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ARTICLE INFO ABSTRACT

Keywords: Transition metal carbides are known as efficient catalysts or catalyst supports and two-dimensional carbides
MXene (MXenes) offer renewed possibilities to anchor metal atoms and promote catalytic performances. This paper first
TizCaTx presents an in-depth study of the elaboration of Pt or Pd-loaded TizC,T, MXenes and their unstacking for gas-
Unstacking

phase catalysis investigations, along with step-by-step characterization by XRD, XPS, SEM and STEM. In parti-
cular, the influence of the MXene preparation method (HF vs. LiF-HCI etchants) on surface structure/composi-
tion and metal dispersion/oxidation state is disclosed. Second, the catalytic hydrogenation performances of these
materials are reported, and reveal the interest of low-loaded Pt/MXene single-atom catalysts in terms of activity,
selectivity and resistance to sintering. They present an unusually high selectivity to 2-butene — without butane
formation - in butadiene hydrogenation, a model reaction of applied interest for the petrochemical industry.
Moreover, in CO, reduction to CO (reverse water-gas shift reaction, relevant to greenhouse-gas valorization),
these catalysts exhibit up to 99 % selectivity and a superior Pt-molar activity with respect to oxide-supported
references. This work may stimulate the elaboration and investigation of other MXene-based systems for thermal

Single-atom catalyst
CO;, hydrogenation
Butadiene hydrogenation

heterogeneous catalysis, which remains rarely addressed on these materials.

1. Introduction

MXenes are recently discovered 2D materials, which generally be-
have as metallic conductors and exhibit promising properties in various
fields such as (opto)electronics (e.g. electromagnetic shields and other
components, antennas, conductive inks), energy conversion and storage
(fuel cells, electrolyzers, batteries, supercapacitors), gas- and bio- sen-
sors, and environmental remediation (carbon capture, water purifica-
tion) [1-4]. MXenes are carbides, nitrides or carbonitrides of general
formula M,, ;. 1X, T, where n = 1-4, M is an early transition metal (or a
couple of them) such as Ti, V, Nb or Mo, X is C or/and N, and T, are
surface termination groups such as -0, —-OH, -F, and —Cl. The latter de-
pend on the synthesis protocol and more specifically on the acid etchant
(s) when liquid-phase acid exfoliation — the most common route to date —
is used to prepare a MXene from the corresponding MAX phase (M,
+1AX,, layered 3D compound, where A is most often Al or Si) [5-7]. In
the field of heterogeneous catalysis, the application of MXenes as elec-
trocatalysts and photocatalysts, mostly for hydrogen production, has
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been the object of massive interest. Comparatively, the thermocatalytic
performances of MXenes [3,8], including hydrogenations, have been
little investigated, which is most probably related to the inherent pro-
pensity of these 2D materials to stack under dry conditions, considerably
reducing the accessibility of potentially active surface sites.
Notwithstanding, similar to classical transition metal carbides
[9-11] (and other metal compounds), the surface of some MXenes ex-
hibits late transition metal-like reactivity which provides them with
intrinsic catalytic properties. Thus, Illas and coworkers have theoreti-
cally predicted the ability of MXenes to chemisorb CO, [12] and H,
[13], making them good candidates for CO, capture [14] and conver-
sion [15] through thermal hydrogenation [16,17] or electro/photo-re-
duction [18,19]. In the broad class of hydrogen-involving reactions
such as hydrocarbon hydrogenation, dehydrogenation, reforming and
water-gas shift, catalytic abilities have been revealed for TizCoTx
(TisCNT,) [20-23], VoCTy [24,25], and Mo,CTy [26] MXenes.
However, compared to late transition metals, the surface reactivity
of carbides and nitrides is often limited, e.g regarding H, dissociation,
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which stimulated a number of works aiming at promoting the reactivity
of the first discovered and most studied MXene, TizC,Ty [1], with late-
transition-metal nanoparticles [27-33]. For example, Pt/Ti3C,Tx ma-
terials showed interesting performances in liquid-phase hydrogenation
of nitroaromatics to amines [30]. PtsTi and Pt3Nb intermetallic nano-
particles were reported to form upon heating of Pt/Ti3C,Tyx and Pt/
Nb,CT, under H, at up to 550 °C, and exhibited propane-to-propylene
dehydrogenation properties with comparable performances between
the two systems [27]. Besides, Pt nanolayers supported on Mo,TiC,Ty
were found active and stable for non-oxidative coupling of methane to
ethane and ethylene [34].

Following the current wave of single-atom catalysis and related
metal ultradispersion [35-38], several MXenes such as TizCoTx
[39-45], Mo,CTy [46-49], Mo,TiC,Ty [50], and V,CTy [51], were re-
ported to anchor single metal atoms owing to the possibility of creating
surface M vacancies [4,52-54]. In particular, Cu/Mo,CTy was recently
found efficient for CO, hydrogenation to methanol [49]. However, the
thermochemical stability of atomic metal dispersion, which is a general
issue in single-atom catalysis especially under reducing conditions [37],
remains scarcely addressed on MXenes [55].

Herein, we first propose a methodology for the optimal preparation
and conditioning of MXene-based samples for gas-phase catalysis. Three
TizC,Tx MXene samples, obtained via HF or LiF-HCI etching methods,
were employed. Then, through a systematic study of Pt and Pd atom-
ically dispersed on the MXenes, trends between the MXene surface state
(depending on their preparation, storage and testing procedures), metal
loading, single-atom stability and catalytic properties towards buta-
diene and CO, selective hydrogenations are established. The gas-phase
hydrogenation of 1,3-butadiene to butenes is both of applied interest
for polymerization/alkylation processes and a good model semi-hy-
drogenation reaction, that operates under mild T,P conditions and is
usually catalyzed by palladium [56,57]. CO5 hydrogenation to CO
(reverse water-gas shift, RWGS), methane, methanol and other com-
pounds of interest for greenhouse-gas utilization, is more demanding
and is the subject of intense research, including on single-atom catalysts
[58]. In this work, the excellent performance of the Pt/Ti3C,Ty system
for RWGS, an important CO, valorization route for the energy transition
[59,601, is revealed, together with the unusual selectivity of the single-
atom catalyst in butadiene hydrogenation.

2. Materials and methods

The chemicals employed in this work, the preparation of reference
catalysts, and the structural characterization and catalytic evaluation
methods are described in Supporting information.

2.1. MXene elaboration

A commercial Ti3C,Tx MXene powder (referred to as CMX) was
purchased from Easchem Co., Ltd. It was synthesized with the most
usual method, implementing the (concentrated) HF etching protocol of
a MAX phase. Homemade Ti3C,Ty MXene (referred to as PMX, P
standing for the University of Poitiers) was synthesized through a
gentler alternative method which consists of in situ HF formation from
LiF and HCI, based on the work of Benchakar et al. [7]. The Ti3AIC,
MAX phase precursor (0.5 g, initial particle size < 25 um, see Ref. [7]
for the MAX phase synthesis) was gradually added to LiF (0.8 g) dis-
solved in HCI (9 M, 10 mL). The reaction was run for 72 h at 60 °C under
stirring. The suspension obtained after etching was centrifugated 8
times at 4500 rpm (corresponding to 2604 g — rotor F-34-6-38, Ep-
pendorf centrifuge 5804) for 5 min and the supernatant liquid was
systematically removed. These washing cycles are sufficient to reach a
supernatant pH value higher than 5. The slurry was then filtered and
dried overnight under air at room temperature (RT). As already pro-
posed by one of us [61], the obtained MXenes were finally washed in
deaerated water (350 mL) for 4 h to remove Al impurities by filtering
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and drying at RT under air overnight. After filtration, a film is obtained,
which reflects the formation of delaminated MXene.

2.2. MXene intercalation-delamination

For intercalation-delamination of CMX (leading to so-called int-CMX
sample), we used the following protocol:

1. CMX (100 mg) was dispersed in dimethyl sulfoxide (DMSO, 10 mL)
under magnetic stirring at RT for 24 h.

2. The resulting intercalant-CMX suspension was centrifugated at
3500 rpm for 5 min to separate the solid from the remaining liquid.

3. The powder was dried for subsequent characterization or put in
deionized water for delamination (step 4).

4. After decanting the liquid (step 2), deionized water (20 mL) was
added to int-CMX (100 mg) to wash and remove the intercalant in
excess. Then the solution was sonicated (50 Hz) in an ice bath for
one hour.

5. Finally, the delaminated CMX was recovered by centrifugation at
3500 rpm for 5 min, before characterization or metal impregnation.

For delamination of PMX, no intercalation step is required since Li *
ions and water molecules are already inserted between the sheets
during the etching step. A simple centrifugation step at 8500 rpm for
30 min was performed for recovering the delaminated MXenes in solid
state.

2.3. Metal deposition on MXenes

Typically, delaminated Ti3C,T, (150 mg) was dispersed in deionized
water (50 mL) and ultrasonicated for 15 min to form a suspension.
Then, an aqueous solution (50 mL) containing a mother solution of
H,PtCls (2 mL for 0.1 wt% metal loading or 20 mL for 1 wt%, 0.2 mg/
mL) was slowly added dropwise to the MXene suspension at RT. After
maturation for 8 h, the metal/TizC,T, samples were collected and
washed by centrifugation at 8500 rpm for 1 h with deionized water
(100 mL) and dried in vacuum at 60 °C overnight. For Pd/MXene cat-
alysts, the procedure was the same except that PdCl, (0.125 mg/mL)
was used as metal precursor on PMX supports. For the two Pd/CMX
catalysts, the water of the mother solution of PdCl, was replaced with
an HCI solution (0.24 mol/L), in order to i) favor the deposition of
metal species via the strong electrostatic adsorption (SEA) approach
[62], and ii) increase PdCl, solubility [63], which facilitates the
homogeneous distribution of Pd particles on the MXenes.

2.4. Unstacking of MXenes with solid oxides

The following materials were used for unstacking the metal/MXene
catalysts for hydrogenation tests: Al,O3 (y-phase, 99.997 % metal basis,
3 um powder, 60 mz/g, Alfa Aesar), TiO, (P25, 75 % anatase/25 %
rutile, 50 m?/g, Degussa), SiO, (Aerosil 200, amorphous, > 99.8 %,
200 mz/g, Degussa), and quartz wool (QW, Helios Italquartz). Aerosil
was calcined at 500 °C for 2 h in air [49], leading to a measured BET
surface area of 214 m?%/g.

For drop casting on QW, the MXene (10 mg) was dispersed in dis-
tilled water (2 mL) under sonication for 5-10 min, to form a suspension.
The latter was partially added dropwise on QW (50 mg), which was
vacuum dried at 60 °C for 1 h. Then, another part of the suspension was
added dropwise on the QW before a new drying. These steps were re-
peated until no suspension remained (around 4 times). Finally, the
imbibed QW was vacuum dried at 60 °C overnight. For drop casting on
alumina, the same procedure was used but the deposition was carried
out in one go and with adapted quantities (10:40 mg and 50:350 mg of
catalyst:alumina for butadiene and CO, hydrogenation, respectively).

For intercalation with titania and silica, the MXene (50 mg) was
dispersed in distilled water (2 mL) under sonication for 15 min to form
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Fig. 1. Protocol for synthesis and application of metal/MXene catalysts in gas-phase reactions.

suspension A, and the oxide (350 mg) was dispersed in distilled water
(2 mL) under sonication to form suspension B. A was slowly added into
B, followed by sonication for 15 min and vacuum drying at 60 °C
overnight.

2.5. Storage of MXene-based samples

To avoid oxidation, all the powder samples were stored in a glove
box under argon or in a desiccator under primary vacuum. Before
storage, the powders were dried at 60 °C under primary vacuum
overnight to remove surface-adsorbed water as much as possible.

3. Results and discussion
3.1. Elaboration, delamination and impregnation of MXenes

One possible way to obtain a metal catalyst supported on a MXene
for a gas-phase reaction is shown in Fig. 1. At least five stages can be
identified, starting with the synthesis of the MXene by etching a MAX
phase, followed by its intercalation, delamination, impregnation with a
metallic precursor, and finally the “unstacking” of the 2D flakes of
MXenes before carrying out the catalytic test. Each step of this protocol
can influence the final catalytic activity. Intercalation, delamination
and unstacking are specific steps required when MXenes — and more
generally 2D stacked structures — are used as catalyst supports. Indeed,
it is important to ensure that the largest possible MXene surface area is
accessible i) to the metal precursors for deposition of the catalytic metal
phase though extensive delamination, and ii) to the reagents in gaseous
phase through e.g drop casting on a solid oxide. The need for an op-
timal unstacking of the MXene sheets is well illustrated by the fact that
the theoretical specific surface area of a single layer of Ti3Cy(OH),
MXene is 480 mz/g [64], whereas N, adsorption volumetry, which
provides a good quantification of the surface accessible to gaseous re-
actants, yields around 20 rnz/g for TisC,Tx MXenes [65], or even less
(14 m?/g) [7]. This is consistent with the 19 m?/g (BET) that we
measured for the commercial HF-prepared TizC,Tx MXene (CMX).

3.1.1. MXene elaboration

The MAX etching protocol greatly influences the final properties of
Ti3C,Ty MXenes in terms of morphology, nature of surface termina-
tions, and type/amount of surface defects [5,7,66]. In the present study,
Ti3C,Tx MXenes synthesized via two distinct methods were considered.
Commercial MXene (CMX) was obtained with the (“harsh”) original
synthesis method [1] based on the HF etching protocol (details were not
provided by the supplier), while a “softer” method was used to syn-
thesize TizC,Tyx MXenes from LiF/HCI (PMX samples) [7,66]. However,
within a given preparation method, the structure and the surface
composition of the MXene can be subjected to subtle variations. In

particular, it is known that MXenes in colloidal solutions gradually
oxidize in air or water [67,68], making the MXene structure and
composition sensitive to storage/usage conditions and duration. Hence,
we have compared two PMX samples, referred to as PMX1 and PMX2,
prepared using the same “soft” method: while PMX1 was obtained via a
controlled centrifugation/filtration/drying procedure followed by sto-
rage in inert atmosphere, PMX2 was exposed to ambient air in un-
controlled conditions leading to a higher degree of surface oxidation.
This allowed us to investigate the influence of MXene oxidation on the
properties of noble metal-based composites.

The morphology of the TizC,Tyx samples can be compared on the
scanning electron microscopy (SEM) images of Fig. 2a,c,d and Fig.
Sla,d,f. CMX reveals an accordion-like morphology as expected for
high-concentration-HF-etching synthesis [5,7,64]. PMX samples exhibit
a more compact, layered morphology, reflecting the typical micro-
structure of a delaminated MXene after restacking during the filtration
step [7], without the large opening lamellas of CMX. The latter were
attributed to the large and rapid evolution of H, during the exothermic
reaction of HF with aluminum atoms of the MAX phase [5]. Compared
to PMX1, PMX2 has a more defective, creased structure, which might be
due to oxidation. PMX2 is also different from PMX1 at the macroscopic
level, since PMX1 has a chewy and metal-like shiny texture whereas
PMX2 is matte black, rigid, and brittle (Fig. 2c,d inserts).

Fig. 2f,g allows comparing the X-ray photoelectron spectroscopy
(XPS) Ti 2p and C 1s core-level spectra of the three as-prepared MXenes.
Figs. S2-S4 also show O 1s, F 1s and Cl 2p core-level spectra.

The Ti 2ps3,, level can be decomposed into four contributions [7].
The component at 455.0 eV corresponds to core titanium, surrounded
only by carbon (C-Ti-C). The components at 455.8 + 0.02eV and
457.4 + 0.04eV, referred to as C-Ti**-T, and C-Ti®*-T,, respec-
tively, relate to surface titanium surrounded by carbon atoms and
terminal groups (O, OH, F). Even if the assignment of the first three
contributions is still much debated in the literature with many dis-
agreements [7,69-72], they can be attributed without a doubt to Ti
atoms of the MXene, unlike the last contribution at 459.4 + 0.02eV,
which relates to an oxide or an oxifluoride phase, TiO,_4Fsx. This
fourth component reflects the level of MXene oxidation, which is
negligible for PMX1, slightly more important for CMX, and extensive
for PMX2 in accordance with the previous observation of its micro/
macrostructure.

Generally, in the C 1s spectra, the component that originates from C
atoms residing in Ti octahedra is centered at 281.9eV in TizC,Ty
MXenes synthesized from fluorinated etching agents, and can therefore
be used as an energy reference for the XPS spectra [69]. The other C 1s
components can be attributed to contamination and - mostly - to
amorphous carbon, which comes along with Ti oxidation [73]. Con-
sistently, PMX1 appears poorer in amorphous C-C than CMX and —
especially — PMX2, which is more oxidized.
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Fig. 2. MXene characterization. a—d) SEM images of as-prepared MXenes and CMX intercalated with DMSO (int-CMX). The inserts in a, ¢, and d show photo-
graphs (actual size ca. 5cm) of the corresponding samples. e) XRD patterns of as-prepared MXenes and CMX intercalated with DMSO (the ¢ parameter of the
crystallographic unit cell is indicated). f,g) Ti 2p and C 1s XPS spectra of as-prepared MXenes.

The O 1s spectral region can result from many contributions
(terminal groups, oxides, impurities, water), leading to contradictions
in the literature. Hence, we focus on the component at 530.7 eV, which
is well documented to originate from titanium oxyfluoride [7,69].
Consistently with Ti 2p TiO5 _ 4Fo, component and C 1s C-C component,
the O 1s TiO,_,Fo, component area varies in the order: PMX1 <
CMX < PMX2.

The total amount of fluorine at the MXene surface, as measured by
XPS, ranges between 6 at% (PMX2) and 16 at% (CMX), as reported in
Fig. S5d. The total amount of chlorine is 3-4 at% on PMX samples ac-
cording to XPS and X-ray fluorescence (XRF) analyses. CMX-based
samples do not show any Cl signal from XPS or XRF, which suggests
that residual Cl on PMX samples originates mainly from LiF-HCl
etching, not from metal precursors. Halogens (F, Cl...) are likely to
influence surface properties such as metal electronic structure and
catalytic performance [74]. However, without proper control of their
concentration (which is beyond our scope herein), their effect can
hardly be identified. The amount of lithium, which could not be de-
termined by XPS, was measured to be only 0.39 wt% in PMX1 and
0.34 wt% in PMX2 by inductively coupled plasma-optical emission
spectroscopy (ICP-OES).

3.1.2. Intercalation-delamination

Delamination of MXenes often requires the weakening of the in-
teractions between the 2D sheets [75]. This key step is necessary for
MXenes synthesized by HF etching (CMX) and is frequently achieved by
intercalating an organic compound. In a preliminary study, we tested a
number of intercalants (urea, ethylene glycol, tetramethylammonium
hydroxide, DMSO), and as a result we kept DMSO as the most efficient
one (SI, Experimental section and Fig. S6a,b). In contrast, when using
lithium-containing etchants such as the LiF-HCI solution (PMX), the

solvated Li* ions act as the intercalant, and no subsequent intercalation
is required [5].

For intercalation-delamination of CMX, the MXene powder was
dispersed in DMSO, centrifugated, washed, then sonicated in iced water
(in order to prevent oxidation of the MXenes near RT) [76], and finally
recovered by centrifugation (see Section 2.2 for details). The effect of
the sonication time (1-10h) on X-ray diffraction (XRD) structure was
investigated. The shortest duration (1 h) was retained since it led to the
highest interlayer distance while limiting the experimental time and
thereby the MXene degradation (SI, Experimental section and Fig. S6c).

The XRD patterns of as-prepared CMX, intercalated CMX (int-CMX),
and as-prepared PMX samples are shown in Fig. 2e. The (002) diffrac-
tion line angular positions for PMX samples are lower than that for
CMLX, indicating that the interlayer spacing of PMX (¢ = 26.4-27.6 A) is
larger than that of CMX (¢ = 19.6 10\). This is consistent with the in-
sertion of water layers stabilized with Li* cations in the case of PMX
samples [77]. The significant variation commonly observed for c (e.g.
between 26.4 and 27.6 A herein) and the asymmetry of (002) lines
reflect that an interstratification process is at stake in these materials
(as in clays). It corresponds to a random distribution of interlayer
spacings due to the presence of one or two water layer(s) in the same
crystal [77]. Besides, DMSO intercalation in CMX leads to a significant
increase in the ¢ parameter, from 19.6 to 35.2 A. However, int-CMX still
shows a small (002) peak at the initial value of 9.0°, which means that a
small fraction of CMX was not intercalated.

After intercalation, the accordion-like/lamellar morphology of CMX
is replaced with a more disordered morphology (Fig. 2b). This means
that during the recovery of the powder, the flakes restacked randomly.
However, a few small stacks of ordered nanosheets (giving rise to the
(00D diffraction peaks) can be seen (Fig. S1b). This suggests that some
nanosheets regained their ordered stacking during the centrifugation
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step, or — more probably — were not completely delaminated. As a
matter of fact, when MXene sheets are delaminated, the restacking
observed in recovered powders or films is mostly random, without
structural order [7].

3.1.3. Metal deposition

Following the work by Zhao’s group [39], for the vast majority of
catalysts, Pt and Pd were deposited onto the delaminated MXenes using
the traditional wet-impregnation method, which consists in contacting
the powders with an aqueous solution of metal salt precursors. Ac-
cording to the authors, the metal cations can be reduced by Ti vacancy
defects at the MXene surface without any additional reducing agent or
heat treatment. They also report that these sites are ideal for accom-
modating and stabilizing single metal atoms [39]. The delaminated
MXene was suspended in water and a solution of the metal precursor
was added dropwise; after maturation, centrifugation, and drying, the
solid catalysts were obtained (see details in Section 2.3). To promote
PdCl, solubility and Pd deposition by SEA [62], hydrochloric acid was
added for the preparation of the two Pd/CMX catalysts. The addition of
HCI favors the speciation of Pd species to the anionic PdCl,* complex
[78] and lowers the pH under the point of zero charge (PZC) of the
Ti3C,Ty surface, which was measured at pH 2.7 by Shahzad et al. [79].
Thus, the MXene surface was positively charged and available for the
anionic Pd-complex adsorption.

3.2. Characterization of metal/MXene catalysts

Table 1 lists the main characteristics of all the synthesized catalysts.
The samples are denoted xM/CMX or xM/PMXn, where x is the target
loading (0.1 or 1 wt%), M the deposited metal (Pt or Pd), and n the
number of the PMX batch (1 or 2).

3.2.1. Metal content and dispersion

Annular dark-field scanning transmission electron microscopy (ADF-
STEM) imaging was used to evaluate the relative abilities of the MXenes
to immobilize single metal atoms. Fig. 3a—d shows representative
images for PMX1, while their counterparts for PMX2 and CMX are re-
ported in Fig. S7. At low metal loading (0.1 wt%), both PMX samples
stabilize Pt and Pd single atoms, whereas on CMX, minority Pt clusters
(size < 2nm) or majority fcc Pd NPs (5 nm in size) were also detected.
At higher loading (1 wt%), all Pt/MXene samples show a mixture of
single atoms and clusters/small NPs. Mostly NPs (4-9nm) or even
larger aggregates are visible on 1 wt% Pd catalysts.

Table 1
Characteristics of the MXene-supported Pt and Pd catalysts.

Catalyst" Precursor Loading Metal species®
[wt%]"
0.1Pt/PMX1 H,PtCl, 0.12 SAs®
0.1Pt/PMX2 H,PtClg 0.10 SAs
0.1Pt/CMX H,PtClg 0.15 SAs and clusters
1Pt/PMX1 H,PtClg 0.92 SAs and NPs
(2.3 = 0.8nm)
1Pt/PMX2 H,PtClg 0.37 SAs, clusters and NPs
1Pt/CMX H,PtClg 0.82 SAs and clusters
0.1Pd/PMX1 PdCl, 0.09 SAs (instable in
reaction)
0.1Pd/PMX2 PdCl, 0.06 SAs
0.1Pd/CMX PdCl,/HClL 0.13 NPs (5.0 = 0.8nm)
1Pd/PMX1 PdCl, 0.80 NPs (3.9 = 1.2nm)
and aggregates
1Pd/PMX2 PdCl, 0.58 SAs and aggregates
1Pd/CMX PdCl,/HClL 0.41 NPs (9.1 * 2.6nm)

@ The first number denotes the target metal loading in wt%.

" Pt or Pd loading determined from ICP-OES.

¢ Determined from ADF-STEM.

4 “SAs” and “NPs” correspond to single atoms and nanoparticles, respectively.
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It is worth noting that the target loading of 1wt% was hardly
reached in most cases, with measured values of 0.37, 0.58 and 0.41 wt
% for 1Pt/PMX2, 1Pd/PMX2 and 1Pd/CMX, respectively, even when
the SEA approach was used. In contrast, the metal loadings are close to
the expected value for PMX1 samples, i.e. 0.92 wt% for 1Pt/PMX1 and
0.80 wt% for 1Pd/PMX1 (Table 1). This suggests a relatively low
density of anchoring sites (such as Ti vacancies) [39] at the MXene
surfaces together with a lower extent of delamination for PMX2 and
CMX samples compared to PMX1. Indeed, delamination of oxidized
MXenes is likely to be inhibited by the oxides, which may form con-
necting bridges between the sheets. These limitations are consistent
with the tendency to form clusters/NPs (and even aggregates for Pd) on
MXenes at high metal loading.

3.2.2. Bulk structure and texture

The XRD patterns of all the samples are shown in Fig. S8, while the
data for PMX1 samples are reported in Fig. 3e. For both PMXs, some
variations in the positions of the (002) peaks are observed, but they are
not large enough to conclude on possible metal insertion between the
layers, since they could originate from interstratification [77].

For PMX1-based samples, the (002) peak disappears for high-
loading catalysts, which may occur for two reasons: i) full delamination
may result in a highly disordered arrangement of MXene sheets during
the drying-recovery step [80]; ii) extensive oxidation of the MXene may
lead to structural collapse [81]. The layered morphology of the metal/
PMX1 catalyst visible on the SEM image in Fig. 3a (insert), as well as
the presence of titania crystallites identified from diffractograms of
Fig. 3e, favor the latter hypothesis. However, this phenomenon is not
observed for PMX2 samples, although they are more oxidized, ac-
cording to the anatase and rutile TiO, diffraction peaks present in all
the diffractograms — except the raw MXene for rutile (Fig. S8b).
Moreover, SEM images of Pt/PMX2 samples show small titania crystals
(Fig. S1g,h). Due to its initial oxidized state, PMX2 is less delaminated
than PMX1, hence part of the MXene may not be in contact with the
oxidizing environment during the metal deposition procedure, ex-
plaining why the (002) peak is retained. This result thus supports a
lower state of delamination for PMX2.

For CMX, the (002) diffraction line, which had moved to 26 = 5°
after DMSO intercalation (Fig. 2e), moves back to 9° after metal de-
position, whatever the metal nature and loading (Fig. S8c). This value,
which corresponds to that of the non-intercalated raw CMX, is likely
due to the full loss of the DMSO intercalants upon metal deposition in
water. Moreover, like for PMX2, the (002) peak remains whatever the
metal loading, suggesting again a low delamination degree for this
sample.

3.2.3. Surface chemistry

Fig. 3f,g shows XPS spectra for Ti 2p and C 1s core levels in PMX1-
based samples, while Figs. S2-S5 reports all the XPS data. For all the
MXenes, the amounts of TiO,_,F,, phase and amorphous carbon (C-C)
increase together with the metal loading, and Pd-containing samples
are systematically richer in C-C than Pt-containing ones. This makes
sense when one considers that Ti oxidation scales with C-C formation
(as previously discussed, and essentially validated in Fig. S5e for the
whole sample series) and metal reduction. As a matter of fact, the de-
position of metals leads to significant oxidation of the MXenes (Ti**
formation), which increases with the metal loading, and is greater for
Pd samples. This is consistent with surface Ti oxidation increasing with
the number of deposited metal atoms (which is about twice for Pd
compared to Pt at similar weight loading), regardless of the metal
nature.

The Pt 4f and the Pd 3d spectra of high-loading (1 wt% metal)
catalysts are reported in Fig. 4. Note that the Pt 4f signal overlaps with
an Al 2p contribution owing to the presence of Al-containing impurities
in MXenes (0.11, 0.03 and 2.13wt% Al in PMX1, PMX2, and CMX,
respectively, as determined from ICP-OES). They can be in the form of
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Fig. 3. Metal/MXene catalyst characterization. ADF-STEM images (a-d), XRD patterns (e), Ti 2p XPS spectra (f), and C 1s XPS spectra (g) of PMX1-based samples.

The insert in a is a SEM image of 0.1Pt/PMX1.

residual non-etched TizAlC, (MAX) crystallites, AlF, species, or/and
alumina particles; the position of the Al 2p contribution suggests that
the main Al impurities are AlF, in the PMX samples and alumina in
CMX [82,83].

These results confirm that a simple impregnation at RT, without any
other treatment, is sufficient to reduce and stabilize metal atoms [39]
on the three Ti3C,Tx MXenes samples. Besides, MXene oxidation is not
balanced by metal reduction, i.e. Ti oxidation extent is much more
important when one accounts for the molar TiO,/Pt(Pd) ratio, which
suggests that metal deposition catalyzes the oxidation of MXenes in the
presence of water and/or dissolved oxygen. In addition, the self-re-
duction process is more efficient for Pd, which is reduced into the
metallic state in a significant proportion, than for Pt which is largely in
oxidation state II and higher. This can be related to the fact that Pd is in
oxidation state II in the used precursor, while Pt is IV, implying that
fewer electrons are needed to reduce Pd.

Finally, the oxidation states of Pt and Pd vary in opposite ways with
the supports: Pd is more reduced on CMX while Pt is more reduced on
PMX1, and PMX2 is intermediate. Notably, the most reduced metal
species roughly correspond to the least dispersed ones (1Pd/CMX and
1Pt/PMX1), while the more oxidic metals correspond to the most dis-
persed ones (in particular for 1Pt/CMX, which is atomically dispersed).
Thus, it can be assumed that the oxidized metal fraction corresponds to
SAs stabilized at surface vacancies and other defects, and that the
metallic fraction, which is more mobile, is rather in the form of nano-
particles or clusters.

3.3. Catalyst unstacking and hydrogenation performances

3.3.1. Unstacking

As the Ti3C,Tx MXenes were largely re-stacked after impregnation
and drying-recovery, an unstacking step was used to delaminate again
the MXenes up to the potential formation of single layers, which would
allow the reactant gases to access as many active sites as possible. Two
strategies were developed. The first one used the metal/MXene

catalysts as inks to drop cast onto micrometric solid substrates such as
quartz wool (QW) and y-Al,03. The second strategy consisted in the
intercalation of particles of a nanometric powder such as TiO, (P25) or
SiO, (Aerosil 200) between metal/MXenes sheets to keep interlayers
open, using a procedure resembling the drop-casting method employed
for QW and alumina (see Section 2.4).

Fig. 5 shows representative SEM images of Pt/MXene materials
dispersed on the oxides. After deposition, the morphology of MXenes
was changed according to the different structures of these oxides. In the
case of drop casting (a,b), both substrates are partially coated with
MXene flakes, including multilayers (insert). In the case of solid inter-
calation (c,d), the MXenes are partially covered with TiO, or SiO,
particles. As discussed below, after comparisons, quartz wool and silica
nanopowder were selected for butadiene and CO, hydrogenation tests,
respectively. The pure oxides were checked to be inactive for these
reactions (conversion < 1% in the whole temperature ranges).

3.3.2. Butadiene hydrogenation

Fig. S9a compares the catalytic activity in 1,3-butadiene hydro-
genation of the 0.1Pd/PMX1 catalyst drop casted on QW or alumina,
with that of a mechanical mixture of alumina and the pure as-prepared
(non-unstacked) catalyst, and that of the pure catalyst. The reaction
was performed in a gas-phase flow reactor, at atmospheric pressure,
between RT and 200 °C (SI, Experimental section). Owing to the in-
crease in catalyst surface area, the activity measured on the unstacked
catalysts is higher. Moreover, drop casting on QW provides better re-
sults than on alumina. QW was thus selected for the following buta-
diene hydrogenation tests.

The full series of metal/MXene catalysts, as well as bare MXenes, Pt/
Al,03 and Pd/Al,0O3 nanocatalyst references (TEM/STEM images in Fig.
S10a,b), were compared. The samples were pretreated for 1 h at 400 °C
in H, flow, which appeared optimal with respect to 240 °C, 600 °C or no
pretreatment (Fig. S9b). The noble metal-free MXenes were found
slightly active, in the order: CMX < PMX2 < PMX1 (Fig. S9c). The
conversion vs. temperature results for Pt and Pd series are presented in
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Fig. 4. XPS characterization of supported metals. Pt 4f (left column) and Pd 3d (right column) XPS spectra and numerical fitting for 1 wt% metal on PMX1 (a, b),

PMX2 (c, d), and CMX (e, f). Pt 4f overlaps with Al 2p contribution.

Fig. S11a,b, the corresponding Arrhenius plots are shown in Fig. S11c,d,
and the product distributions (selectivities) at iso-conversion are re-
ported in Fig. S12. The results from the data recorded at 50 °C are
summarized in Fig. 6a, where the catalysts are ranked by molar activity.

General trends can be found. First, Pd-based catalysts are generally
more active and more selective to butenes than Pt-based ones, as ex-
pected from the literature on metal surfaces and nanoparticles [84-86].
In contrast, Pd catalysts are less stable than Pt ones, as can be seen from
the difference between the heating run and the cooling run, as well as
the saturation in conversion for several Pd catalysts (Fig. S11a,b).
Consistently, conventional Pd catalysts are known to promote alkene
oligomerization (“green o0il”), leading to deactivation [56,87]. Fig. S13
reports isothermal reaction tests of Pt/PMX1 samples for 12-24h on
stream, showing that significant activity is retained at this timescale,
without major change in selectivity.

Overall, the most active MXene-supported catalysts are the two Pd/
PMX1 ones, but they are less active than Pd/Al,O3 with similar se-
lectivity. Actually, the most remarkable system is 0.1Pt/PMX1 (and to a
lower extent, 0.1Pt/PMX2) as it exhibits a specific selectivity, with a
high fraction of 2-butenes (62 % at 50 °C) while showing no butane
production and a relatively high molar activity (0.25s~* at 50 °C). This
product distribution is substantially different from that obtained for Pt/
Al,O3, which, at comparable conversion, expectedly [84-87] presents a
lower selectivity to butenes (corresponding to 15 % butane at 50 °C),
and a high selectivity to 1-butene (59 % at 50 °C) like Pd/Al,O3. 1Pt/
MXene catalysts also are leading to butane formation. Notably, 0.1Pt/
PMX1 and 0.1Pt/PMX2, which are the most selective to 2-butenes, also
show the lowest apparent activation energy of the Pt series (25-27 kJ/
mol vs. 32-54 kJ/mol, Fig. S11c). Besides, post-reaction STEM analyses
(Fig. S14) show that the single-atomic dispersion of platinum in 0.1Pt
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b alumina

samples is essentially retained, whereas the high-loaded Pt/PMX sam-
ples are not SACs. Put together, these observations point to a SAC-
specific reaction mechanism for Pt/PMX.

XPS analyses were carried out on selected catalysts after testing in
butadiene hydrogenation. After the H, pretreatment and the reaction
run, the MXenes are slightly reduced (Fig. S5, decrease of TiOs_xFoy
fraction), suggesting the partial reduction of titania impurities. On the
three MXenes, the F 1s core-level spectra show a component centered at
688-689 eV after reaction, which is also present before reaction for
PMX2-supported catalysts only (Figs. S2-S4). In general, the F 1s
spectrum of MXenes elaborated with fluorinated compounds presents
two components. The strongest one, located around 685 eV, is attrib-
uted to surface terminations of the C-Ti-F type and the second one,
which is weaker and located at 686-687 eV, is assigned to a set of
species, often called "F impurities" [69,70], that mainly include AlF,

a I butane [l cis-2-butene

trans-2-butene [l 1-butene
100 1.0

(=2} o3
o o

B
o

Selectivity or conversion (%)
o
»

Activity (Molgpg MOl e ™)

n
o

@
q*‘” e

&w

N o
@‘;@q« M & qs*

Materials Today Catalysis 2 (2023) 100010

Fig. 5. SEM characterization of unstacked
catalysts. SEM images of 0.1Pt/PMX1 (a, b)
and 0.1Pt/PMX2 (¢, d) unstacked with several
oxides. The insert in a is an ADF-STEM image
of MXene multilayers (0.1Pt/PMX2) deposited
on quartz wool. Green and blue colors in a and
b indicate MXene sheets or flakes. Arrows in ¢
and d point to MXene flakes.

species [82,88]. The high-energy component is rarely reported in the
MXene literature but it could be attributed to organic fluorinated spe-
cies (-CFy species) [7,82]. A fraction of the amorphous carbon (that
comes along with Ti oxidation, notably for PMX2 before reaction) and
part of the oligomers formed in the course of butadiene hydrogenation
[56,87] (all samples) may be fluorinated by the F atoms initially present
as C-Ti-F or TiO,_F»y species. Finally, it must be mentioned that this
high-energy component was previously attributed to fluorine contained
in a nonstoichiometric TiO,_,Fy solid solution formed during the pre-
paration of an F-doped TiO, material [89].

3.3.3. CO; hydrogenation

The RWGS reaction (CO, + H, — CO + H,0), an important route of
CO, valorization, is endothermic and in competition with other path-
ways such as methane and methanol formation [90]. Thus, achieving
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Fig. 6. Catalytic properties of unstacked catalysts. Catalytic performances (selectivity, conversion, molar activity) of all samples in butadiene hydrogenation (a)
and CO, hydrogenation (b). In a, the Pt/Al,03 and Pd/Al,O; references were diluted in alumina at 10 wt% and 1 wt%, respectively. The activity of 1Pd/PMX1 is
4,557, Reaction conditions: 50 °C, Hy:C4Hg:He = 10:2:88 mL/min, 1 atm, 10 mg of catalyst drop casted on 50 mg of quartz wool. In b, the conversion unit is %o.

Reaction conditions: 275 °C, H,:CO4:Ar

= 30:10:1.2mL/min, 3.1 MPa, 50 mg of catalyst intercalated with 350 mg of silica nanopowder.
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high CO selectivity and yield at moderate temperature remains a
challenge. Our metal/MXene catalysts were evaluated in gas-phase CO,
hydrogenation at 3 MPa between 150 and 400 °C. For these tests in-
volving a much higher amount of material than for butadiene hydro-
genation (400 mg vs. 50 mg), quartz wool, which is difficult to handle
and leads to an excessive catalyst bed volume, was substituted with
silica nanopowder (Fig. 5d) as solid intercalant. The latter was found
itself more efficient than titania and alumina (Fig. S15a). The samples
were pretreated in H, flow for 1 h at 400 °C and atmospheric pressure.
The noble metal-free unstacked MXenes appear poorly active, as shown
in Fig. S15b. Like for butadiene hydrogenation, the activity order is:
CMX < PMX2 < PMX1. This may be linked to the delamination de-
gree evolving in the same order, which would lead to the highest
number of surface active sites for PMX1 when unstacked with QW or
silica.

The detailed results for the (unstacked) Pt and Pd-loaded MXenes
are presented in Figs. S16-S17, while Fig. 6b summarizes the data at
275°C. The main product is always CO, with more than 94 % se-
lectivity. Methane, methanol and dimethylether were also detected in
some cases — in maximal amount for alumina-supported references. The
activity trends are reversed with respect to butadiene hydrogenation:
for a given support, Pt catalysts are more active than Pd ones and for a
given metal, PMX2 is more efficient than PMX1 and CMX. Consistently,
Fig. S18 shows some anticorrelation between butadiene and CO, hy-
drogenation activities. Regarding the metal loading, though 0.1 wt%
loaded catalysts are generally less active per gram of catalyst (ie.,
conversions are lower) than 1 wt% loaded ones, they are always more
active per mole of noble metal. Unlike Pd/Al,O3, most catalysts are
relatively stable on heating and cooling (Fig. S16a,b), even Pd-based
catalysts which conversely strongly deactivate during the hydrogena-
tion of butadiene. The most efficient catalyst is the 0.1Pt/PMX2 SAC,
with a CO selectivity of 99 % and an activity (turnover frequency) of
0.77 s~ * at 275 °C [59,60]. Long-term testing of this sample at the same
temperature (Fig. S19) showed that after an initial partial deactivation
period, the catalyst kept a stable activity for two days.

Pt/TiO5 and Pt/CeO, references loaded at 0.1 wt% Pt (STEM images
in Fig. S10c,d) were evaluated in the same conditions. Compared to the
MXene-supported SAC, Pt catalysts supported on TiO, (0.59s5™ ') and
Ce0, (0.19s~ 1) are less active, though these samples do not suffer from
the possible limitation induced by MXene stacking. However, the si-
milar (and best) performances of Pt/PMX2 and Pt/TiO, can be ratio-
nalized by the fact that PMX2 is, as previously discussed, the most
oxidized and the most TiO,-containing MXene. This suggests that TiO,
may promote CO, adsorption on the composite or influence platinum
activity via favorable metal-support interaction.

The CO, hydrogenation selectivity of MXene-supported catalysts
depends on the promoting metal and the reaction conditions. With a
PdRu/TizC,Ty catalyst, Bharat et al. reported a high selectivity to me-
thanol in an aqueous phase containing ethylene glycol and NaBH,4 [31].
In contrast, working under atmospheric pressure and gas flow condi-
tions, Ma et al. could change the selectivity of a Co/Ti3C,Ty catalyst
from CO (86 % at 400 °C) to CH4 (80 % at 400 °C) by N doping of the
MXene [32]. Herein, by loading the MXenes with a low amount of Pt,
we have shown that a CO selectivity close to 100 % can be reached at
moderate temperature, with a high production rate.

More generally, this work shows that the gas-phase hydrogenation
performances of MXene-based catalysts are sensitive to a number of
interconnected parameters. Particularly, MXene delamination/un-
stacking and surface oxidation extents are key factors influencing re-
actant diffusion, metal-support interaction and surface reactivity.

4. Conclusions
Ti3C,Ty MXenes loaded with Pt or Pd (0.1-1 wt%) through wet

impregnation of chloride salts were characterized by XRD, XPS, SEM
and STEM, and were evaluated for gas-phase butadiene hydrogenation
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and CO, hydrogenation in flow reactors. Starting from MXenes pre-
pared using HF (CMX) or LiF-HCI (PMX) etching, the full procedure of
sample conditioning for gas-phase catalytic testing was described, with
step-by-step characterization. Using the LiF-HCl method, two samples
were prepared, one of them (PMX2) being more defective and oxidized
than the other (PMX1).

For CMX, which requires intercalation to delaminate in water,
DMSO appears as the most efficient intercalant, and a relatively short
sonication time (1 h) is preferred. In contrast, for PMX prepared in well-
controlled conditions (PMX1), no additional intercalant is required and
the delamination in water is much easier, if not spontaneous, which is a
great advantage of the LiF-HCl method for MXene synthesis. It is shown
that the delaminated MXenes can be easily decorated with ultra-
dispersed metals and drop casted on (or intercalated with) oxide sub-
strates such as silica. The latter process, which prevents the restacking
of sheets and maximizes the reaction rates, is key to optimal catalytic
testing in gas-phase reactions.

At low metal loading (0.1 wt%), Pt and Pd are dispersed as single
atoms over the PMX surfaces, while clustering is observed on CMX,
especially for Pd. Higher loadings, up to 1wt%, favor nanoparticle
formation, though a fraction of single atoms is still visible by STEM on
Pt samples.

Systematic XPS analyses reveal that metal impregnation increases Ti
oxidation along with amorphous carbon formation at the surface of
MXenes. XRD supports MXene oxidation through the presence of ana-
tase and rutile TiO, crystallites. In addition, Pt and Pd oxidation states
are metal and support-dependent, but the average oxidation state
overall increases with metal dispersion.

An anticorrelation between butadiene and CO, hydrogenation rates
is observed: whereas Pd/PMX1 catalysts are overall more active for
butadiene hydrogenation, Pt/PMX2 catalysts are more active for CO,
hydrogenation. Notably, an unusual butadiene hydrogenation me-
chanism occurs on 0.1Pt/PMX SACs, which, compared to alumina-
supported references and 1Pt/PMX nanocatalysts, exhibit higher se-
lectivities to 2-butenes and no butane production. Remarkable perfor-
mances are also obtained for CO, hydrogenation, namely CO, reduction
to CO (RWGS reaction), in which the 0.1Pt/PMX SACs are selective at
98-99% and can reach a higher Pt-molar activity than any tested oxide-
supported reference. It is likely that surface Ti oxidation plays a pro-
moting role in this reaction.

In conclusion, beyond the fact that the LiF-HC] method is safer than
the HF one to prepare TizC,Ty MXenes, this approach is also re-
commended to prepare heterogeneous catalysts for gas-phase reactions
since it permits more efficient delamination. This both increases metal
dispersion down to the single atom limit, and facilitates unstacking with
solid substrates, leading to notable hydrogenation performances. Given
the richness of the MXene family, the present work may serve as a guide
to the preparation and evaluation of other MXene-based materials for
thermal heterogeneous catalysis. In particular, from the knowledge on
classical carbides, Mo and W-containing MXenes look promising as
catalysts and catalyst supports for selective hydrogenation reactions.
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