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Critical Analysis of MXene Production with In-Situ HF

Forming Agents for Sustainable Manufacturing

Antonio Gentile,”" Stefano Marchionna,” Marcella Balordi,” Gioele Pagot,?
Chiara Ferrara,*™ ¥ Vito Di Noto,“ and Riccardo Ruffo®

MXenes are an emerging class of materials considered for many
applications, such as sensors, catalysis, energy storage devices.
The main obstacle towards their massive implementation is the
synthesis requiring the direct use of HF as etching agent. The
development of alternative synthetic routes exploiting in-situ
forming HF agents is the main strategies to overcome this
limitation. In this study four different etching methods based
on the use of NH,HF, NaF-HCI, HBF, and NaBF,—HCl are
compared to produce Ti;C,T, from Ti;AlC, towards the applica-
tion of MXenes in sodium ion batteries. Three of such etching
methods have already been reported while one is here
presented for the first time. The structural analysis of the
obtained products is based on X-ray diffraction (XRD), scanning
electron microscopy-energy dispersive X-ray spectroscopy

Introduction

The development of two-dimensional (2D) materials is a field in
continuous expansion finding more and more applicative
sectors thanks to the peculiar optical, electronic, thermal, and
mechanical properties of such materials." Although 2D
materials should be single layer by rigorous definition, in many
case the presence of free hanging bonds/high energy sites on
the surface of the layers can lead to the aggregations of dozens
of layers with the formation of pseudo-bulk structures that
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(SEM-EDX), and X-ray photoelectron spectroscopy (XPS) analy-
sis. All the materials have been tested in half-cell configuration
vs. Na; the charge/discharge profiles and the C-rate tests are
discussed and related to specific structural features. Overall, the
results reveal that the MXene obtained using the HBF, etching
agent under mild conditions is comparable both in structure
and functional properties to the benchmark material, i.e., the
MXene produced using HF at 5% concentration. Indeed, the
MXene synthetized with the HBF, presents the lowest mean
voltage and potential hysteresis and shows the highest first
cycle efficiency (69.7%), overcoming the performance of the
MXene produced with 5% HF (67 %). This study proves the
possibility to produce MXene with a more sustainable route.

resemble three-dimensional (3D) layered materials. However,
the properties of these two families of materials are very
different, because in the 2D pseudo-bulk materials the func-
tional properties are determined by the internal surfaces
between the lamellae, which have chemical-physical character-
istics more similar to those of chemically functionalized surfaces
than of ordered atomic structures (3D layered materials). A
noteworthy and emerging example of these materials are the
MXenes, a class of 2D materials with M, ;X T, formula based on
M, X, lamellae (n ranging from 1 to 2) with T terminal groups
attached on the surface, as seen in Figure 1 with M=Ti, X=C, n=
2. The nature of the M, X, lamellae depends on the precursor
used for the synthesis while the T terminations depend on the
synthesis conditions. Indeed, the MXene are synthesized by the
MAX phase precursor M,_;AX, in which M is a transition metal
(e.g., Ti, Cr, V, Mo, Nb), A can be an element from group 13 or
14 (mainly Al or Si), X can be carbon (C), or nitrogen (N) or a
mixture of the two.*” The MAX phase can be described as 3D
layered structures (space group P6;/mmc) in which the atoms
arrange along the c¢ axis with a repetition of M, X, layers
spaced by A planes (Figure 1a).® The MXenes can be obtained
from the MAX phases through the selective removal of the A
element, generally obtained via etching. This procedure
involves the substitution of the A element with terminal
groups T. The chemical nature and relative percentage of
different species of the terminations can be partially controlled
through the selection of the etching agent (HF, HF generating
agents, molten salts)®'? and with subsequent chemical
modifications™ resulting in —O, —OH, —F, —Cl, —Br, —I, =S, —NH
groups. Due to the peculiar synthesis, the MXene maintains the
same MAX phase lamellar nature, with each lamella made by a
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Figure 1. (a) Crystalline structure of the MAX phase (Ti,AIC,) and MXene
(Ti;C,F,) functionalized after etching (Ti grey, C black, Al green, F orange,

O red). The treatment produced an increase of the interlayer distance along
the ¢ parameter due to new functionalization instead of aluminum.

(b) Schematic process of etching for the production of MXene phase.

repetition of [T (M, X.)T,] stacks.'"" As described above, the
interlayers’ interactions (dipolar and Van der Waals) related to
the presence of terminal groups lead to formation of
aggregated 2D bulk particles.f! However, depending on the
nature and stoichiometry of the T groups, this situation can be
modulated and the weakness of the T--T interlayers’ interactions
leads to the formation of larger and accessible interlayer spaces.
Moreover, thanks to the terminations, MXenes are extremely
polar and can be easily delaminated and dispersed in both
aqueous and organic polar solvents.">'?

The high-surface delaminated MXene sheets have be used
in gas storage,l'” as photo-"® or electro-catalyst,"**” in water
desalination,”"* and in electrochemical capacitors and re-
chargeable batteries.®?*! Specifically, the optimal interlayer
distance and other beneficial properties of the MXene such as
high electrical conductivity, good mechanical properties, and
flexibility, make this class of compounds extremely suitable for
this latter application. Furthermore, the dipolar interactions
between these T, groups do not allow the flaking or
pulverization of the particles during the intercalation and
deintercalation processes of the ions. The system, in fact, reacts
to the movement of ions by reversibly adapting the interplanar
distance.®® Despite the multiple options regarding the
substitution of elements M, A, and X, the most studied and
used MXene is the Ti,C,T, phase, given the relative ease of
etching of the corresponding precursor Ti;AlC,. The most
common and exploited way to produce Ti,C,T, from Ti;AlC, is
the etching in hydrofluoric acid or in acid solutions containing
fluoride ions.>*'" For these specific reactions, the T groups
introduced on the MXene layers can be —O, —OH, —F, i.e,, all the
anions present in the etching bath. Ti;C,T, was proposed as
anode for sodium ion batteries due to the scarcity of materials
able to reversible intercalate sodium ions at low potential vs.
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indeed, remains the bottleneck for the large production and
application of the MXenes in different fields, due to the use of
hydrofluoric acid, which is toxic, difficult to handle, and requires
dedicated apparatus and facilities. Although examples of mini-
plants that can produce the Ti;C,T, phase in amount of
industrial interest are already present,” the process simplifica-
tion is mandatory and the use of HF low concentrated solutions
or of reagent mixtures able to form HF in situ is desirable. There
are, indeed, only a few examples of MXene production through
HF free processes and such as hydrothermal reactions in NaOH
27 M (Bayer method),”” the use of molten salts at high
temperatures,”?** the use of ionic liquid® or use of precursors
forming HF in situ.”? While the hydrothermal method and use of
molten salts involve the use of harsh conditions, the in-situ
generation of HF can be considered as a profitable way to
dump the overall hazard of the synthesis. As already discussed,
the etching agent and the synthesis conditions strongly
influence the nature of the T terminations, the amount of
impurities, and the presence of intercalated species. Moreover,
the microstructural and morphological characteristics of the
final product are also dependent on the same parameters. All
these aspects, in tuns, have strong impact on the electro-
chemical properties of the materials and must be thus
controlled.B"

In this work we compare four different etching routes to
obtain Ti;C,T, starting from the MAX phase precursor. The four
etching solutions are based on: i) NH,HF,, ii) NaF in HCl, iii) HBF,,
and iv) NaBF, in HCl. The reactions occurred for the in-situ
formation of HF in these four etching solutions are described as
Equations 4-14. While the NH,HF,, NaF in HCl, and NaBF, in HCI
have already been reported, here we propose for the first time
the use of the HBF, as etching agent; moreover, we optimized
the procedure for the other three methods. In the literature
some examples of MAX phase etching in NaF in HCI®" and
NH,HF,%? have been reported and there is only one example of
the MXene production in a NaBF, and HCI®¥ solution through a
hydrothermal synthesis at 180°C, but this experimental setting
involves the complete dissolution of the salt and the formation
of HF in solution. To make less corrosive and safer the reaction
environment, in this work we operated at low temperature in
order to exploit directly HBF, as an etching species and not
relying only on the HF produced by its decomposition. There
are studies showing that HBF, is an acid that can be used as a
substitute for HF in many synthetic processes, such as acid
digestions or silica etching on silicon wafers or piezoelectric
materials.®¥ Under these conditions, the kinetics of degradation
and formation of HF, however, is slower than the hydrothermal
reaction,® so in this work it was assessed if HBF, species can
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be considered, like the previous ones, an etching agent for
Ti;AlC,.

This study is aimed to compare the structural, morpholog-
ical, and electrochemical properties of the obtained MXenes
and to rationalize the effect of the etching agent on their
properties. The electrochemical performances are referenced to
those of the Ti;C,T, obtained by our group with direct use of HF
5 wt% with optimized etching procedure™*® considered here
as the benchmark. With the present work we demonstrate that
the MXene obtained exploiting the HBF, as etching agent
shows electrochemical properties similar to those of our
standard. The more sustainable route for the MXene production
can be considered as a valid alternative to the direct HF etching,
opening the way for the massive production of such material.
All the materials have been analyzed and characterized by X-ray
diffractometry, the morphology by scanning electron micro-
scopy, the composition by elemental analysis (CHNS) and X-ray
photoelectron spectroscopy (XPS) analysis and the performance
in sodium ion cells by galvanostatic cycling with potential
limitation.

Results and Discussion

The X-ray diffraction (XRD) profiles of MX_NaF_HCIl, MX_NH,HF,,
MX_HBF, and MX_NaBF,_HCl are presented and compared in
Figure 2 and in Table 1 together with the details of the
preparation; the experimental patterns are compared with an
MXene produced in HF 5% wt HF (MX_HF.,) and the precursor
MAX phase for which a detailed analysis has performed by our
group and results have been reported in previous works.**®
The obtained patterns demonstrate that all the considered
etching solutions can be exploited to successfully obtain the
complete conversion of the MAX phase into the MXene under
the considered and optimized experimental conditions. This can
be inferred from the downshift of the 002 peak (9.5° for the
MAX phase) to lower angles (7°-9° depending on the samples)
which can be associated with the increase in interplanar
distance due to the replacement of Al layers in the MAX phase
with 2 layers of T, terminations (Figure 1a). The (10 /) reflections,
well resolved and sharp for the MAX phase, are blurred and
differently broadened for the four MXenes; this peculiar effect is
associated with the loss of diffracting coherence among the
layers and is considered as identifier of successful etching of
the MAX phase.’”?¥ All the etching solutions can be thus
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= MX_HBF, 3
— MX_NaBFA_HCI }
= MX_NH,HF, % |
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Figure 2. XRD patterns of all the MXenes produced in the work compared to
Max phase precursor and MXene produced with traditional HF-etching and
zoom in the 5-11 deg. in the insert.

exploited for the preparation of the MXene from the MAX
phase. At the same time a closer inspection of the patterns
reveals that the obtained products are different, and the
characteristic features depend on the etching method explored.
Indeed, the basal interplanar distance calculated from the
angular position of the (002) peak is strongly influenced by the
type of etching solution; the values of the interplanar distance
calculated by means of the Bragg law are reported in Table 2.

Generally, for all the explored etching solution, the obtained
MXenes have larger interlayer distance with the respect to the
reference MX-HF;,. The observed trend is in good agreement

Table 1. List of samples and experimental parameters considered for the etching procedure.

Sample Etching agent Nominal max HF concentration [%w]* Time and temperature [h/°C] Synthesis yield [%]**
MX_HFsq HF 50 24/25 95
MX_NH,HF, NH,HF, 35 24/40 90
MX_NaF_HCl NaF in/HCl 4.0 24/40 94
MX_HBF, HBF, 183 24/60 71
MX_NaBF,_HCl NaBF, in HCI 7.3 24/60 65

[¥] The calculated HF concentration is the maximum value obtainable considering the Reactions 4-14 presented in the Experimental Section completed.
Actually, this cannot be obtained under the experimental conditions considered, especially for the HBF, and NaBF, systems. The values have been
calculated to allow a direct and easy comparison among the etching solutions. [**] The yields are referred to the synthesis process and not to the

conversion process and have been calculated on the base of the weight of the powders as described in Equation 15.
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Table 2. Cell parameters in relation to 002 peaks position and reference
values where available for the 20 peak positions. The size of the diffracting
domains has been estimated from the broadening of the 002 peak using
the Sherrer equation.

Sample 20 d(002) Unit cellc 20 ref. Crystallite
[deg] [nm] [nm] [deg.] size [nm]
MAX 955 093 1.85 58
phaseB“'”]
MX_HF5, 2+ 9,10 097 1.94 21
MX_NH,HF, 716  1.23 247 7.1581 28
MX_NaF_HCI 840  1.05 2.10 7.4857 6.4
MX_HBF, 806  1.10 2.19 7.2
MX_NaBF, HCl 6.43 137 2.75 71853 29

with the trend obtained from literature value.®'***® The
variability among the samples is rationalized considering that
the interlayer spacing is determined by the nature of T
terminations and also by the interlayer species that can be
trapped/stored during the etching reactions, as already
described."*® The use of in-situ HF forming agents involved
the presence of cations and anions and molecules in the
etching medium such as Cl7, Na®, NH,”, H;BO; that have
already been observed to be trapped within the layers, resulting
in expanded spacing. The presence of intercalated species can
affect the kinetic of the etching reaction and also the electro-
chemical properties, altering the Na intercalation/deintercala-
tion mechanism.

The etching procedure also affects the degree of disorder of
the layered materials; this can be inferred from the blurring of
several reflections of the (10/) class in the 30°-50° angular
range, as widely discussed previously by our group.?® Consider-
ing the 002 reflection, the broadening is also associated to the
thicknesses of the coherent crystalline domains inside the
lamellae along the c axis. The simple application of the Scherrer
formula leads to thicknesses and estimation of particles size
that are reported in Table 2. For the MX_NaBF,_HCl, a peculiar
situation is detected as three different peaks are observed. This
can be associated to a multimodal distribution of interlayer
distances and thus to different populations of particles and/or
layers with different interlayer content.*® This sample is also
characterized by the merging of the (10 /) reflection; thus, it can
be concluded that the etching reaction is complete, but a
mixture of different products is obtained. This hypothesis is
supported by the XPS data showing that no Al is detected for
the present sample, confirming that the MAX conversion into
the MXene has been completed. XPS analysis also reveals the
presence of chlorine; the introduction of —Cl as possible
termination can be correlated with the presence of a multi-
modal distribution of interlayer distances.

The differences revealed at structural level are detected also
at higher scale in the morphology of the products, as evident
from the scanning electron microscopy (SEM) images reported
in Figure 3 for the different MXenes and the starting MAX
phase. The compact lamellar morphology of the MAX phase is
preserved only for the MX_NaF_HCI product, that is the sample
showing the lower interplanar distance. In the other cases the
morphology becomes accordion-like, with open 2D structure in

ChemElectroChem 2022, €202200891 (4 of 10)

Figure 3. SEM images of: (a, b) MAX phase; (c, d) MX_NH,HF,; (e, f) MX_
NaBF,_HCI; (g, h) MX_HBF,; (i, j) MX_NaF_HClI at different magnifications.

particular for the MX_NH,HF, composition. The lamellae have
an average thickness of 150-200 nm for all the samples and
different degree of surface roughness. This final aspect could be
associated with the presence of impurities or with partial
molten materials, in particular amorphous and nanometric TiO,.
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«Fo particles formed following the exothermic reaction between
hydrofluoric acid and aluminum and already observed for
similar compositions."****"" The considered etching methods
thus allow to obtain different morphology as the NaF/HCI
solution leads to the formation of a compact MXene structure
while the use of NH,HF, solution allows for the formation of
open 2D system.

The obtained MXenes have been characterized also in terms
of chemical composition; the elemental composition from
CHNS analysis is reported in Table 3. All the materials do not
show significant carbon losses compared to the MXene
theoretical composition. The exact stoichiometry of MXene
cannot be defined because its general formula is Ti;C,F,O,(OH),
with undefined stoichiometry with respect to the terminations.
It has been shown that the —OH functionalizations are generally
lost in favor of —O functionalizations® and that a full coverage
of the termination T sites is expected based on thermodynamic
stability evaluation.*?™*¥ On these bases, a Ti;C,FO stoichiometry
can be considered as the average reference composition and
thus the percentages of titanium, carbon, fluorine, and oxygen
should be respectively 70.88 wt%, 11.85 wt%, 9.35 wt%, and
7.89 wt%. Considering the data in Table 3, the amount of
carbon for all the samples is comparable to the theoretical
quantity expected for the material, thus confirming the
successful synthesis. All the MXenes have a modest amount of
hydrogen, produced by Reactions 1-3; evidence of the trapping
of H, within the lamellae have already been reported by our
group.™ For the MX_NH,HF, sample 0.61 w% of nitrogen is
detected; this is further evidence of the presence of ammonium
ions that intercalates in the structure during the etching, as
already reported for similar system.®"

To further explore the composition of the MXenes and
highlight the effects of the different etching agents, XPS
analysis have been performed on all the samples, the main
results are reported in Figure 4. The complete removal of Al
from the MAX phase has been verified as in our previous work
by the absence of the characteristic Al signal at 74 eV in the
XPS portion (data not shown), in agreement with previous
studies,"**? confirming once again the effectiveness of the
etching methods. Considering the MXene building blocks, the
Ti—C layers, the Ti and C spectra are reported in Figure 4.

All the Ti 2p spectra can be fitted with four couples of peaks
(due to the spin-orbit splitting), each one attributed to titanium
species with an increasing oxidation state. In particular, for the
Ti 2p;,, peaks: (i) at ca. 454.8 eV the Ti'" signal is observed;
(ii) the peak centered at ca. 455.6eV is attributed to Ti?*
species; (iii) the Ti*™ contribution appears at ca. 456.7 eV; and
(iv) at ca. 459.1 eV the Ti** signal is observed.'**** The relative

Table 3. Elemental analysis (CHNS) of the MXenes.

Sample C [%w] H [%w] N [%ow] S [%w]
MX_NH,HF, 10.99 0.58 0.61 0.12
MX_NaF_HCI 10.47 0.61 0.00 0.21
MX_HBF, 10.65 0.55 0.00 0.07
MX_NaBF,_HCI 9.47 0.61 0.00 0.21
MX theoretical 11.85 0.00 0.00 0.00
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intensity of these peaks is strongly dependent on the employed
chemical process for the synthesis of the investigated samples.
In particular, it can be observed that all the etching processes
give rise to a situation where titanium atoms are more oxidized,
in agreement with the redox reactions 1-3.

The C spectra of all the samples are dominated by the signal
of the MXene (282 ¢eV), proposed as the indicator of the
presence of the Ti—C network.* Other signals in the 284-
288 eV region are related to the presence of impurities and
oxidized species;"****! such impurities are observed for all the
considered samples. In particular, these peaks can be attributed
to: (i) sp®> C atoms of adventitious carbon at ca. 284.8 eV,
(ii) oxidized C—O carbon functionalities at ca. 286.0 eV; (iii) C=0
carbons at ca. 287.2 eV; and (iv) O—C=0 carbonate functional
groups at ca. 289.4 eV."*** |t is interesting to observe that
HBF, and NaF_HCl samples show the lowest content of carbon-
based impurities. Moreover, in NaF_HCI the dominant contribu-
tion to carbon contaminants are in the oxidized form. This is an
indication that the synthetic route adopted to obtain the
MXene samples strongly affect also the residues deposited onto
the surface of active particles. Nevertheless, it must be pointed
out that XPS analyses give a picture of only the surface of the
analyzed material, which is often non-representative of the bulk
composition.

Considering the F spectral region, a unique peak is
associated to the MXene (685 eV, data shown in Figure 4) and
the small minor contribution can be related to TiO,_F,, species
and/or NaF as surface residue of the etching process. Thus, for
all the prepared MXene the F terminations are present and
cannot be excluded. As widely accepted, it is not possible to
obtain pure compositions (e.g., Ti;GF, and Ti;C,0,) using
etching procedures always leading to the introduction of
different terminations. From the O region, the trend derived for
the T composition from the analysis of the Ti portion is
confirmed. Indeed, two peaks have been attributed to the
C—Ti—O and C-Ti—OH/C-Ti—F moieties at 529.8 and 532.0 eV,
respectively, while the 530.8, 533.4 and 534.6 eV peaks are
associated with presence of TiO,,F,,, oxidized carbon function-
alities and adsorbed H,0."4*”

The XPS analysis thus confirms the presence of the Ti—C
skeleton, the F/O mixed composition for the termination, but
also the presence of intercalated species. Indeed, for the MX_
NH,HF, sample is observed the highest nitrogen content
(3.4 at%, associated to impurities for the other samples) and
associated to NH,* moieties intercalated within the layers that
can explain the high interplanar distance determined from XRD
analysis (1.23 nm).2" Similarly, the presence of chloride ions as
termination and/or intercalated species are revealed for the
MX_NaBF,_HCl samples (3.7 at% vs no detection for other
samples) for which the highest interplanar distance has been
determined (1.37 nm), while the presence of Na is detected for
the MX_NaF_HCI samples (26.2 at%) with associated d 1.05 nm.
The observed trend in the interplanar distance follow the trend
in the ionic radii of the considered ionic species (Nat 1.02 A,
NH," 1.48 A, CI” 1.81 A). All the considered samples are thus
comparable in terms of purity, elemental composition, and
morphology to the MX_HF;, reference samples. At the same
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Figure 4. Selected portions (Ti, C, O, F) of the XPS spectra acquired for the four samples considered in this study.

time all the samples present higher interplanar distance with
respect to the MX_HF,, composition thus being very promising
for application as anode for sodium ion batteries. For these
reasons, all the materials have been tested; results are reported
in Figure 5.

The charge and discharge profiles, in Figure 5a, show that
all MXenes show a pseudocapacitive behavior. All materials
have a sloping potential for most of the explored range and,
with the exception of MX_NaBF,_HCl, a small plateau around
2.2V indicating a biphasic electrochemical process,*® already
observed in the literature in MXenes produced with low
concentrations of HF. All the materials show significant charge
loss during the first cycle. The profiles are different for each
composition such as the degree of the irreversibility, thus
different mechanism and reactions must be inferred. This is
consistent with the different impurities and intercalated species
detected from the XPS analysis discussed above. A contribution
of the irreversibility is coming from the formation of the solid
electrolyte interphase, SEl, on the surface of the lamellae,
electrochemical process that occurs on the electrode below 1V
vs Na*, and by a partial irreversible intercalation of sodium, as
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widely discussed in the literature.* Despite the possibility of
remedying this inefficiency by means of chemical or electro-
chemical pretreatments, the first cycle coulombic efficiency is a
quantitative parameter that allows the active material to be
judged qualitatively. In this regard, the MX_NH,HF,, MX_NaF_
HCI, MX_HBF, and MX_NaBF,_HCI have first cycle efficiency of
36.9, 57.7, 69.7, and 55.4%, respectively. MX_HBF, therefore
shows a value that is not only better than the other treatments,
but also higher than the standard etching procedure in 5% HF
(67 %).[14]

To further characterize the electrochemical performance,
the C-rate tests have been performed, and results are reported
in Figure 5b. All the materials tend to stabilize after 4-5 cycles,
this can be seen from the efficiency which converges over 99%.
Specific capacity varies between the materials: considering the
capacities delivered at 15mAg™' between cycles 60-70 we
obtain an average capacity of 115 mAhg™' for MX_NH,HF,,
100 mAhg™' for MX_NaF_HCl, 96 mAhg™' for MX_HBF,, and
83 mAhg™' for MX_NaBF,_HCl. The values reported for the first
two materials are similar with those reported in the literature
for MXenes produced under the same conditions"¥ and for our
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Figure 5. (a) Charge-discharge profile of MXenes in half cell vs sodium.

(b) The cycling performance: specific capacity and coulombic efficiency, in
the C-rate test. The current used are: 15, 30, 75, 150, 750, 1500, and

15 mAg~". (c) Mean voltage in the cycling.

reference composition.?® The capacity of MX_HBF, is in line
with these two MXenes, so it is possible to define that the
etching in this acid is equivalent to other conventional and
standard etching in the literature. The MX_NaBF,_HCl has a
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lower capacity than the other materials in all current ranges
explored. This decrease could be related to the peculiar crystal
structure of this sample, which is characterized by a multimodal
distribution of interlayer distances, as shown in Figure 2. In fact,
as already demonstrated, the reduced crystal order is respon-
sible for lower electrochemical performance.™ Although the
evaluation of capacity retention during a long cycle is not the
purpose of this work, we can see that all materials show no
decrease in capacity at the end of the test, the first and 70th
cycle anodic values being practically the same. However, this
result is in line with the literature, where it has been shown that
Ti;C,T, is one of the negative electrodes for the Na lon Batteries,
NIBs, with the longest lifetime in full cells.

Finally, the average potential in sodiation and desodiation
has been evaluated (Figure 5¢). It has been calculated as the
ratio between the energy of the cell and the obtained capacity.
The potential hysteresis increases with the current during C-rate
test due to the increase in overvoltages. The mean voltage,
calculated between 60-70 cycles in desodiation, that is when
the MXene works as an anode in the battery. The obtained
values are between 144V and 1.54V for the considered
samples, being extremally promising for their application.
Indeed, for a considered anodic material it is very important to
show the lowest possible average potential because in a full
cell it allows to exploit different cathodes. Among the
considered materials, the best is MX_HBF,, which has both the
lowest mean voltage and the lowest potential hysteresis. On
the contrary, MX_NaBF,_HCI has the greatest potential hyste-
resis between charge and discharge due to a large overvoltage
in the intercalation process of sodium in its structure.

Conclusion

We reported here the comparison among different etching
techniques considered as alternative to the direct use of HF
etching. Three of the proposed methods have already been
reported but here optimized, allowing for a direct comparison.
The last one is here reported for the first time. Different
techniques have been exploited to characterize the main
aspects associated to the structure, composition, and morphol-
ogy. The results reveals that all the considered solutions can
successfully produce MXenes powders under the considered
experimental mild conditions avoiding the direct use of HF.
While the morphology is similar and differ only for the more or
less pronounced lamellar structure, the produced MXenes are
characterized by different interplanar distance, strongly de-
pendent on the termination and moieties intercalated during
the synthesis (e.g., Na*, NH,™); the composition varies similarly
due to the etching media that influence both the termination
composition and the presence of possible intercalated moieties.
All these aspects have a role in determining the electrochemical
performances and tailoring the peculiar properties in terms of
delivered capacity, irreversibility, average potential. The best
results are shown by the MXene obtained with the newly
introduced etching solution, i.e, the HBF, based etching
medium. Indeed, while the delivered capacity is 96 mAhg™" and
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thus slightly lower than the value obtained for the MX_HFs,
standard, it shows low average potential and the best capacity
retention reported by our group. The overall performances are
thus comparable to the reference MX_HF.,, produced with the
conventional methods using HF. Although the obtained final
products are similar, the two etching agents are characterized
by huge differences in terms of harmfulness and minima safety
requirements both at laboratory and industrial scale. Indeed,
while the HBF, is labelled as dangerous and has hazard
statements associated with skin burns, HF is categorized as
dangerous, fatal if swallowed, in contact with skin or inhaled.
The newly proposed method is thus emerging among the
considered in-situ HF forming processes as the most suitable
for the sustainable, scalable, and easy production of MXene
under mild conditions (24 h, 40°C, water solution), opening the
way for the massive production of such material.

Experimental Section

MAX phase synthesis

The Ti;AIC, MAX phase has been obtained using the spark plasma
sintering (SPS) method; this procedure has been already widely
considered for the synthesis of this class of materials.”**” The SPS
promotes the reaction of the starting mixture and the densification
of the final product exploiting low temperature and shorter time
comparted to traditional hot pressing/solid state synthesis.

A mixture of Ti, Al, TiC has been prepared in molar ratio 1:1:1.9;
the off stoichiometry has been optimized to minimize the TiC as
secondary phases in the final product.®” The starting powders have
been mixed in a Turbula shaker for 24 h, and then heated at
1300°C (heating rate of 80°C/min) with mechanical load for 5
minutes and compressive load of 43 MPa, using 300 mbar of Ar
pressure in the SPS chamber. The obtained material has been finely
grounded and the fraction with particle size <50 um has been
considered for the etching procedures.

MXene synthesis

The etching reaction is based on the presence of HF, formed in situ.
As reference, the traditional HF etching is here reported. The
etching reaction can be resumed with three steps occurring
simultaneously that can be described using Equation 1-3:%?

Ti;AlC, + 3HF = AP™ + 3F +Ti,C, + 1.5H, m
Ti,C, + 2H,0 = Ti;C,(OH), + H, )
Ti,C, + 2HF = Ti;G,F, + H, 3)

The speed of the etching increases with the concentration of HF in
solution. The complete etching of the MAX phase requires, in fact,
from 5 to 24 hours decreasing the HF concentration from 30% to
5%, respectively.®” When the in-situ HF generation approach is
used, the reaction times are longer ranging from 24 to 48 hours.
The duration of the treatment here reported has been optimized to
maximize the yields of MXene.
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Preparation of the solutions

The etching protocols are very similar to each other. The synthesis
scheme is showed in Figure 1b. For all the preparation and etching
procedures Teflon labware has been used. Four aqueous solutions
are prepared with the following chemical species:

- NH,HF, at 10 wt%,

- NaF +HCl in composition 8.5 wt% + 18 wt %,
- HBF, at 20 wt%

- NaBF,+ HCl in composition 10 wt% + 18 wt %.

The four aqueous solutions produce HF in situ with the following
reactions:

Etching solution 12
NH,HF, = NH,* + HF + F~ “
HF + H,0 = F~ + H,0* "
Etching solution 2°"
NaF + HCl — HF + Na* + CI- o
HF + H,0 = F~ + H,0* 7

Etching solution 37

HBF, = HF 4 BF; (8)
BF, + 3H,0 = 3HF + H,BO, )
HF + H,0 = F~ + H;0" (10)

Etching solution 4

NaBF, + HCl — HBF, 4+ Na* 4 CI~ an
HBF, = HF + BF, (12)
BF; + 3H,0 = 3HF + H;BO; (13)
HF + H,0 = F + H,0" (14)

While the use of etching solutions 1, 2, and 4 have been already
reported for the etching of MAX phase, the solution 3 has never
been considered before. Moreover, here we standardize the
conditions for the MXene preparation thus the products obtained
for the four procedures are directly comparable. The maximum
nominal amount of HF that can be obtained for the four solutions
has been calculated for a comparison with the traditional direct HF
etching; results are listed together with the samples in Table 1.

Etching procedure

The etching solutions have been prepared according to the
stoichiometry reported above; 500 mg of Ti;AIC, (particle size under
50 um) has been slowly added to avoid temperature peaks. Indeed,
even if direct hydrofluoric acid is not used, its formation in solution
can be fast. The reaction with the MAX phase is exothermic and
quick involving significant heating and /or violent production of
gas bubbles. The controlled addition of powders to the solution is

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U8017 SUOWILIOD BA1T.1D) 8{cedl|dde auy Ag peusenob afe e VO ‘8sn 0 SanJ o) Akeuq18UlUO A8|IAN UO (SUORIPUOD-PUE-SWLB) OO 8| 1M Aledl U1 |Uo//:Sdny) SUORIPUOD pue swis | 8y 89S *[zz02/TT/9T] uo Akeiqiauljuo 48| ‘1g oue|iAl I 1pniS 1Be@ eIsieAIuN A] T68002202 91B9/200T 0T/I0p/wWoo" A3 1M Arelq i jpuljuo'adouns-Ans iweyo//sdny wouy pepeojumda ‘0 ‘'9TZ096TZ



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202200891

needed to avoid these effects that can alter the composition and
morphology of the final products. The solutions are kept at 40-
60°C in an oil bath depending on the etching solution. After 24 h,
they are washed and centrifuged several times at 9000 rpm for
10 min until the pH of the supernatant become about 6. The
powders are collected in a watch glass and vacuum dried at 80°C
overnight. The samples obtained are nabbed after the etching
solution, the complete list is presented in Table 1. Although it is not
possible to calculate an accurate reaction yield because it isn’t
possible to define an exact stoichiometry for the samples obtained,
a yield was calculated as:

(MXene_mass)/(MAX phase_mass) x 100 (15)

This formula is commonly used in the literature for these
materials,® results for each composition are reported in Table 1
together with labeling of the samples, experimental conditions, and
the nominal HF concentration.

Powder characterizations

XRD

The crystal structure was studied by a powder X-ray diffraction
system. The instrument was Rigaku Miniflex 600 diffractometer
equipped with a monochromator and a Cu Ka radiation (A=
0.15406 nm). A step scan of 0.02deg. and a scan rate of
1 deg.min~' were used. For the measurement of the parameter ¢
the Bragg relation was used.

SEM

The image at high resolution of the powders was obtained with a
Zeiss Gemini SEM electron microscope.

CHNS

The elemental analysis for the quantification of carbon, hydrogen
and nitrogen (CHNS) was done with Elementar - vario MACRO cube.

XPS

The X-ray photoelectron (XPS) investigations were performed by
means of a Specs EnviroESCA instrument using an AlKa excitation
source (hv=1486.6 eV), working at an operating pressure of ca. 10-
6 mbar. Survey spectra were acquired in the binding energy (BE)
range between 0 and 1460 eV, collecting data at 100eV pass
energy, 1.0 eV:step-1, and 0.1 sec:step-1. High resolution scans were
acquired at 30 eV pass energy, 0.1 eV:step-1, and 0.2 s-step-1. XPS
curves (BE uncertainty= £0.2 eV) were fitted using the Keystone
software of Specs and applying a Shirley-type background function.
The sensitivity factors of integrated peak areas used for atomic
percentages (at.%) quantification were supplied by Specs.

Preparation and characterization of electrodes

The electrode preparation has been based on the following
procedure. The active material, super P carbon and poly(acrylic
acid) (PAA) were mixed in composition 8:1:1 (weight ratio). The
mixture was mixed 1 h at 1000 rom with an IKA Ultra-Turrax T-50
Homogenizer using N-methyl- 2-pyrrolidone as solvent. The dis-
persion was distributed on aluminum foil (MTI, thickness 15 pum)
with a thickness of 10 mils (254 pm) using a doctor blade. The
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coating was dried for 12 h under vacuum at 120°C, and then

calendared. Disc electrodes were cut with a diameter of 16 mm,

and the mass load of active material was around 1.5-2 mgcm 2

The electrochemical measurements were carried out in 2-electrode
cells, i.e., half coin cell CR2032 (Hohsen Corp.) assembled in argon
atmosphere (H,0<0.1 ppm, 0,<0.1 ppm) in glove box. Metallic
sodium was used as a counter electrode and reference while the
electrolyte, supported on a glass fiber separator (Whatman®), was
1M NaPF4 in ethylene carbonate (EC)/diethyl carbonate (DEC) in
ratio 1:1 vol%. The C-rate tests were performed using the following
7 current steps 15, 30, 75, 150, 750, 1500, and 15 mAg". The first
10 cycles and the last 10 cycles were useful to compare the stability
of the material after the high currents. The instrument was a
multichannel Bio-Logic VMP3.
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HF: The Ti;C,T, MXene is one of the
most exploited in many fields of ap-
plications; here we review the HF-
free synthesis reported in literature
and propose a new method for the
sustainable production of MXenes.
The results are compared in terms of
purity of samples, morphology, com-
position, and application as anode
for sodium ion batteries.
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