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ABSTRACT

Galvanic replacement in molten salts has recently been uncovered as a pathway to design new
compositions of layered transition metal carbides related to the family of MAX phases, Mn.1AlX,, where
M is a transition metal, X is carbon for carbide phases, and A is mainly an element of llIA and IVA groups
of the periodic table. These compounds can be further involved in etching processes by removal of A
elements to yield new 2D transition metal carbides Mn.1XnT,, so-called MXenes, where T stands for
surface groups. Although promising, the chemical modification of MAX-related materials in molten
salts has been reported only for few compounds and little is known about the corresponding reaction
mechanisms. In this work, we question the versatility of galvanic reactions in molten salts for MAX-
related phases, by combining for the first time in situ X-ray diffraction and in situ X-ray absorption
spectroscopy during reactions in molten salts for two compounds: TisAlC; and Mo,Ga,C. The first one
shows minute-scale transformation into molten ZnCl, towards TisZnC,, followed by evolution into
TisC,Cl,. On the contrary we do not observe replacement, but etching of Mo,Ga,C into Mo,GaC and
then orthorhombic Mo,C, with a loss of the layered structure. We highlight the role of the molten salt
chemistry in this process and discuss the different behaviors of these two MAX-related phases versus

galvanic reactivity in molten salts, to open the way to new MAX compositions.



INTRODUCTION

MXenes are a family of 2D non-oxidic materials that exhibit important properties, especially for
electrochemical energy storage, energy conversion, and for electromagnetic shielding.? The formula
of MXenes is Mn1XnT; (n= 1-3), where M is a transition metal, X is carbon or nitrogen, and T represents
the surface groups, which are usually derived from the synthesis process. MXenes are indeed obtained
by exfoliation of Mn.1AIX, (MAX) phases, or other related layered compounds, where A is an oxidizable
element, like aluminum, gallium or silicon.® The exfoliation of such compounds consists in the etching
of the A element accompanied by the surface passivation with T groups, which impact the surface and
properties of MXenes.*® The conventional exfoliation process relies on chemical treatment in
hydrofluoric acid solutions or alkaline solutions containing fluoride anions.> As a consequence, the
termination groups are usually oxo, hydroxo or fluoride groups. Exfoliation in fluoride-based aqueous
solutions then limits the versatility of the MXenes surface chemistry, and raises important

environmental and safety concerns.

Other methods have been proposed to exfoliate MAX and MAX-related phases and then yield
new compounds and surface termination groups.” Among them, reactions in molten salts are
attracting interest since few years. Treatment of MAX phases in molten salts has been shown first by
Urbankowski et al. in 2016 for etching TisAIN3 into the molten eutectic mixture of KF:NaF:LiF and form
TiaNsT,.2 Later, in 2019, Li et al. revised the approach to treat TisAlC,, Ti;AIC, Ti,AIN and V,AIC into
molten ZnCl, and then form new compounds: TisZnC,, Ti»ZnC, Ti>2ZnN, V,ZnC, TisC,Cly, Ti>CCl,.3 Few
months later, Li et al. rationalized the underlying process, by pointing out the importance of tuning the
cationic redox properties of the molten salt in respect to the redox properties of the element to be
etched.’ For instance, the authors could etch TisSiC, by using molten CuCl,. They obtained new
MXenes, such as TisCNT,, Nb,CT, or Ta,CT,. At the same time, Kamysbayev et al. revisited the approach
by treating TisAIC, and Nb,AIC into molten CdBr,/CdCl, to yield TisC,Br, and Nb,CCl,.° The authors
showed that the halide termination groups can be involved into further post-modifications. Liu et al.

reported recently a similar path by treating TizAlC; into molten FeCl,.2° The resulting TisC,Cl, phase was



further reacted into a molten LisN/LiCl/KCI mixture to form N-terminated groups. Finally, Baumler et
al. have also shown that molten-salt etching is feasible with boride compounds like MoAIB,*! although

complete etching was not possible and the process was stopped at the Mo,AIB; phase.

Although reactions of MAX and MAX-related phases with molten salts is becoming increasingly
popular, little is known about their mechanistic pathway. Li et al. proposed a reaction mechanism3
based on the identification of reaction by-products by performing X-ray diffraction (XRD) on washed
powders after several reaction times. These data were in line with the intuitive pathway, involving the
oxidation of interleaved A atoms by the molten salt cations, accompanied by the reduction of the
latter. Once oxidized, the A components are no longer stabilized between the carbide layers and then
leave the structure. They can be replaced by the reduced molten salt cations, which corresponds to a
galvanic replacement reaction (Figure 1). Li et al. confirmed this interpretation.® If no replacement

takes place, then one can qualify the process as galvanic etching (Figure 1).1!
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Figure 1. Scheme of galvanic reactivity of MAX-related phases in molten salts. The top branch
corresponds to galvanic replacement, evidenced for TizAIC;; the bottom branch corresponds to
galvanic etching, evidenced for Mo,Ga,C. The redox potential scale displays values from ref. °.

Despite insightful discussions,®”° the detailed pathways of galvanic replacement and etching in



MAX and MAX-related phases are still unknown. For instance, the rate of these reactions has not been
investigated and the transformation from one phase to the other has not been examined, which
strongly limits the applicability of the method to new phass. Understanding these reaction paths
requires both structural and chemical insights into the reaction media, which are difficult to address
in molten salts: galvanic reactions of MAX and MAX-related phases occur at 400-700 °C, where it is
difficult to probe reaction media in situ. In this context, insitu XRD and in situ X-ray absorption

spectroscopy (XAS), which are sporadically used to probe molten salts,****

appear as ideal techniques
to study the mechanisms of galvanic reactions of MAX and MAX-related phases. The combination of in
situ XRD and in situ XAS to study molten salts is however not reported to the best of our knowledge.
In this work, we thus address the mechanisms of galvanic replacement and etching of MAX-
related phases by using in situ XRD and in situ XAS to probe reactions in molten salts. We provide the
first insights into the coupling between redox reactivity and intercalation reactivity into MAX and MAX-
related phases, by taking as case-studies the prototypal TisAIC; MAX phase, known to undergo galvanic

replacement, and the MAX-related phase Mo,Ga,C, known to be more refractory towards etching and

whose galvanic reactions in molten salts have not been investigated.



RESULTS AND DISCUSSION

Pristine TisAIC; and Mo.Ga,C powders: general in situ method

TisAlC; and Mo,Ga,C powders have been produced by powder metallurgy and sieved to select grains
size lower than 25 um.'®!” XRD (Figure 2A) indicates the sole presence of TisAlC; and Mo,Ga,C as
crystalline products in each powder, respectively. SEM images (Figure 2B) show that each powder is

made of micron-scale grains.
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Figure 2. (A) Powder XRD patterns of the pristine products TisAlC; and Mo2Ga,C, with corresponding
reference patterns. SEM images of (B-C) Mo,Ga,C and (D-E) TizAlC..

We discuss below in situ studies of the reaction of these powders into molten salts. In situ XRD
was performed at an incident beam energy of ca. 18 keV, where the reaction media are sufficiently
transparent to enable XRD detection in transmission mode, through a capillary. We used a capillary
oven setup inspired by previous work.'*’> To ensure homogeneity of the reaction medium, the
capillary containing the reaction mixture was continuously scanned through 4 vertical positions. An
XRD pattern was recorded on each position every 8.4 s with an acquisition time of 5s. The same
capillary oven used for in situ XRD was also used for in situ XAS at an energy corresponding to the K-
edge of the probed element, and in fluorescence detection mode, where X-ray fluorescence was

collected from the capillary at an angle of ca. 20 ° versus the incident beam, on the front side of the



oven (side of the incoming beam). Each X-ray absorption near-edge structure (XANES) required an
acquisition time of 12 min. For in situ XAS, the capillary was not scanned but monitored on a single

average position.

Galvanic reactivity of TisAIC,

We have first studied the reactivity of TisAIC; in molten salts by focusing on the reaction designed
previously by Li et al.,® in which TisAlIC; is thermally treated in molten ZnCl; (TisAlC2:ZnCl; ratio of 1:6

mol.). This reaction is a benchmark for the reactivity of a MAX phase in molten salts.

In situ X-ray diffraction. Figure 3A (details in Figures $1-S3) shows as a heatmap the XRD patterns
recorded during the reaction, by heating at 10 °C min from room temperature to 550 °C, where we
applied a temperature plateau. We identify five main stages, reported on the temperature profile in
Figure 3A. As expected, the first one exhibits the XRD peaks of y-ZnCl; and TisAlIC; and spans the range
from room temperature to 280 °C. At this temperature (stage 2), y-ZnCl; transforms into 6-ZnCl,, which
corresponds to the dehydration of initial y-ZnCl, , a structural form of ZnCl; that corresponds to a slight
contamination by water traces.'® This second temperature range lasts until 339°C, when the ZnCl,-
related peaks disappear, in agreement with the expected melting point. The liquid state of the reaction
medium after this transition is further highlighted by a broad scattering contribution between 0.6 and
1.5 A", which is not observed at lower temperature (Figure 3A). The third stage occurs from the salt
melting to the beginning of the 550 °C plateau and corresponds to TisAIC; dispersed into molten ZnCl,,
as shown by the characteristic reflections of TizAlIC,. The fourth stage starts with the temperature
plateau, where we observe an abrupt shift of the MAX reflections to low Q values, especially the (002)
and (104) peaks, which shift from 0.70to 0.68 A and from 2.76 to 2.73 A, respectively (Figure 3B).
The (002) reflection corresponds to the stacking direction of TisAlC,, which indicates a change in the
interleaved A species: the resulting pattern corresponds to TisZnC; (Figure 3B), which then appears as

soon as the temperature plateau begins. After 24 min of plateau, we observe a new transformation,



with the appearance of a peak at 0.58 A%, characteristic of the (001) reflection of TisC,Cl,, as highlighted

in Figure 3B.2 In the course of stage (5), at 150-160 min, a transient temperature decrease was applied

in order to confirm that the peak shifts were due to structural transformations and not to thermal

dilatation.
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Figure 3. Galvanic reactivity of TizAIC; into molten ZnCly. (A) In situ XRD patterns displayed as a
heatmap; corresponding measured temperature profile on the right, and corresponding room
temperature reference patterns on the top. The five stages discussed in the text are highlighted in the
XRD temperature profile, with identification of the main crystalline phases. (B) XRD patterns



corresponding to selected areas of the map displayed in (A), with schemes of the crystal structures
corresponding to the different temperature zones. (C) In situ Zn K-edge XANES recorded during a
similar experiment. The time period for the acquisition of each spectrum is color-coded on the
temperature profile in (A). The spectrum labelled (1) corresponds to the initial state, for which the only
Zn-based component is ZnCl..

Because the transformation from TisAlC; to TisZnC; seemed to occur over a surprisingly short

time, on the minute-scale, we have performed in situ XAS at the Zn K-edge to correlate this structural

transformation to chemical changes in the molten salt.

In Situ X-ray absorption spectroscopy. Before the 550 °C plateau, the XANES recorded at the Zn K-
edge during the reaction of Ti;AIC; into molten ZnCl, (Figure 3C) do not show any significant
modification compared to the initial state (spectrum labelled (1) ZnCl;), which corresponds to the ZnCl,
reference spectrum, as no reaction occurs at room temperature. When the plateau is reached, we
observe a clear shift of about 3 eV of the Zn K-edge to low energy, which highlights an average decrease
of the oxidation state of Zn in the melt (dark green spectrum), although the Zn K-edge energy does not
reach the value reported for elemental Zn,*® which is consistent with reduction of only a fraction of
ZnCl; in large excess. This behaviour agrees with galvanic replacement of Al by Zn to form TisZnGC,, in

agreement with in situ XRD and with the following equation:

TiaAlCz +1.5 ZnClz — TianCZ +0.57n n+ A|C|3(g) (1)

The Zn K-edge shift is observed for the first XANES recorded at the beginning of the
temperature plateau (brown in Figure 3A and 3C), where the spectrum corresponds to a mixture of
ZnCl; (in large excess), TisZnC; and elemental zinc formed from reaction (1). At the reaction
temperature, zinc is molten (Tzs = 420 °C) and then cannot be detected by in situ XRD. The second
spectrum recorded on the plateau shows an additional downward shift of the Zn K-edge energy. The
acquisition period overlaps with the second structural transition to TisC,Cl;, which agrees with

additional reduction of Zn following equation 2:



TisZnC; + ZnCl; — TizC.Cla + 2 Zn (2)
This reaction corresponds to the removal of interleaved Zn atoms by oxidation of the carbide layers
and also of interleaved zinc, which exhibits negative partial charge according to Bader calculations (see

below). This overall redox reactions satisfies electroneutrality upon incorporation of CI groups.

Galvanic replacement and etching in TisAlIC,. Overall, galvanic replacement of Al by Zn (equation (1))
occurs as soon as the temperature reaches 550 °C, and over few minutes. The rate of this reaction can
be better quantified by monitoring the evolution of the phase fraction between Ti;AlC; and TisZnC;, as
evaluated from Rietveld refinement of the XRD patterns recorded during reaction (1) (Figure 4).
Rietveld analysis confirms that the galvanic exchange occurs over ca. 12 min, in agreement with in situ
XAS data. Besides, we did not observe a continuous shift of the interlayer distance (002) during the
reaction, but rather an abrupt change from 0.70 to 0.68 A for TisAIC, and TisZnC,, respectively. This
suggests the absence of a solid solution between TisAlIC; and TisZnC,, and indicates that each initial
TisAlC; grains is fully converted into TisZnC; within the time-resolution of our in situ XRD experiment
(5 s acquisition time). The high rate of this galvanic exchange for micron-scale grains suggests no
significant limitation of the reaction rate by atom diffusion into the interlayer space.?’° Such mechanism
can be related to previous knowledge on the intercalation of organic compounds in the interlayer of
clays to form hybrid lamellar compounds.?® Indeed, the incorporation of many organic molecules
between clay structural layers occurs through an ‘unzipping” mechanism, where the rate limiting step
is the intercalation of the first molecules, or their interaction of the layer edges, which decrease
significantly the interlayer interaction and then facilitate the incorporation of next molecules.??! A
similar ‘cascading’ mechanism may explain the apparent fast rate of galvanic exchange in TizAIC;: the

first Al/Zn exchange in a grain decreases the cohesion between carbide layers and the intercalated

atoms,® which facilitates further replacement.
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Figure 4. (A) in situ XRD patterns recorded during the transformation from TisAlC, to TisZnC, displayed
in Figure 3. (B) Phase fraction from sequential Rietveld refinement of the XRD patterns shown in A,
with corresponding reaction time and temperature. (C) An in situ XRD pattern from A, showing the
coexistence of TizAlC; and TizZnC,.

Galvanic reactivity of Mo,Ga,C

As a second MAX-related phase whose reactivity in molten salts has not been reported, we have
studied how Mo,Ga.C evolves within molten salts, to assess the ability of this compound to undergo
galvanic etching and/or replacement. Contrary to TisAlC; that contains only a single layer of Al atoms,
complete etching of Mo,Ga,C requires removal of double layers of A (Ga) atoms (Figure 5). Besides,

Ga is more oxidant than Al, so that we expect the need for more oxidizing molten salts.
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Mo,Ga,C:CuCly:NaCl ratio 1:6:9 at. In situ XRD patterns are

displayed as heatmaps with corresponding measured temperature profiles. The room temperature
reference patterns are displayed on top of the heatmaps. (C) XRD patterns corresponding to the main
selected area of the map displayed in (B), with schemes of the crystal structures corresponding to the

different temperature zones.
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In situ XRD in strongly oxidizing molten salts. We discuss first the thermal treatment of Mo,Ga,C in
molten CuCl,, a highly oxidizing medium, by maintaining a large excess of oxidizing species
(Mo0,Ga,C:CuCl; ratio of 1:6 mol.). The XRD patterns (Figure 5A, details in Figures S4 and S5) were
recorded during heating at 10 °C min’! from room temperature to 750 °C, then a temperature plateau
of 1h. Four steps were identified. In step 1, characteristic peaks of CuCl, and Mo,GaC are observed at
room temperature, until melting of the salt at 370 °C where the peaks of CuCl; start to disappear, and
the diffuse scattering of the molten salt is observed. Then, in step (2),M0,Ga,C is maintained,
presumably dispersed in the molten salt. Some CuCl, remains crystalline. A peak at 1.2 A could not
be indexed. At 517 °C, CuCl, is decomposed into CuCl, which is fully melt at the end of step (3) at 650 °C.
These observations are consistent with the reported behaviour of CuCl, and CuCl.2? During step (3), Cu
is also detected with its (111) and (002) reflections at 3.0 and 3.5 A™. The formation of Cu further
supports a galvanic reaction. Step (4) begins at 650 °C, where the {1-13}/{103} reflection of Mo0,Ga,C
at 2.65 A disappear while the (102), {200} and (02-1) reflections of orthorhombic Mo,C at respectively
2.8, 2.7 and 2.45 At appear, thereby demonstrating that Mo,Ga,C evolves into orthorhombic Mo,C,
and then that etching occurs. However, no lamellar etched phase could be detected and a peak
corresponding to molybdenum appears from 624 °C with the reflections at 2.9 and 4.0 A (step 4).
Therefore, the medium is too oxidizing to decipher etching steps and too reactive to avoid destruction
of the molybdenum carbide phase. For this reason, we have slowed down the reaction by diluting CuCl,
with a redox-inactive salt, NaCl, and by decreasing the plateau temperature. The XRD patterns
recorded with the mixture ratio Mo,Ga,C:CuCl,:NaCl of 1:6:9 mol. are displayed in Figure 5B-C (details
in Figures S6 and S7). The salt mixture, observed in step 1, melts at 362 °C. No change of the M0,Ga,C
peaks could be detected during the first 40 min of the plateau (step 2). Then, the temperature was
further increased (step 3). At 430 °C, peaks emerged at 0.95, 1.87 and 2.85 A, which correspond to
the (002), (004) and (006) reflections of Mo,GaC. Meanwhile, the Mo,Ga,C (002) peak at 0.7 A
disappears (Figure 5C). Likewise, peaks indexed to Cu appear at 3.04 and 3.50 A™ (step 3). However,

these peaks disappear during step 4. Indeed, Cu is oxidized by excess CuCl, into CuCl, which is molten

13



at this temperature. The formation of CuCl is supported by its {111} peak at 2.05 A, which appears
during the temperature decrease and the salt recrystallization from 130 min at the end of the
experiment. The concomitant formation of copper and Mo,GaC evidences galvanic etching, in

agreement with the metallic state of Ga into Mo,Ga,C:?

Mo,Ga,C + 1.5 CuCl, — Mo,GaC + 1.5 Cu + GaCls (g (3)

The (006) Mo,GaC peak shifts to lower Q values during heating and disappears at 480 °C. This
phenomenon is ascribed to the etching of the interleaved Ga in the Mo,GaC phase, which leads to an
increase of the distance between the Mo,C layers. One can discard thermal dilatation as the origin of
the (006) peak shift to low Q values, as peaks at 2.45 and 4.2 A’ corresponding to {1,-1,0}; (0,1,0) ;
{1,1,0}, and {2,-1,0} reflections simultaneously shift to high Q values, thus indicating a structural
transformation, contrary to thermal dilatation that would result most commonly in a shift of all peaks
to low Q values. At 492 °C, orthorhombic Mo,C appears and becomes the only phase detected from
546 °C (step 4). Hence, the interleaved Ga from Mo,GaC is also etched by the molten copper chloride

salt:

Mo,GaC + 1.5 CuCl; — Mo,C + 1.5 Cu + GaCls ) (4)

In situ XRD in mildly oxidizing molten salts. To further decorrelate the sequential etching of the double
Ga layers in Mo,Ga,C, we have moved to CoCl,, a Lewis acidic salt weaker than CuCl, (Figure 1). We
have maintained the same dilution conditions, with a Mo,Ga,C:CoCl,:NaCl ratio of 1:6:9 mol.
(Figure 6A, details in Figures S8 to S10). Step 1 corresponds to the initial mixture until melting of the
salt. Step 2 spans the period between melting and the end of the first plateau at 500 °C, while Mo,Ga,C
is maintained. Further increase of the temperature to 600 °C in step 3 leads to the disappearance of
the (002) peak of Mo,Ga,C at 0.72 A, while we observe a signature of galvanic etching, as

characteristic peaks of Co appear at 3.1 and 3.6 A’. As expected, the galvanic etching was slowed
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down, since the (006) Mo,GaC peak appears at 600 °C at 2.85 A after 4 min of plateau with the
disappearance of Mo,Ga,C reflections, versus 430 °C with the CuCl;:NaCl mixture. However, at the

same time, Mo,C appears. Thus, the 2 reactions below occur:
Mo,Ga,C + 1.5 CoCl; — Mo,GaC + 1.5 Co + GaCls (5)
Mo,GaC + 1.5 CoCl, — Mo,C + 1.5 Co + GaCls (6)

Several minutes later, MosCosC crystallization is detected, which is consistent with reduced Co species.
Further increase of the temperature leads to the disappearance of Mo,GaC at 694 °C, above which
Mo,C, MogCosC and Co are the only crystalline phase detected in the reaction mixture. Once CoCl; is

reduced into Co, it reacts with Mo,C to form MosCoeC.?

In situ XAS in mildly oxidizing molten salts. XANES recorded during the reaction of Mo,Ga,C into the
molten mixture CoCl;:NaCl (Figure 6B) evidences a downward shift of the Co K-edge to low energy,
which confirms the reduction of Co?* species from the salt. This trend is consistent with in situ XRD and
confirms galvanic etching according to equations (5) and (6). It also shows that etching starts early

after melting of the salt, as for TizAlC..
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profile, and corresponding room temperature reference patterns on the top. Five stages are
highlighted in the XRD temperature profile, with identification of the main crystalline phases. (B) XRD
patterns corresponding to main selected areas of the map displayed in (A). (C) In situ Co K-edge XANES
recorded during a similar experiment. The time period for the acquisition of each spectrum is color-
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coded on the temperature profile in (A). The spectrum labelled (1) corresponds to the initial state,
containing solely CoCl,.

Different galvanic reactivity between TizAIC; and Mo.Ga,C. Galvanic reactivity of Mo,Ga,C into
molten salts results in sequential etching of the Ga layers. Contrary to the first step of galvanic
reactivity of TisAlIC;, we did not observe any replacement of Ga by metal atoms originating from the
reduction of the molten salt cations, Cu or Co. Although in depth calculations would be needed to
compare the relative stabilities of MAX phases resulting from galvanic replacement and etching, the
results presented herein suggest that MAX-related Mo-Cu/Co-C phases are too unstable to be reached,

even through the low temperature molten salts route.

We also did not detect any Cl-intercalated molybdenum phase, which would have
corresponded to the second reactivity step of the titanium aluminum phase to form TisC,Clz. This
observation might be related to a poorer stability of Mo-C-Cl phases bearing oxidized Mo species,
compared to TizC,Cly. This hypothesis is supported by the Bader charges calculated from the tabulated
crystal structures (Table 1). Indeed, Ti is more positively charged than Mo in MAX-related phases
(Table 1), in agreement with the higher ionization energy of Mo versus Ti. Bader charges show that
during the transformation from TisZnC, to TisCyCly, Ti atoms on the surface of the carbide layer
structural units, linked to CI" anions, undergo a strong increase of their charge, as expected from the
higher difference in electronegativity between Ti and Cl, compared to Ti and Zn, which is in agreement
with reaction (2). For Mo-based phases, all Mo atoms are at the surface of the carbide layers. Binding
of CI" would trigger a large increase of the Mo partial charge, which is probably less energetically
favorable than for Ti phases due to the higher ionization energy of Mo. Besides, we note that stacking
of the molybdenum carbide layers in Mo,GaC results in orthorhombic Mo,C (see structural schemes in
Figure 5C). This close structural relationship of the two compounds, combined with the high stability
of orthorhombic Mo,C and the unfavorable binding of CI to Mo atoms, further suggests that etching
of the Ga layer in Mo,GaC results in direct structural transformation into orthorhombic Mo,C by

collapse of the carbide layers.
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The contrasted reactivities of Ti- and Mo-based layered compounds related to the MAX crystal
structure show that the formation of a halide-terminated MXene by galvanic replacement in molten
salts is only possible if the carbide or nitride layer of the MXene is able to undergo oxidation, hence to
bear a high positive charge. This agrees with the previous reports on molten salts-driven galvanic
replacement in MAX phases, which yielded halide-terminated layers only for Ti, Nb and Ta metals,
hence relatively electropositive transition metals.>®#%10 |f the pristine layers cannot stand such a redox
reactivity, we anticipate that compositional and/or structural modifications of these layers may
stabilize the halide-terminated MXene. Among the possible tracks, one could consider adjusting either
the metal composition by substitution with a second electropositive metal, or the structure by using

thicker layers to distribute the positive charge over a larger number of atoms.

Table 1. Atomic Bader charges calculated for the MAX-related Ti- and Mo-based phases.

Mt A C Cl
TisAlC2 1.64 (layer core) -0.70 -1.85
1.38 (layer surface)
TisZnC2 1.63 (layer core) -0.77 -1.85
1.42 (layer surface)
TisC2Cl2 | 1.62 (layer core) -1.82 -0.62
1.63 (layer surface)
Mo2GazC | 0.75 -0.05 -1.40
Mo2GaC | 0.83 -0.22 -1.44

t For Ti-based phases, charges are provided for Ti atoms within the carbide layers (“layer core”) and
at the surface of the carbide layers (“layer surface”), see structural schemes in Figure 3B. Only the Ti
atoms from the surface layer are linked to Al, Zn, or Cl. In Mo-based phases, all Mo atoms are at the
carbide layer surface.

CONCLUSIONS
The combination of in situ XRD and in situ XAS highlights the versatility of galvanic reactions in molten
salts. We have evidenced fast galvanic replacement consisting in combined etching and intercalation

for TisAlC; into molten ZnCl;, which can be related to an “unzipping” process known for intercalation
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of organic moieties into clays and hybrid materials. The case of Mo,Ga,C shows that besides
replacement, galvanic etching can also take place, leading to a collapse of the layered structure. which
highlights the entanglement between the relative stability of intercalated and etched phases, and
suggests the possibility to precisely tune such reactivity with the composition and structure of the
parent MAX phases, but also with the composition of the molten salt. Thus, by controlling these
parameters in the molten salt process coupled with theoretical calculations, it is reasonable to think

that new MXenes or related phases could be synthesized in the near future.

METHODS

Reagents. CuCl; (99 %, Sigma-Aldrich) and NaCl (99 %, Merck) were used as received. anhydrous CoCl,
(99.7 %, Alfa Aesar) was further treated at 350 °C for 20 h, under vacuum. NaCl (99 %, Merck) and
anhydrous ZnCl; (99.95 %, Alfa Aesar) were treated at 150 °C under vacuum overnight. TisAIC; and

Mo,Ga,C powders were synthesized according to previously reported procedures.'®!’

Mixtures for in situ studies. All reaction mixtures were prepared inside an argon-filled glovebox.
TisAlC;and ZnCl; powders were mixed in 1:6 mol. ratio and ground in a mortar. For Mo,Ga,C, Mo,GaxC,

MCI; (M= Cu, Co) and NaCl powders were mixed in 1:6:9 mole ratio and mixed with a mortar.

Ex situ powder XRD: XRD patterns of the figure 2 were carried out with a PANalytical EMPYREAN
powder diffractometer using a CuKa radiation source (Ko = 1.5406 A and Koz = 1.5444 A) in the Bragg-
Brentano 6-8 geometry. XRD patterns were collected between 5 and 145 ° with a 0.026° step and 1200
s dwell time. An ultra-fast X-Ray detector (X’'Celerator) was used to collect the signals allowing an

important decrease of analysis duration.

In situ XRD. In situ X-ray diffraction experiments were carried out at the French SOLEIL Synchrotron
facility on the DIFFABS beamline, in transmission mode at an energy (wavelength) of 17.878 keV
(0.6935 A). A double crystal monochromator equipped with two Si(1,1,1) crystals was used to tune the

energy. The spot size was size was 220x280 um? (VxH, fwhm). We used a homemade capillary oven

19



that will be detailed elsewhere. In brief, it enables performing X-ray diffraction in situ during controlled
heating of the reaction mixture in a 1 mm-diameter quartz capillary opened under argon flow, to mimic
the conditions of ex situ lab synthesis. For these experiments, we used a circular 2D detector covering
140° detection angle in a single acquisition.”> The powder was placed in a 1 mm diameter quartz
capillary. The capillary was introduced in a sample holder connected to an argon flux and placed in the

center of a capillary oven.

The reference crystallographic structures were taken from either the ICSD or the PDF
databases: y-ZnC, (PDF #00-030-0572), 6-ZnCl, (PDF #04-005-4434), TisAlC, (ICSD #153266), TisZnC;
(ICSD #133140), Zn (ICSD #421015), CuCl, (PDF #00-034-0198), CuCl (PDF #00-006-0344), CoCl, ( ICSD
#44398), NaCl ( PDF #00-005-0628), Mo,Ga,C (ICSD #403577), Mo,GaC (PDF #00-030-0572), Mo,C
(PDF #01-071-0242), Mo (PDF #00-001-1207), Cu (PDF #00-004-0836), MosCosC (PDF #04-005-5151),

Co (PDF # 00-015-0806).

For TisC;Cl;, we have simulated a new XRD patterns with VESTA from the reference ICSD

#133145 with the cell parameter ¢ = 11.12 A corrected to fit data from ref 3.

For the sequential Rietveld refinement during the transformation of TisAlC; to TisZnC,, cell
parameters and crystallite domain sizes were fixed according to refinement of the first pattern of the
series. Only the weight fraction of each phase was refined. For each diffractogram, Rw, ranged from

4.1t06.2 %.

SEM: The morphology of the M0,Ga,C and TisAlC, powders was studied using a field emission gun

scanning electron microscope (FEG-SEM) 7900F from JEOL.

In situ XAS. The same capillary oven as for in situ XRD was used for in situ XAS on the same beamline
DIFFABS at SOLEIL synchrotron with the same spot size, with an X-ray fluorescence detector positioned
on the X-ray entrance side on top of the direct X-ray beam. The energy scales of the spectra recorded
at the Zn K and Co K-edges were corrected versus the tabulated ZnCl,,%® and CoCl,, ¥’ at 9665.0 and

7718.4 eV, respectively.
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Bader Charges calculations. Density Functional Theory calculations were performed using the all-
electron, full potential augmented-plane-wave (APW) method as implement in the WIEN2k code.?®%
For all calculations the plane wave basis set was defined using a RKmax of 7.5. The muffin-tin radii
associated with the different elements of the materials under consideration were obtained from the
automated routine provided with WIEN2k. Exchange and correlation effects were treated in the
generalized gradient approximation (GGA) using the Perdew Burk Ernzerhof functional.?® Unit cell
parameters were fixed to their experimental values while considering relaxed atomic positions. The
structural models of Brette et al.3! were used for TisAIC,, TisC2Cl, and Mo,Ga,C, Mo2GaC unit cell
parameters were taken from ref.3? and those of TisZnC, from ICSD #133140. Sufficient number of k-
points in the full Brillouin zone were considered, using a Monkhorst-Pack integration, so that further

increase would not noticeably change the results. The calculated Bader charge were obtained using

the AIM program as implemented in the WIEN2k code.
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measured temperature profiles. The room temperature reference patterns are displayed on top of the

heatmaps.

S-5



| . aile . o mocac
| U -
3
©
c =1
E 2
s 2
S 2
= =
(3)
||l @
4 50 900 06 12 18 24 30 36 42 48
Q / angstrom™! T/°C Q/ angstrom-"!
C Step 2 D Step 3
[ . Cu
| aly . L megac 2 Mo,C
I PR N CuCl, I . 1 cucl
3 3
© | ©
~ ~
2 2
‘@ ‘B
c c |
o | | 2
E k}\\k‘w E
06 12 18 24 30 36 42 48 06 12 18 24 30 36 42 48
Q/ angstrom™! Q / angstrom-!
E Step 4
| Mo
. '
N |I a4 MC

Intensity / a.u.

L

06 12 18 24 30 36 42 438

Q/ angstrom™"

Figure S5. Galvanic reactivity of Mo,Ga,C into molten CuCl, (Mo,Ga,C:CuCl, ratio 1:6 at.)
corresponding to Figure 5A.: (A) In situ XRD patterns displayed as a heatmap; corresponding measured
temperature profile on the right. The four stages discussed in the main text are highlighted in the XRD
temperature profile. (B-E) XRD patterns of each step displayed in (A) with corresponding room
temperature reference patterns of the main phases identified on the top.
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Figure S6. Galvanic reactivity of Mo,Ga,C into a molten mixture CuCl,:NaCl, with Mo,Ga,C:CuCl,:NaCl
ratio 1:6:9 at. (A) Insitu XRD patterns displayed as heatmaps with corresponding measured
temperature profiles. The room temperature reference patterns are displayed on top of the heatmaps.
(B) Zooms in selected areas of the map displayed in (A).
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Figure S7. Galvanic reactivity of Mo,Ga,C into a molten mixture CuCl;:NaCl, with Mo,Ga,C:CuCl,:NaCl
ratio 1:6:9 at. (A) In situ XRD patterns displayed as a heatmap; corresponding measured temperature
profile on the right. The four stages discussed in the main text are highlighted in the XRD temperature
profile. (B-E) XRD patterns of each step displayed in (A) with corresponding room temperature

reference patterns of the main phases identified on the top.
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Figure S8. Galvanic reactivity of Mo,Ga,C into a molten mixture CoCl,:NaCl, with Mo,Ga,C:CoCl,:NaCl
ratio 1:6:9 at. In situ XRD patterns displayed as a heatmap; corresponding measured temperature
profile, and corresponding room temperature reference patterns on the top. Five stages are
highlighted in the XRD temperature profile, with identification of the main crystalline phases.
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Figure S9. Galvanic reactivity of Mo,Ga,C into a molten mixture CoCl,:NaCl, with Mo,Ga,C:CoCl,:NaCl
ratio 1:6:9 at. In situ XRD patterns displayed as a heatmap; corresponding measured temperature
profile, and corresponding room temperature reference patterns on the top. Five stages are
highlighted in the XRD temperature profile, with identification of the main crystalline phases. (B)
Zooms in selected areas of the map displayed in (A).
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Figure S10. Galvanic reactivity of Mo,Ga,C into a molten mixture CoCl,:NaCl, with Mo,Ga,C:CoCl,:NaCl
ratio 1:6:9 at. (A) In situ XRD patterns displayed as a heatmap; corresponding measured temperature
profile on the right. The four stages discussed in the main text are highlighted in the XRD temperature
profile. (B-E) XRD patterns of each step displayed in (A) with corresponding room temperature
reference patterns of the main phases identified on the top.

S-11



	Manuscript-MACs-revised_20230831_main-text_clean.pdf
	ABSTRACT
	INTRODUCTION
	METHODS
	REFERENCES

	Manuscript-MACs-revised_20230831_SI_clean - proof.pdf

