to decrease particle size, and then
dried at 60 °C degrees for 2 hours.

Table 1
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2.2 Preparation of MAX phase/metal-Al alloy composites

The initial powders (Ni, Cu, Ti, Al, C) were sequentially mixed
with ethanol to obtain a suitable homogeneous slurry and then
dried at 60 °C for 2 hours. Next, 4 g of the powder mixture were
pressed (at 10 kN) uniaxially in the shape of discs (25 mm in
diameter and ~3 mm thick). The samples were placed on top of
an Al,O; powder layer in an alumina crucible and were also
covered with an Al,O; powder layer to reduce the evaporation of
Al. To determine the optimum sintering conditions the powder
compacts were sintered to form MAX phase/metal-Al alloy
(metal - Cu or Ni) composites using conventional sintering (CS)
of the pressed powders in an Ar atmosphere at different
temperatures (800-1450 °C) and time (from 1 minute to 4 hours,
with a heating/cooling rate of 5 °C per minute) (Table S1).
Further, samples sintered at 1200 °C for 1 hour were used for
research. Initial compositions, corresponding denominations
and processing parameters of the samples are listed in Table 1.

2.3 Preparation of MXene/nano-metal composites

The MXene/nano-Cu and MXene/(NiCu),Al; composites were
prepared both in the form of powders and as bulk samples
(layers on the surface of sintered MAX phase/metal-Al alloy
samples) by direct etching in acid solution (Table 1).

2.4 Preparation of MXene/nano-metal composites (powders)

MXene/(NiCu),Al; sample 4b was prepared by etching of MAX
phase/(NiCu),Al; composite sample 4 (4 g) only in HF solution.
Two stages of etching in HF solution (20 wt% in water) were
applied, with the first one in 14 ml for 1 day. Second stage of
etching in fresh HF solution (14 ml) for 1 day was used to
remove Al from residual MAX phase. Molar Al: HF ratio was
approximately equal to 1: 8, considering the total amount of Al
in the MAX phase. (NiCu),Al; phase reacts much more slowly
with HF acid, probably due to the formation of a surface layer
consisting of a corrosion-resistant Ni-Cu alloy.
MXene/nano-Cu samples 7b, 8b, 9b, 10b, were prepared by
etching MAX phase/Cu-Al samples 7, 8, 9, 10, respectively
(Table 1). First, the samples were etched in an excess of HCl
solution (17.5 wt% in water) for 1 day to form a porous MAX
phase/Cu structure. Molar Al:HCI] ratio was set to 1:9,

Initial composition and denominations of the samples sintered at 1200 °C for 1 hour

Initial composition, molar ratios

Sample denomination after

Sample denomination

sintering Ni Cu Ti Al C after etching in HF
1 2 4.5 1 1b
2 0.5 2 4.5 1 2b
3 1 2 5 1 3b
4 0.25 0.25 2 4.5 1 4b
5 0.35 0.35 2 4.5 1 5b
6 0.75 0.75 2 4.5 1 6b
7 0.5 2 4.5 1 7b
8 1 2 4.5 1 8b
9 1.5 2 4.5 1 9b
10 3 2 7.2 1 10b

© 2025 The Author(s). Published by the Royal Society of Chemistry
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considering the total amount of Al in the sintered samples.
Next, two stages of etching in HF solution were applied. First
stage included etching in HF solution (9 ml, 20 wt% in water)
for 1 day. Next, a second etching in an excess of fresh HF
solution (9 ml, 20 wt% in water) was applied. Al : HF molar ratio
was equal approximately to 1: 8, considering the total amount
of Al in MAX phase.

2.5 Preparation of bulk MXene/nano-metal composites

MXene/(NiCu),Al; composite (bulk sample 5b) was designed as
a layer on the surface of MAX phase/(NiCu),Al; sintered sample
5 (mass ~4 g before etching, diameter ~23 mm, thickness ~3
mm, geometric electrode area ~10 cm?), using direct etching in
a limited amount of HF solution to prevent sample disintegra-
tion. As a first step, etching in HF solution (6 ml, 20 wt% in
water) for 1 day was applied. Next, the etching was continued in
a fresh HF solution (6 ml HF 20 wt% in water) to form MXene/
(NiCu),Al; composites. The amount of HF was chosen to
dissolve approximately half of the Al in the samples.

MXene/nano-Cu composite (bulk sample 8b) was formed as
a surface layer on the MAX phase/Cu-Al bulk sample 8 (mass of
~4 g before etching, diameter ~22 mm, thickness ~3.5 mm,
geometric electrode area ~10 cm?®). This was achieved by direct
etching in a limited amount of acid solution, while avoiding
sample destruction. First, the porous MAX phase/Cu structure
in the sample was produced by etching in HCI solution (15 ml,
17.5 wt% in water) for 1 day. The amount of HCI was chosen to
dissolve approximately half of the Al in the sample and to
prevent disintegration. In the second stage, etching in HF
solution (8 ml, 20 wt% in water) was applied to form MXene/
nano-Cu composite.

The MXene/nano-Cu composite (bulk sample 10b) with
a 4 mm thick 3D porous structure was formed by completely
etching Al from the MAX phase/Cu-Al bulk sample 10 (Fig. 1A).
This sample had a mass ~4 g before etching, diameter ~17 mm,
thickness ~4 mm, geometric electrode area ~6.7 cm”. First, the
porous MAX phase/Cu structure in the sample was produced by
etching in an excess of HCI solution (50 ml, 17.5 wt% in water)
for 4 days. In the second stage, etching in an excess of HF
solution (10 ml HF 20 wt% in water) was applied to form
MXene/nano-Cu composite (Fig. 1B).

After each etching stage, all samples were washed with
distilled water to remove AICl; or AlF;. For delamination,

(A) (B)

Fig. 1 Images of the samples: MAX phase/CuAl, sample 10 after sin-
tering (A), MXene/Cu sample 10b after sintering and etching (B).
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TBAOH solution (20 wt% in water) was used for 1 day. Next, the
samples were washed with distilled water to dissolve the
residual TBAOH. Samples in the form of powders were filtered
through filter paper and dried at room temperature for 1 day.

2.6 Material characterization

The phase composition was assessed by X-ray diffraction anal-
ysis (XRD), using a Brucker D8 Advance diffractometer system
(Cu Ko radiation, 0.154056 nm). In order to prepare powders
from the initial sintered products for XRD analysis, the sintered
products were ground to reduce the average particle size to
below ~50 pm.

Scanning Electron Microscopy (SEM, Tescan MAIA 3, Czech
Republic) equipped with an Energy Dispersive Spectrometer
(EDS, Oxford Instruments, England) was used to characterize
the relevant microstructural features.

X-ray photoelectron spectroscopy was carried out on a Phoi-
bos 100 analyzer (SPECS, Germany) using a monochromatic Al
Kol source (1486.7 eV). The samples were placed onto
conductive Cu tape. Samples analysed after HER activity
measurements were measured on screen printed electrodes. For
survey spectra, an analyzer pass energy (Ep.ss) of 50 eV and
a step size of 1 eV were used, while for high-resolution core-level
spectra a pass energy of 20 eV with a step size of 0.1 eV was used.
Charge compensation using a flood gun was unnecessary due to
the good electrical conductivity of the samples.

2.7 Electrochemical measurements

Electrochemical measurements were carried out using an
Autolab PGSTAT204 potentiostat connected to a three-electrode
electrochemical cell. A Pt foil (2 cm®) was used as a counter
electrode and Hg/HgO (1 M NaOH), +0.098 V vs. standard
hydrogen electrode (SHE) as the reference electrode. Experi-
ments were performed at room temperature (20 °C) with NaOH
(1 M) as the electrolyte.

Two types of working electrodes were tested. As the first type
of electrodes, copper foam (thickness ~1 mm, porosity 98%,
110 pores per inch, which approximately corresponds to an
average pore size of 200 um) was used as substrate. Active
material was prepared by mixing 0.2 g MXene-based composite
with 0.08 ml PVDF solution in NMP (15 mg ml ") together. The
prepared slurry was deposited on copper foam on both sides
(total geometric surface area ~3.5 cm?) and dried at 35 °C for
48 h under vacuum. The mass loading of the active material was
~130 mg per 3.5 cm” or ~37 mg cm’ 2.

The second type of working electrodes are bulk samples 5b,
8b and 10b, prepared by etching without destruction.

Hydrogen evolution tests were performed between —0.4 and
—1.5 V with a scanning rate of 0.1 mV s~ '. The current density
values were calculated with respect to the geometric surface
area of each electrode. The stability test was carried out in 1 M
NaOH solution for samples 7b, 4b for 20 days at —1.1 V vs.
Hg|HgO.

In order to estimate electrochemically active surface area
(ECSA) of obtained samples, the double-layer capacitance
method was used.”® The ECSAwas calculated from the double-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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layer capacitance (Cq;) as: ECSA = Cq1/Cs. The specific capaci-
tance values (Cg) for a flat standard with 1 cm” of the real surface
area is generally in the range of 20 to 60 uF cm ™~ (40 uF cm™>
was taken as the average value).”* To estimate Cy, cyclic vol-
tammetry (CV) was used, and these data were recorded around
the open circuit potential (OCP) using different scan rates (V3,)
from 1 to 100 mV s~ '. Further, the double-layer capacitance was
calculated as Cq; = AJ/V}. The double-layer capacitance (Cq;) for
samples was estimated by plotting the AJ = (J, — J.)/2 (at the
overpotential in the middle of the cycling range) against the CV
scan rate, where J, and J. are the anodic and cathodic current
densities, respectively. ECSA values were normalized to 1 cm? of
surface area (areal electrode density ~37 mg cm™?), for balk
samples (5b, 8b), areal density estimation was difficult, so the
data are presented per unit geometric area (1 cm?). This seems
to be a suitable approximation because the measured specific
capacitance also accounts for pseudocapacitance in addition to
electrical double-layer capacitance.?>*

The cyclic voltammograms (CV) and galvanostatic charge-
discharge (GCD) curves were recorded in the potential window
ranging from —0.4 to —0.9 V. The GCD profile of the samples
were recorded at 0.08 A g~ (2.8 mA cm ™ 2). The values of areal
and gravimetric capacitance (C1) were calculated from CV
curves using the simplified formula C = AJ/V},, and the values of
AJ were obtained near the open circuit potential (OCP)
approximately at —0.75 V. As discussed below, the conventional
method of capacitance calculation by current integration over
time may not be suitable in this case.* To facilitate direct
comparison of the capacitive performance of different materials
(areal capacitance), CV curves were plotted as specific capaci-
tance (F cm ™) versus potential instead of current density. The
areal capacitance values were calculated from current-voltage
curves at each potential point using the formula mentioned
above (C = AJ/Vy,).

Electrochemical impedance spectroscopy (EIS) was carried
out using the same potentiostat at the open circuit potential
(=0.75 V), with a 50 mV signal amplitude and frequencies
ranging from 20 kHz to 5 mHz.>

3 Results and discussions

3.1 General considerations on the formation and
characterisation of MAX phase/Ni-Cu-Al composites

The presence of Ni-Al alloys (Ni,Al;, NiAl;) in the reaction
mixture allows a reduction in the synthesis temperature and
duration in the preparation of Mo,TiAlC, MAX phases.* In the
literature, this technique is commonly referred to as liquid
phase sintering (LPS).*® It can accelerate the diffusion of
components, enhance mass transfer in the reaction mixture,
and thereby promoting the formation of final products and
reduce the content of intermediate compounds. However,
etching Al from Mo,TiAlC, MAX phase requires higher
temperatures and longer processing times. Therefore, our focus
was on the preparation and investigation of TizAlC,/Ni-Al,
TizAlC,/Ni-Cu-Al and TizAlC,/Cu-Al composites (Fig. 2A-C and
Table 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.1.1 TizAlC,/Ni-Al composites. An important factor influ-
encing the final phase composition is the initial component
ratio. Since several reactions can take place during the
synthesis, the MAX phases typically coexist with carbides (TiC)
and some intermetallic compounds (TiAl;). For TizAlC,
synthesis, a small excess of Ti and Al in the reaction mixture is
typically used (Ti:Al:C = 2:1.1:1) to reduce TiC content in
final products.”” The M-A bonds in the MAX phases and in
TizAlC,, in particular, have a weak covalent character,*® with the
Al 2p binding energy of 72.1 eV; for pure Al this value is equal to
72.8 eV.> Ni forms several phases with Al, exhibiting different
binding energies, including NiAl;, NiAl;, NiAl, NizAl. The
binding energy of Al 2p level in NiAl; alloy is 72.8 eV, which is
identical to that of pure elemental Al. In the case of NiAl and
Ni;Al alloys, it has been reported as 72.7 and 72.6 eV, respec-
tively.®® It was shown that Ti;AlC, and Ni,Al;, NiAl; phases can
coexist in one sintered composite, but the Al content must
ensure the formation of both the MAX phase and NiAl; or Ni,Al;
phases.*®*’ Thus, a minimum of one mole of Al is required to
obtain one mole of Ti;AlC, MAX phase, and preferably three
moles of Al to form the NiAl; or Ni,Al; phase to avoid TiC
formation. At a certain Al/Ni ratio in the initial reaction mixture,
the formation of Ti3;AlC, MAX phase and NiAls, Ni,Al; phases
occurs, while at lower Al/Ni ratio the sintered products contain
Ti;AlC, MAX phase along with Ni,Al;, NiAl phases and TiC.*®

The thermal effect of self-propagating high-temperature
synthesis (SHS) allows to obtain Ti;AlC, from initial elements
Ti, Al, C, but sintered products also contain TiC and TiAl;.** At
high Al content in the reaction mixture (without the addition of
Ni-Al alloys), even after heating at 1200 °C for 1 hour a consid-
erable content of TiC and TiAl; in reaction products is observed
(sample 1, Fig. 2A). The formation of Ni-Al compounds from
elemental Ni, Al is an exothermic process which can proceed in
the SHS mode.®* Therefore, the addition of Ni and Al facilitates
Ti3AlC, formation even when heating up to 800°,*® while high Al
content in the initial reaction mixture leads to higher TiAl; and
TiC content in final products (samples S1, S2, Fig. S1A).

It was shown that it is possible to reduce the amount of TiAl;
and TiC, decrease sintering temperature and increase the
uniformity of Ti;AlC, crystals by increasing the sintering time at
a lower temperature. In XRD data of samples sintered at 1200 °C
for 1 hour, the peaks related to TiC were absent (samples 2, 3,
Fig. 2A) which indicates that the presence of liquid phases
(NiAlz, Ni,Al;) during sintering promotes Ti;AlC, MAX phase
formation, allowing a reduction of the synthesis temperature
compared to other synthesis methods (1300-1450 ©C).57¢364
Synthesis at a higher temperature (1450 °C) for 1 hour also leads
to higher TiAl; and TiC content in sintered products, which
indicates that high temperature is not favourable for the
formation of the Ti;AlC, MAX phase.

3.1.2 TizAIC,/Ni-Cu-Al composites.
addition equal amounts of Ni and Cu to the reaction mixture
with high Al content leads to the formation TizAlC,/(NiCu),Als
composites over a relatively wide range of component ratios
(sample 4, 6, Fig. 2B). The liquid phase sintering effect for
Ti3AlC, MAX phase is also observed, however, at a higher

The simultaneous
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Fig. 2 XRD data of the composites: sample 1 (without Ni or Cu addition), sample 2 (with NiAl; alloy), sample 3 (with Ni>Alz and NiAls alloys) (A);
samples 4, 6 with different (NiCu),Als alloys content, (B), sample 7, 10 with different Cu—Al alloys content (C), samples 7a, 9a (samples 7, 9 after
etching in HCl solution) (D and E), sample 10b (MXene/Cu), sample 4b, c (MXene/(NiCu),Alz) (F).
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(NiCu),Al; content the reaction products contain more TiC
(sample 6). Similar to TizAlC,/Ni-Al composites, the optimal
synthesis temperature was chosen at 1200 °C, since a more
complete conversion of the initial components into the MAX
phase occurred (samples S3, S4, S5, Fig. S1B).

3.1.3 TizAlC,/Cu-Al composites. In order to obtain TizAlC,/
Cu-Al composites, different ratios of the components Cu: Ti:
Al: C were tested. Various crystalline phases may form in the
Cu;_,Al, system.®® Cu-Al alloys with high Al content have
a relatively low melting temperature (550 °C for the CuAl,
phase), and can play the role of solvent for other components in
the reaction mixture. Therefore, the presence of Cu-Al phases
has an impact on TizAlC, phase formation during sintering
(Fig. 2C).

The binding energy of Al in CuAl, is slightly stronger
(72.93 eV for Al 2p;/, and 73.33 eV for Al 2p,,)® than in Ti;AlC,,
although these values were taken at room temperature. There-
fore, the amount of Al in the initial reaction mixture should be
sufficient to form TizAlC, and CuAl, phases while avoiding the
formation of TiC. CuAl, melt facilitates Ti;AlC, MAX phase
crystal growth and promotes its formation at lower tempera-
ture. Thus, Ti3AlC,/Cu-Al composites can be obtained even by
sintering at 1000 °C for 4 hours (sample S6, Fig. S1C).

It is known that Cu-Al dealloying in HCI or NaOH allows the
formation of hierarchical nanoporous copper structures.®” After
etching of bulk Ti;AlC,/Cu-Al composites in HCI solution
(15 wt% aqueous solution), peaks related to Tiz;AIC, and
metallic copper are observed in XRD data of the samples 7a, 9a
(Fig. 2D). Peaks related to TiC in XRD data are absent, indi-
cating high conversion of TiC to TizAlC, MAX phase.

Therefore, in general, Ti;AlIC, MAX phase synthesis in the
presence of metal-Al alloys presents notable advantages. Cu-Al,
Ni-Al and Ni-Cu-Al alloys with high Al content have lower
melting temperatures than TiAl; (Ni,Al; Tihee = 1133 °C, NiAlg
Tonete = 854 °C,* CuAl, Tere = 550 °C,* TiAly Tere = 1340 °C).%°
The presence of these phases in the reaction mixture accelerates
Ti;AlC, MAX phase formation process and reduces the
synthesis temperature and time. Compared to the molten salt
method for MAX phases synthesis, where reactions and
component diffusion are facilitated by a molten salt,”® synthesis
in molten metal-Al alloys offers several advantages. The higher
solubility and diffusion rates of the components such as TiAl;
and Al,C; allow for a broader sintering temperature range, as it
is not constrained by the decomposition temperature of salts.”
This is particularly important for the synthesis of high-melting-
point MAX phases, for example, containing Mo and Nb.

3.1.4 Structural characterisation. The indexed XRD
diffraction patterns of samples 7a and 9a (samples 7 and 9 after
etching in HCI solution) are shown in Fig. 2D (linear scale) and
Fig. 2E (logarithmic scale). The summary of the XRD results is
presented in Table 2 (the normalized peak intensities, relative
to the 002 peak as the most intense). To the authors’ knowledge,
this is the first quantitative presentation of the XRD results for
Ti3AlC, MAX phase obtained in the presence of metal-Al (Cu-Al)
alloys. The XRD results are shown in comparison with those
previously reported by N. V. Tzenov® and M. A. Pietzka” for
individual phases.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of XRD data obtained for MAX phase/Cu

composites

Measured 24 value (°)
hkl M. A. Pietzka®? N. V. Tzenov’> This work
002 9.53 9.525 9.50
004 19.09 19.17 19.03
006 28.81 28.70
100 33.63 33.74
101 33.98 34.07 33.84
102 35.00 35.16 34.88
103 36.70 36.82 36.55
008 38.74 38.85 38.40
104 38.96 39.07 38.64
105 41.68 41.85 41.53
106 44.84 44.96 44.67
107 48.38 48.59 48.19
0010 48.99
108 52.22 52.46 52,03
109 56.34 56.62 56.13
0012 59.68
110 60.13 60.31 59.87
1010 60.34
112 61.02 61.06 60.51
114 63.70
1011 65.46 65.73 65.13
116 68.00
1012 70.27 70.63 70.00

The diffraction patterns of such composites contain peaks
related to the TizAlC, MAX phase, Cu, and impurities (Al,O3,
AICu,Ti). There are several differences between the presented
diffraction patterns and the literature data. A noticeable shift of
most diffraction peaks belonging to the Tiz;AlC, toward smaller
diffraction angles is observed, while the position of the
diffraction peaks characteristic of Cu, Al,O3; and AlCu,Ti has not
changed. A similar shift of the diffraction peaks is also observed
for the samples sintered with Ni-Al and Ni-Cu-Al. The lattice
parameters a = 0.3085 nm and ¢ = 1.853 nm, calculated herein
from the (110) and (002) peaks are slightly larger than those
reported previously.®*”> This is likely due to the synthesis
conditions, which occur under pressureless liquid-phase
conditions (metal-Al alloy), reducing the mutual influence of
the MAX phase crystals on each other.

The high intensity of several peaks (002), (004), (008)
compared to other peaks related to MAX phase indicates that
the samples are textured, ie., the crystals are preferentially
oriented parallel to the g-axis.” In the samples obtained after
etching in HCI most of the MAX phase crystals are separated
from each other, leading to crystals ordering and formation of
textured samples during the deposition and alignment of the
powder onto the substrate for recording the diffraction pattern.

In the obtained samples, the intensities of the (002) peak at
20 = 9.5° and the (004) peak at 260 = 19° are higher than the
peaks attributed to reflection from other planes, compared to
literature data.®*”> The increase in the intensity of these peaks is
a result of the reflection of X-ray radiation from a set of crys-
tallographic planes, which is due to an increase in the number
of layers in an individual crystallite of the MAX phase.™
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It should be noted that the diffraction pattern in the region
of small angles also contains two new peaks (marked with “x”
at 20 = 8.57° and 9.09° (Fig. 2E) and are most likely attributed
to the partial formation of MXene as a result of Al etching in HCI
solution along the perimeter of the MAX phase crystals. Also,
these new peaks may also correspond to new phases.

3.2 Structural and microstructural characterisation of
MXene/metal composites

3.2.1 MXene/(NiCu),Al; composites. After etching of
Ti;AlC,/Ni-Al composites (samples 2, 3) in HF solution, Ni and
Al in Ni-Al alloys undergo dissolution, leading to the formation
of MXene with high degree of ordering. However, high content
of corrosion-resistant (NiCu),Al; phase in Ti;AlC,/(NiCu),Als
composites inhibits Al etching in HF solution (sample 6). Thus,
at low (NiCu),Al; phase content after etching in HF solution,
this phase remains in the etching products, forming MXene/
(NiCu),Al; composites (sample 4b and 4c, Fig. 2F). It should be
noted that (NiCu),Al; phase is stable in solution of HF, but in
HCI solution Ni and Al from (NiCu),Al; phase also undergo
dissolution. In alkaline conditions, (NiCu),Al; can be decom-
posed with the formation of nanoporous Ni-Cu compounds
and Al,O; (sample 4c, Fig. 2F).

Al Kal

(F) " G "
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SEM studies of sample 4 after etching in HF solution show
MXene crystals combined with (NiCu),Al; alloy (sample 4b,
Fig. 3A-C). An intercrystalline porous structure is formed by the
phases that undergo etching in HF solutions. These phases are
present in initial sintered products, but are dissolved by etching
(TiAl;, Al). SEM/EDS mapping allows identification of the
distribution of elements in composite structure. As expected, Ti
is mainly present in MXene and Ni, Cu, Al in (NiCu),Al; alloy
(Fig. 3D-H).

3.2.2 MXene/Cu composites. After etching of Ti;AlC,/Cu-Al
composites with low Cu-Al alloys content (sample 7) in HCI
solution, porous TizAlC,/Cu composites are formed. A hierar-
chical 3D nanoporous copper that forms during etching of
samples 8, 9, 10 with high Cu-Al alloys content facilitates Al
etching and allows the formation of bulk MAX phase TizAlIC,/Cu
porous structure without milling and destruction of sintered
samples (SEM images of sample 10a, Fig. S2A and B).

Further etching of this Ti;AlC,/Cu samples in HF solution
allows to obtain MXene/Cu materials with a high degree of
ordering sample 10b (Fig. 2F) and samples 7b, 9b (Fig. S1D). An
intercrystalline porous structure is formed not only after etching
of the TiAl; and Al, but also of the Cu-Al, AlI-Cu-Ti phases,
similar to described in the literature for the porous copper
structure obtained by dealloying of AlI-Cu-Ti compounds.”™

Electron Image 1

H

Hm

(H)

Fig. 3 SEM images of the MXene/(NiCu),Alz; composite (sample 4b): SEM images (A-C), SEM/EDS mapping of the interface showing the
distribution of Ti (light blue colour), Al (blue colour), Ni (lilac colour), Cu (orange colour) in the surface layer (D—H).
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Al etching of Ti;AlC,/Cu-Al composites under alkaline
conditions (10 M NaOH at 70 °C for 10 days) also results in the
formation of composite nanoporous MAX phase/MXene/Cu
materials with a high intercrystallite porosity. However, in
this case the MXene content was relatively low due to incom-
plete Al removal from the TizAlC, MAX phase.

In fact, several types of MXene/Cu composites presented in
the literature can be distinguished. These include Cu in the
form of ~5 nm nanoparticles,”® single Cu atom doped into
MXene flakes deposited from CuCl, salt solution®’” or obtained
via molten salts MAX phase etching.”® All factors such as copper
concentration, deposition potential, solution pH and the pres-
ence of a background electrolyte have profound effects on the
nucleation mechanisms.”

SEM studies of MXene/Cu samples after etching showed
that, at low Cu content after Al etching, Cu is mainly present in

Sum !

(©)

View Article Online
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the form of nanoparticles on the surface of MXene crystals. At
higher Cu content, such composites exhibit good mechanical
strength and form a monolithic three-dimensional porous
structure consisting of MXene crystals and nanoporous metallic
Cu (sample 10b, Fig. 4A-C). SEM/EDS mapping allows identifi-
cation of the distribution of elements in composite structure, Ti
is present in MXene, and Cu on the surface and between MXene
crystals (Fig. 4D-H).

Cu is a relatively unreactive metal, but in oxidizing envi-
ronments at low pH it may dissolve forming Cu’ ions.*
Compared to bulk copper, porous Cu reacts with HF solution
and acts as a source of Cu ions. In turn, Ti-vacancies, defects,
and -OH groups can act as active sites for Cu ions adsorption.®
Therefore, single Cu atom dopants can also be present in ob-
tained samples. Cu deposition on MXene and formation

@l

E)'T

Cu Lal,2

|5;‘\mI

(H)

Fig.4 SEMimages of the MXene/Cu composite: sample 10b (A—C), SEM/EDS mapping of the interface of sample 10b showing the distribution of
Ti (green colour), Al (blue colour), Cu (orange colour) in the surface layer (D—H).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles takes place by an electrochemical reduction
mechanism analogous to Cu ions reduction on Si surface.®*

The work function of Ti;C, MXene varies over a wide range,
depending on the surface functional groups and composition.
The typical value for Ti;C,(OH, F), MXene is approximately
3.9 eV,* making it suitable for Cu ion reduction. The MXene
may act as a reductant during the reaction process, causing the
formation of Ti**.** F Further Cu-ion deposition occurs
predominantly on existing nuclei, because Cu-ion reduction at
the MXene/HF interface occurs much more slowly than at the
metal/HF junction. In MXene/Cu samples the deposited Cu
nanoparticles possess a broad size distribution. The presence of
big nanoparticles (up to 200 nm) likely due to prolonged Cu
deposition process (two-stage TizAlC,/Cu etching in HF solu-
tion, for 48 hours). An important issue is that Al etching and Cu
deposition occurred simultaneously in a single step. This
process allows the use of Al as a reducing agent (sacrificial
electrode), preventing MXene oxidation and Ti** formation.
EDX elemental analysis reveals the presence of Ti, C, O, F, and
Cu in the obtained MXene/Cu composites (Fig. S3).

Etching of bulk sample 5 (Ti;AlC,/(NiCu),Al;) in HF solution
or bulk samples 8, 9, 10 (Ti3AlC,/Cu-Al) in HCI and then in HF
solution, results in the formation of porous layer of MXene/
(NiCu),Al; or MXene/Cu composites on the surface. In such
cases, nanoporous Cu or (NiCu),Al; phase act as a support or
binding material for MXene crystals.

3.3 Electrochemical characterisation

The specific electrochemical properties (electrocatalytic activity,
capacitance) of MXene-based electrodes are highly dependent
on several factors, including the ionic diffusion resistance and
electrical conductivity of active material among the main
factors. These, in turn, depend on the porosity and thickness of
the active material film. The specific capacitance drops three
times with an increase in film thickness from 5 to 75 um in
thick electrodes.®* Therefore, in the literature, the electro-
chemical tests of the MXene-based materials are usually con-
ducted with a relatively low mass loading per unit area of the
coating, amounting to 5-10 mg cm > and thickness of several
micrometres.® For thick films (~100 pm) of active material,
different additives are used to create a conductive network
between the MXene flakes, such as carbon® and noble metal
nanoparticles (1-20 nm).>***

3.3.1 MXene/metal composites (powders). In this work,
comparative tests were carried out for MXene and MXene/metal
composites (in the form of compacted powders), with a mass
density per unit area of approximately 37 mg cm™>. Taking into
account the average pore size of ~200 um for the copper foam
substrate, this value can be roughly compared to a virtual
thickness of an active-material film of ~100 pm.

The samples of MXene/Cu, MXene/(NiCu),Al; composites
demonstrate higher capacitance compared to bare MXene at
a scan rate 10 mV s ' and slightly lower at 1 mV s~ '. This
behaviour is caused by the improved electrical conductivity of
active material in MXene/metal electrodes (Fig. 5A and B). In CV
curves, the profiles are non-rectangular and display humps or
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redox peaks, especially for MXene/Cu and MXene/(NiCu),Al;
composites. This indicates that faradaic (pseudocapacitive or
redox) reactions contribute significantly to the total current. For
non-ideal CVs, especially with sloped or peaked profiles, the
integration no longer isolates capacitive charge from faradaic
charge properly. To accurately quantify the capacitance when
the CV is non-rectangular, we used an average current method
at a fixed potential region where the behavior is mostly capac-
itive (at —0.75 V). Cu in alkaline media can undergo electro-
chemical oxidation and reduction, forming different products
depending on the applied potential.®** The formation of
Cu(OH), , Cu,O compounds can occur when the potential is
scanned from negative to positive in the range from —0.5 to
—0.4 V (vs. Hg/HgO), the corresponding oxidation peaks are
observed.?® Two peaks also appear in the reverse scan, corre-
sponding to the reduction of the oxidized species (Cu from
Cu,0 and Cu(OH), ). As can be seen in CV curves of obtained
composites, such oxidation/reduction peaks are not visible at
10 mV s ' (Fig. 5A) and the influence of redox processes
becomes noticeable in the range from —0.6 to —0.4 V at a low
scan rate (1 mV s ') (Fig. 5B). Cu,O is a solid substance;
therefore, it can be assumed that it undergoes reduction at the
same sites on the electrode during the reverse scan. Cu(OH),
ions are soluble, although the extent of the dissolution reaction
is very small.*® During the reverse scan, the reduction and
deposition of Cu occur over the entire electrode surface. The
stability test of sample 7b was conducted for 10 days (~4130
cycles charge/discharge, from —0.9 to —0.4 V vs. Hg/HgO, at
scan rate 5 mV s~ ') and only a 3% decrease in capacitance was
observed.

The (NiCu),Al; phase in the MXene/(NiCu),Al; composite is
less stable in 1 M NaOH solution and undergoes partial
decomposition with the formation of porous Ni-Cu compounds
and Al,O;. In addition, after CV cycling of sample 4b for 10 days,
a layer of deposit on the negative electrode (Cu foam substrate)
was observed indicating that Cu from the (NiCu),Al; phase
undergoes dissolution followed by redeposition from the elec-
trolyte. Ni in alkaline conditions is present in the form of
metallic Ni and Ni(OH),; during cycling the conversion of
Ni(OH), species to metallic Ni occurs®»**** Ni and Cu in sample
4b are present mainly in metallic form and provide electronic
conductivity. A 5% decrease in capacitance was observed likely
resulting from the volume expansion of the Al,O; phase
between the MXene crystals, which creates diffusion limitations
for the electrolyte ions.

The weight ratio of MXene in composites is lower (in sample
7b MXene ~77 wt%, and Cu ~23 wt%, in sample 4b MXene
~68 wt%, and (NiCu),Al; ~32 wt%). Therefore, the values of
gravimetric capacitance for obtained composites at scan rate
10 mV s~ ! are close (38 F g~ for sample 7b, and 34 F g~ ' for
sample 4b), but slightly lower than those reported in the liter-
ature for MXene, where capacitance is mainly provided by Na*
ion intercalation mechanism in MXene (~50 F ¢~ ' at scan rate
10 mv s~ 1).%¢

ECSA calculations from the corresponding CV data (recorded
at OCP —0.75 V vs. Hg/HgO, Fig. S4A, B) are complicated by
a considerable increase in current density at low scan rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical performance of samples 7b (MXene/Cu), 4b (MXene/(NiCu),Als) and bare MXene: CV curves of electrodes at scan rate
10 mV s (A), CV curves of electrodes at scan rate 1 mV s~ (B), the differences in current density plots against scan rate (C), electrochemical

impedance spectroscopy data (D), galvanostatic cycling data collected at 0.08 Ag™*

(F), Tafel plots for the HER occurring on the electrodes (G).

(Fig. 5C). This behaviour might be promoted by a large amount
of nanopores formed by interlayer space of MXene. These pores
become accessible for electrolyte ions (Na') only at a low scan
rate, resulting in an increase in the current density. The inser-
tion of sodium ions enhances the overall capacitance, allowing
for greater energy storage.”” The calculated values of ECSA are
listed in Table 3. Values calculated at high scan rates (100 mVv
s~ 1) are likely related to the outer surface area of MXene crystals
and the porous structure formed by the metallic phases (porous
Cu, (NiCu),Al;) in the samples, without intercalation of elec-
trolyte ions (Na") between the MXene layers. Values obtained at
low scan rates (1-10 mV s~ ) also include the contribution of the
MXene interlayer space (electric double-layer capacitance
combined with pseudocapacitance) and are comparable with
literature values.”® The MXene/Cu composite demonstrates
higher ECSA values than MXene/(NiCu),Al;, which is attributed
to the higher MXene content and the presence of nanopores in
the metallic Cu framework of the MXene/Cu composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(E), HER polarization curves recorded at scan rate 1 mv s~*

To evaluate the electrical conductivity of samples 4b and 7b,
impedance spectra were recorded. The Nyquist plots revealed
lower electrical impedance for MXene/metal composites
compared to bare MXene (Fig. 5D).

The GCD profile of the MXene/Cu composite (sample 7b)
exhibited a nearly triangular shape, indicating reversible cation
intercalation during the charge-discharge process (Fig. 5E).

3.3.2 MZXene/metal bulk composites. At low metal content
in MXene/metal composites the porous MXene/metal layer on
the Ti;AlC,/metal-Al surface (bulk samples 8b, 5b) exhibited
poor mechanical strength. Therefore, only partially etched bulk
samples (8b, 5b), with MXene/metal thickness of several tens of
micrometres, were used for electrochemical testing. The weak
mechanical strength of bulk samples 8b, 5b facilitates MXene
delamination, however, when the etched layer thickness
increases, the material tends to disintegrate.

At higher Cu content fully etched MXene/Cu composite (bulk
sample 10b, 4 mm thickness, 17 mm diameter) have sufficient
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Table 3 Estimated values of capacitance (C1) from CV curves (at 10 mV s~* from —0.9 to —0.4 V) and ECSA from CV curves for samples (at 10 mV

s

Samples C1 (F em?) Cl(Fg™h ECSA (m* cm™?) ECSA (m* g™ ")
MXene 0.86 27

4b, (MXene/(NiCu),Al,) 1.27 34 0.64 4.94

7b, (MXene/Cu) 1.37 38 0.84 6.47

5b bulk, (MXene/(NiCu),Al;) 0.65 0.26

8b bulk, (MXene/Cu) 0.69 0.30

10b bulk, (MXene/Cu) 1.7 9.8 0.43 2.3

mechanical strength and is a three-dimensional porous
composite. Areal capacitance (Fig. 6A and B), the differences in
current density plots against scan rate (Fig. 6C, and S5A-C), and
conductivity (Fig. 6D) of bulk samples are largely determined by
the thickness of MXene/metal layer (Table 3). At higher Cu
content, the resulting MXene/Cu structure (bulk sample 10b)
exhibited improved mechanical stability and, consequently,

higher areal capacitance (Fig. 6B). The maximum capacitance
value was observed at a low scan rate of 1 mV s, reaching 9 F
cm ™ (Fig. 6B). The plots of current density versus scan rate also
reached their maxima at low scan rates, which is attributed to
the bulk porous Cu matrix restricting expansion between
MXene layers even after TBAOH delamination. This limitation
hinders deep electrolyte ion intercalation between individual
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MXene sheets. The mass of bulk sample 10b was 2.4 g, con-
sisting of 1.53 g Cu (64 wt%) and 0.87 g MXene (36 wt%).
Accordingly, the gravimetric capacitance of the composite was
approximately 18 F g~ ' at 1 mV s~ ". A significant part of this
capacitance is provided by MXene, although the CV curves also
display peaks associated with oxidation-reduction processes of
nanostructured Cu (Fig. 6B).

3.4 Hydrogen evolution tests and surface analysis

Bare (unmodified) MXenes, such as TizC,T,, generally exhibit
only moderate HER activity, particularly when compared with
optimized heterostructures.® Hydrogen evolution tests revealed
lower overpotential for the obtained MXene/metal composites
compared to bare MXene, Ni or Cu electrodes (Fig. 5G and H).
Determination of the HER reaction mechanism and the rate-
determining step (RDS) can be performed using Tafel anal-
ysis, although the derived parameters should be considered
approximate because the Tafel slope depends on the coverage of
the surface intermediates.® For this purpose, the polarization
curves were linearized according to the Tafel equation:

n = a + blog(j) (1)

where 7 is the overpotential (V), is the current density (A cm™2),
a and b are the Tafel constants. The Tafel slope (b) provides
information about the electrochemical mechanism, while
a reflects the intrinsic electrocatalytic activity of the electrode
surface. Typically, Tafel slopes of 120, 40, and 30 mV dec '
correspond to the Volmer, Heyrovsky, and Tafel rate-
determining steps, respectively. For pure Ni, the Volmer step
(water dissociation) is often the slowest, leading to Tafel slopes
in the range of 90-120 mV dec™". Current densities between 1
and 10 mA cm 2 are commonly employed, as this range lies
within the activation-controlled region and avoids high over-
potentials where ohmic or mass-transport effects become
significant. The kinetic parameters of HER, calculated from the
Tafel curves, are summarized in Table 4. According to the Tafel
analysis, the Volmer reaction is the RDS for all investigated
samples. However, accurate calculation of Tafel parameters
(Tafel slope and exchange current density) in MXene-containing
samples is complicated by the capacitive current contribution;
therefore, these parameters were determined at a low scan rate
(0.1 mV s™') to minimize non-faradaic effects.

Table 4 Kinetic parameters of the HER for samples, calculated from voltammograms at 1-10 mA cm™
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MXene/Cu composite (sample 7b) exhibited enhanced cata-
Iytic activity toward HER. Copper alone is not an efficient HER
catalyst because of its weak hydrogen binding energy (HBE)
(Fig. 5G and H). Therefore, the improved activity originates
from the synergistic combination of several effects. In nano-
porous structures, defect sites, surface strain, and under-
coordinated Cu atoms modify the d-band structure, thereby
enhancing HER activity. Also improved electrical conductivity
between MXene layers in samples 4b, 7b appears to be a crucial
factor. Electronic interactions at the MXene/metal interface can
alter the electronic structure and catalytic behaviour of the
metal (Cu). Delocalization of electrons within the MXene layer
promotes electron transfer across the interface, modifying the
metal's surface electronic states.”> In MXene/Cu composites,
electron density is shifted from Cu to Ti;C, which leads to the
formation of electron-deficient Cu nanoparticles on the MXene
surface, increasing the adsorption of active hydrogen atoms and
enhancing HER performance.” This interfacial charge redis-
tribution is therefore identified as another major factor
responsible for the high catalytic activity observed in sample 7b.

In the initial sample 10, which contained a high amount of
copper, Al-Cu-Ti phases were observed (Fig. 2C), these phases
may also be present in sample 7 with a lower copper content.
Dealloying of Al-Cu-Ti compounds leads to the formation of
Cu-based materials with two type pores: micropores that remain
after removal of the Al-rich region and nanopores after removal
of Al atoms from CuAl, and Al-Cu-Ti compounds.” This hier-
archical porosity contributes to the high hydrogen-evolution
activity, as it provides a large surface area for electrocatalytic
hydrogen evolution and improves mass-transport properties.
Nanoporous Cu often contains Cu,O species, which can facili-
tate water dissociation, thereby improving HER kinetics.

The HER stability test for sample 7b was conducted over 20
days (at —1.1 V vs. Hg/HgO, current density =10 mA cm™?). A
slight increase in catalytic activity was observed (sample 7c),
which was likely due to partial Cu dissolution (formation of
Cu(OH),” ions in an oxygen environment) and subsequent
redeposition of Cu nanoparticles on the MXene surface. This
process likely resulted in a more uniform distribution of Cu
over the MXene.

The MXene/(NiCu),Al; composite (sample 4b) shows slightly
lower initial catalytic activity than the MXene/Cu composite
(sample 7b), but higher than pure MXene. This difference can

2, recorded in 1 M NaOH solution

Tafel slope,

The exchange current

Overpotential, V

Transfer

Samples (electrodes) b (mV dec™) density, j, (mA cm™?) coefficient, a 10 mA cm 50 mA cm >
Ni 156 0.020 0.37 —0.28 —0.54
MXene 159 0.025 0.36 —0.25 —0.48
7b, (MXene/Cu) 133 0.016 0.43 —0.23 —0.42
7¢, (MXene/Cu) 130 0.016 0.44 —0.23 —0.40
4b, (MXene/(NiCu),Al,) 117 0.013 0.49 ~0.23 ~0.37
4c, (MXene/(Ni-Cu)) 88 0.090 0.66 —0.16 —0.28
5b bulk, (MXene/(NiCu),Al) 191 0.009 0.31 ~0.23 —0.45
8b bulk, (MXene/Cu) 106 0.012 0.55 —0.20 —0.38
10b bulk, (MXene/Cu) 161 0.110 0.56 -0.17 —0.33

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be attributed to the lower MXene content (~68 wt%) and the
presence of Ni and Cu in the corrosion-resistant (NiCu),Als
phase, which exhibits low porosity in the initial sample 4b.

After the 20 day stability test (at —1.1 vs. Hg/HgO) the cata-
lytic activity of sample 4b increased gradually (sample 4c). XRD
analysis of sample 4c (Fig. 2F) revealed that the (NiCu),Als
phase underwent partial decomposition under alkaline condi-
tions, forming Al,O; and Ni-Cu phases. Compared with litera-
ture data where Ni-Cu compounds are typically obtained by the
reduction of Cu®>" and Ni*" ions from solution the Ni-Cu phases
produced via direct etching of (NiCu),Al; in 1 M NaOH should
exhibit greater homogeneity. This is due to the mismatch in
reduction potentials between Cu®>" and Ni*" ions in solution and
the faster deposition rate of Cu®" relative to Ni**.>* Taking into
account the (NiCu),Al; phase structure,”” Al,O; forms around
the Ni and Cu atoms, acting as a substrate and providing
stabilization of the nanostructured Ni-Cu phase against
aggregation.

To obtain more information about sample 4c, XPS analysis
was performed. The survey revealed clear signals from Ti, C, O,

View Article Online
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Ni, Cu, and Al confirming the multicomponent nature of the
composite. The general XPS spectrum in the F 1s region showed
the absence of F-terminated Ti species after etching in 1 M
NaOH, indicating successful removal of surface fluorine groups
(Fig. 7A).

The Ti 2p spectrum displayed a main Ti 2p;, peak at
454.7 eV, characteristic of Ti-C bonding and confirming the
presence of Tiz;C, MXene (Fig. 7B). In addition, the spectrum
exhibited several higher binding energy components corre-
sponding to oxidized Ti species: Ti(u) (Ti 2ps/» 456 €V), Ti(iu) (Ti
2pss, 457 eV) and Ti(w) (Ti 2ps, 458.6 e€V). Which indicates
partial oxidation of Ti;C, MXene during electrolysis. These
features indicate partial oxidation of the Ti;C, MXene surface
during electrolysis.”®

The C 1s core level spectrum (Fig. 7C) showed a dominant
peak at 282.6 eV, assigned to carbon in Ti;C, carbide. The peak
at ~284.6 eV in the C 1s XPS spectrum of Tiz;C, MXene is typi-
cally attributed to adventitious carbon or graphitic C-C bonds,
which may originate from surface contamination or residual
carbonaceous species, rather than from the Ti;C, structure
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Fig.7 XPS spectra for the sample 4c (MXene/(NiCu),Als/Ni—Cu) after HER tests: the survey spectrum (A), the Ti 2p signal (B), the C 1s core level
spectrum (C), the Cu 2p core-level spectrum (D), the Ni 2p spectrum (E).
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itself. Additional peaks were detected at 286.0 eV, correspond-
ing to C-O bonds, and at 288.0 eV, corresponding to C=0
bonds.

The Cu 2p core-level spectrum (Fig. 7D) revealed a Cu 2ps,
binding energy of 933.6 eV, which is +1.0 eV higher than that of
metallic Cu (932.6 eV)*® and +0.6 eV higher than values typically
reported for Cu nanoparticle/MXene composites (932.9 eV).”®
This positive shift suggests electron transfer from Cu to Ti;C,
upon contact, consistent with strong interfacial electronic
coupling between Cu and MXene. The increased binding energy
of Cu 2p;;, (933.6 eV) therefore reflects intimate Cu/Ti;C,
interactions and may be associated with a more homogeneous
distribution of Cu species including single atoms and nano-
particles on the MXene surface, promoted by prolonged cycling
during the stability test. Notably, no additional peaks corre-
sponding to Cu oxides were detected, indicating that copper
remains predominantly in the metallic state after electro-
chemical operation. Furthermore, in the Ni-Cu alloy, Cu atoms
share electrons with the more electronegative Ni atoms, leading
to partial electron withdrawal from Cu. This effect causes
tighter binding of the Cu core electrons and, consequently, an
increase in the observed Cu 2ps/, binding energy.*®

A weak Ni 2p signal was observed in the spectrum of sample
4c (Fig. 7E), with the main Ni 2ps,, peak located at 852.6 eV,
characteristic of metallic Ni. A secondary peak at 855.5 eV
corresponds to Ni 2p;,, of Ni*" in Ni(OH), species.'® In alloy
systems, Ni may exhibit minor shifts in binding energy,
although these are typically small unless oxidation occurs.
Overall, the chemical environments inferred from the XPS
analysis are consistent with the structural features determined
by XRD.

The relatively weak Ni 2p signal intensity compared with the
Cu 2p signal in sample 4c indicates a higher surface concen-
tration of Cu than Ni. According to XRD data, Ni and Cu in
sample 4c are predominantly present as the (NiCu),Al; phase
(Fig. 2F). It is likely that partial dissolution of surface Ni from
the (NiCu),Al; phase occurred during HF acid etching. The
remaining surface layer of this phase appears to be coated with
metallic Cu and Ni-Cu alloy, which protects the underlying Ni
and Al from further etching and contributes to the enhanced
corrosion resistance in HF medium.

When MXene is partially oxidized, its surface terminations
can be replaced or complemented by TiO,-like domains.
Although XRD did not reveal distinct peaks corresponding to
titanium oxides in sample 4c (Fig. 2F), the electronic conduc-
tivity of pristine MXene is expected to decrease upon oxidation.
However, the incorporation of conductive metals such as Cu
significantly enhances the electrical performance of the
composite. The synergistic interaction between MXene sheets
and Cu nanoparticles promotes the formation of efficient
electron-transport pathways, maintaining high electrical
conductivity even after partial MXene oxidation.

The calculated exchange current density values (j,) which
represent the intrinsic catalytic activity for MXene and MXene/
metal composites (samples 4b and 7b) showed comparable
initial values at low overpotentials. However, at higher current
densities (50 mA cm?), the bare MXene electrode exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a larger overpotential, attributed to poor electrical connectivity
between individual MXene nanosheets.

The exchange current density obtained for sample 4c is
comparable to values reported for pure Ni-Cu compounds.®
Several factors contribute to the enhanced catalytic activity. Ni
alone provides strong hydrogen adsorption, which can hinder
desorption, whereas Cu weakens the hydrogen binding energy
(HBE). The combination of Ni and Cu modifies the electronic
structure of Ni, thereby optimizing hydrogen adsorption energy.
The electronic interaction between Ni and Cu downshifts the d-
band center of Ni, which enhances catalytic activity by
promoting hydrogen desorption from Ni.'*>*** In addition, the
MXene component in MXene/metal composites facilitates water
adsorption and dissociation, resulting in improved HER activity
at higher potentials, consistent with acceleration of the Volmer
step in the HER process.

3.4.1 MXene/metal bulk composites. At low Cu content in
MXene/Cu composites (bulk sample 8b), and (NiCu),Al; in
MXene/(NiCu),Al; composites (bulk sample 5b) exhibit HER
activity comparable to that of the powder-based samples 7b and
4b (Fig. 6E, F and Table 4). This behavior is largely determined by
the thickness of the MXene/metal layer. However, these
composites display poor mechanical stability and tend to fracture
under HER testing at high current densities (100 mA cm™?).

At higher Cu content, the three-dimensional (3D) porous
MXene/Cu composite (bulk sample 10b) demonstrates sufficient
mechanical strength, maintaining structural integrity even at
current densities up to 100 mA cm™ 2. The calculated exchange
current density (j,) for this sample indicates high intrinsic cata-
Iytic activity and low overpotential at low current densities.
However, as the current density increases, a gradual decrease in
HER performance is observed (Fig. 6E, F and Table 4). This
performance drop is attributed to mass-transport limitations
arising from the densely stacked MXene layers, which restrict ion
and gas diffusion, reduce electrolyte accessibility, and trap
generated hydrogen bubbles within the porous structure, leading
to an apparent loss in catalytic activity.

It is believed that there remains considerable potential for
further optimization of the 3D microstructural architecture and
MXene layer arrangement in such electrodes to achieve superior
electrocatalytic performance in future designs.

4 Conclusions

This work presents a simple and efficient strategy for the
synthesis of MXene/metal composites from MAX phase/metal-
Al alloy precursors. The presence of NiAlz, NiAl; and (NiCu),-
Al;, CuAl, phases with low melting points in the initial reaction
mixture enabled a reduction in synthesis temperature and time
for the formation of the Ti;AlC, MAX phase. In addition, these
phases suppressed Al evaporation during sintering and
enhanced the density of the final products. Consequently, NiAl,
and CuAl, alloys provided a favourable environment for the
growth of highly ordered MAX phase crystals.

Supported MXene/metal composites with porous architec-
tures were directly obtained through etching and dealloying of
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bulk MAX phase/metal-Al precursors, without the need for
additional processing steps.

The resulting monolithic MXene/Cu composites with high
Cu content exhibited a hierarchical 3D porous structure,
ensuring efficient electrolyte accessibility, enhanced interflake
electronic conductivity, and effective utilization of MZXene
intercalation capacitance. However, the rigid nanoporous Cu
matrix limited interlayer expansion in MXene, which con-
strained ion and gas diffusion and slightly reduced catalytic
activity at high current densities.

Electrochemical studies demonstrated that the MXene/Cu
and MXene/Ni-Cu composite electrodes possess moderate
HER activity, attributed to their hierarchical porosity, high
surface area, and MXene-metal electronic interactions. The
synergistic combination of nanoporous Cu and Ni-Cu phases
with MXene significantly enhanced electrocatalytic perfor-
mance and charge transport efficiency.

Overall, this study highlights the potential of MXene/metal
composites as promising electrode materials for electro-
chemical energy conversion and storage applications. Future
research should aim to optimize the 3D microstructure and
tune interfacial interactions to further improve electrocatalytic
activity, electronic conductivity, and long-term operational
stability.
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