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Ti3C,T, has been emerging as an attractive platform to prepare composite catalysts, and their assembly
into integrated catalytic materials represents a key step forward toward practical applications. However,
the swelling behavior of TisC,Ty leads to significant structure change, which challenges the stability of
TisC,Ty-based integrated functional materials for catalytic applications. Here we report a facile synthesis
of Pd/Ti3C,Tycgraphene hydrogels in which Pd/TisC,T, are spatially encapsulated in the 3D porous
graphene framework. The porous interconnected structure not only affords efficient mass transfer and

{lf;?ycw ,‘;rdS: desirable functional accessibility to catalytic active sites, but also effectively buffers the swelling behavior
H;dioxgels of Ti3C,Ty. When applied for catalytic hydrogenation of nitroaromatic compounds, the mechanically

robust Pd/TisC,TyCgraphene hydrogels exhibit efficient activities, easy separability, and good cyclability.
This work is expected to promote the application of TizC,T,-based functional materials for practical
applications involving interactions with salt solutions, such as supercapacitors, catalysis, and water
purification.
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MXenes are a family of two-dimensional (2D) layered transition
metal carbides/nitrides, which are composed of hexagonal
Mp+1 X Ty structures, where M is a transition metal, X is C and/
or N, T, stands for the functional terminations (such as -O-, —OH
and -F), and n=1, 2 or 3 [1-4]. As a typical member in MXene
family, TisC,T, features several advantages, including high
conductivity associated with high electron density of states near
Fermi level, excellent hydrophily, and rich surface chemistry [5].
The tunability of their physicochemical properties renders TizC,;Ty
very promising for hybridization with nanomaterials and the
interest in TisC,;T,—based functional materials has been largely
increasing recently [6-18]. Computational investigations demon-
strated that TisC, has stronger interactions with noble metals
(NMs) than graphene counterpart, the forebear of 2D materials
[19]. Especially, the adsorption energy is —4.68 eV for Pd@Ti3Cy,
which is higher than that of Pd@graphene (—1.08 eV). Similar
observations have also been found for Au, Pt and Ru [19]. The
strong metal-support interactions (SMSI) lead to large electronic
perturbations in the supported NMs, which are suggested to
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modulate the metal d-band center, thus often leading to
significantly enhanced catalytic activities as a result [20-23].
NMs/TizC,T, composite functional materials have shown promis-
ing performances for catalytic hydrogenation of nitro compounds
[24], electrocatalytic and photocatalytic hydrogen evolution
[25-27]. However, the reported NMs/TizC,T, composites are
powder catalysts in most cases, which require time-consuming
recycling processes after catalytic reactions. In this context, it is
desirable to develop easily retrievable NMs/Ti3C,Ty catalysts with
high catalytic activities.

Integrated catalytic materials are attractive as they are
conveniently retrievable for practical applications. In this realm,
film materials and monoliths are the typical representatives
[28,29]. Notably, the integrated functional materials should be able
to maintain structure integrity while exhibiting high catalytic
performances. However, the swelling of TisC, Ty due to the superior
hydrophilic nature of surface functional groups and salts penetra-
tion can lead to the weakening of the adhesion forces between
Ti3CoT, and substrates [30], which destroys the integrity of
TizC,Ty-based films upon prolonged reaction time. This issue
significantly challenges the recyclability of TizC,Ty-based film
catalysts. Alternatively, monolithic hydrogels are not only easily
retrievable, but also characteristic of hierarchical porous structures
to substantially inhibit the aggregation of subunits, thus exposing
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more accessible surface-active sites [31]. In addition, the
interconnected porous structure could buffer the swelling
behavior of TisC,Ty during catalytic reactions. Consequently,
NMs/TizC,Tx-based hydrogels hold great promises as robust and
easily retrievable monolithic functional materials for catalytic
applications. However, the research in this regard is still lacking.

Herein, we report the preparation of Pd/TizC,Ty encapsulated in
3D graphene networks, i.e., Pd/Ti;C;TyCgraphene hydrogels, and
the application for the catalytic hydrogenation of nitroaromatic
compounds, which is an important chemical transformation for
organic synthesis and industrial production [32]. It is demonstrat-
ed that Pd/TisC,Tycgraphene hydrogels exhibit good catalytic
performances for the hydrogenation of nitroaromatic compounds
and are easily retrievable without structure damage, which is
promising for practical applications.

Fig. 1a shows the schematics for the preparation of Pd/
TisC,Tycgraphene hydrogels by a two-step process. By utilizing
the redox capability of Ti3C,T,, Pd nanoparticles have been firstly
deposited on Ti3C,T, by an in-situ reduction process based on a
simple redox reaction between PdCl,%>~ and TizC,Ty in an aqueous
solution [5]. Taking advantage of the cross-linking phenomenon
during the reduction of graphene oxide (GO) to graphene and the
interaction between graphene and TisC,Ty [29], Pd/TisC,T, was
subsequently encapsulated in graphene hydrogel by a GO-assisted
assembly process, which generates Pd/Ti;C,TyCgraphene compos-
ite hydrogels as a result. Fig. 1b shows the X-ray diffraction (XRD)
pattern of the resulting Pd/TisC,TyCgraphene. Similar to pure
Ti3C,T, (Fig. S1a in Supporting information), a diffraction peak at
around 5.4° can be seen, which is ascribed to the (0002) crystal
plane of TizC,T, with an interlayer distance of 1.6 nm. In addition,
the diffraction peaks corresponding to metallic Pd are clearly
observed, which is in agreement with the XRD results of Pd/TisCoTy
composites (Fig. S1b in Supporting information), evidencing the
presence of Pd. We further investigated the composition of the
resulting hydrogel by Raman spectrum. As shown in Fig. 1c, the
mode at 198 cm™ is A, symmetric out-of-plane vibration, while
the modes at 377 cm™' and 626 cm™ are the Eg group vibrations of
TizC>Ty. In addition, two Raman peaks located at 1328 cm™ and
1547 cm™! are present, which are ascribed to the D band and G band
of graphene, respectively. The Raman result suggests the successful
hybridization between TizC,Ty and graphene in the as-prepared
hydrogel.

The microstructures of the resulting Pd/TizC,TyCgraphene
hydrogel have been investigated by scanning electron microscopy
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Fig. 1. (a) Schematic illustration for the preparation of Pd/Ti;C,TxCgraphene
hydrogels. (b) XRD pattern and (c) Raman spectrum of Pd/Ti3C;TyCgraphene
hydrogels.

(SEM) and transmission electron microscopy (TEM). As can be seen
from the SEM image in Fig. 2a, Pd/TizC,Tycgraphene exhibits a
well-defined 3D interconnected network with hierarchical macro-
pores in the range of several micrometers. Moreover, abundant
nanoparticles are found to accommodate on the surface of the
backbone, which are reasonably speculated to be Pd. The porous
channels could facilitate mass transfer of reactants, while the
deposition of Pd nanoparticles on the 3D network benefits the
exposure of active sites to reactants, which are desirable for
catalytic applications, as discussed later. Fig. 2b displays the TEM
image of the as-synthesized Pd/TisC,Tycgraphene. The typical
flake-like morphology can be clearly seen and the surface is
decorated with Pd nanoparticles. The inset in Fig. 2b is the
corresponding selected-area electron diffraction (SAED) pattern
with diffraction rings indexed to the (111) and (200) planes of the
cubic Pd, respectively. The high-resolution TEM (HRTEM) image
shown in Fig. 2c displays clear lattice fringes, the spacing of which
is measured to be ca. 0.23 nm, corresponding to the (111) crystal
plane of cubic Pd (Fig. 2d). On the other hand, an interlayer spacing
of 1.6 nm indexed to the (0002) plane of TizC,Ty is also observed,
which coincides with the result from XRD analysis. The particle
size of Pd has also been statistically analyzed, based on which the
average size of Pd particles is 14.3 nm (Fig. 2e). Fig. S2 (Supporting
information) shows the N, adsorption-desorption isotherm of the
resulting 3D Pd/Ti3C,TyCgraphene. The Brunauer-Emmett-Teller
(BET) surface area of the Pd/TisC,Tycgraphene hydrogel is
measured to be 51 m?/g.

To evaluate the catalytic activities of the as-prepared Pd/
TisC,Tycgraphene hydrogel, the selective hydrogenation of 4-
nitroaniline (4-NA) to p-phenylenediamine (PPD) is chosen as a
model reaction. It is well-known that PPD is an important organic
intermediate widely used in the production of different types of
products such as dyes, rubber antioxidants and aramid textile
fibers [33,34]. As shown in Fig. S3 (Supporting information), in the
presence of Pd/Ti;C,TyCgraphene hydrogel, the absorption peak of
4-NA is rapidly decreased and two peaks at 238 and 305 nm
simultaneously appeared. These two peaks can be attributed to the
characteristic peaks of PPD [34], indicating the successful
transformation of 4-NA to PPD by the Pd/Ti;C,TyCcgraphene
monolithic catalyst. The hydrogenation reaction proceeds very
fast over Pd/Tis;C,Tycgraphene (Fig. 3a). After 1 min, 91% of 4-NA
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Fig. 2. (a) SEM image of Pd/TizC,TyCgraphene hydrogels. (b) TEM image of Pd/
TisCoTycgraphene. The inset shows the SAED pattern. (¢, d) TEM image of Pd/
TizC,Tycgraphene. (e) Size distribution of Pd nanoparticles in the Pd/TisC,TyC-
graphene hydrogel.
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Fig. 3. Catalytic performance of the Pd/Ti;C;TyCgraphene hydrogel for the
hydrogenation of (a) 4-NA, and (b) other nitroaromatic compounds with different
substituents. (c) Photo of the Pd/TisCoTxcgraphene hydrogel after the catalytic
hydrogenation of 4-NA. (d) Cycling performance of the Pd/Ti3C,T,Cgraphene
hydrogel for the hydrogenation of 4-NA. (e) Schematics of catalytic hydrogenation
of nitroaromatic compounds over Pd/Ti3C,TyCgraphene hydrogels.

has been converted. For comparison, Pd/Ti3C,T, films deposited on
the substrate of poly(vinylidene fluoride) (PVDF) have also been
prepared (Fig. S4 in Supporting information). In comparison, only
62.9% of 4-NA has been converted over Pd/Ti3C,T, (Fig. S5 in
Supporting information). These results demonstrate the structure
superiority of the 3D porous Pd/Ti;C,Tycgraphene hydrogel, which
is favorable for the accessibility of active sites for catalytic
applications. In addition, we have investigated the activities of
the Pd/TisC,Tycgraphene hydrogel towards the hydrogenation of
other nitroaromatic compounds with different substituent groups.
The results in Fig. 3b show that, for these different nitroaromatic
compounds, the Pd/TisC;Tycgraphene catalyst also exhibits high
catalytic performance. The conversions of the substrates are
closely related to the electron withdrawing or electron donating
nature of the substituents in the aromatic rings. It is found that Pd/
TisC,TyCgraphene exhibits higher activity for the substrates with
electron donating groups, such as —CHsz and —OH, than that with
electron withdrawing substituents, such as —Cl and -Br, under the
same conditions, which is in agreement with previous reports [35].
Furthermore, as the electron donating capacity of —OH is higher
than that of —CHs, the reaction rate for nitrophenol is higher than
that of nitrotoluene [35].

Then the stability of the Pd/Ti;C,Tycgraphene hydrogel toward
catalytic hydrogenation of 4-NA has been examined by the
successive recycle tests. As displayed in Fig. 3¢, during the five
times recycle test, Pd/Ti;C,TyCgraphene hydrogel exhibits stable
performance. Besides, the as-prepared Pd/TizC,TyCgraphene
hydrogel successfully maintains the structure stability and is
easily separated from the reaction system by using a tweezer
(Fig. 3d), which suggests the robust mechanical property and is
desirable for practical applications. In contrast, the Pd/Ti3CoTy film
became fragile and peeled off from the PVDF substrate during the
catalytic process (Fig. S6a in Supporting information). Meanwhile,
many small Pd/Ti3C,T, pieces were found in the reaction medium
(Fig. S6b in Supporting information). Considering that Ti3CoTy
surfaces are hydrophilic due to the terminations of -O-, —OH and
-F, of particular interest is H,O sorption/intercalation, which could
lead to significant structural change of Ti3C,Ty. In the present
reaction system, Na* ions are present in the aqueous solution,
which intercalate into TisC,Ty layers spontaneously [36]. When
these cations intercalate the structure, they often carry interlayer

solvating water (H,0) molecules. In other words, the presence of
Na* between TisC, Ty layers is accompanied by the intercalation of a
bilayer of H,O molecules due to the cation solvation reactions, as
revealed by Ghidiu et al., which result in the swelling behavior [37].
The swelling behavior leads to the volume expansion of Pd/TizCTy
films, thus weakening the adhesion forces between TisC>Ty and the
substrate, as well as intersheet interactions. As a result, the
integrity of Pd/TisC,Tx films has been destroyed during catalytic
processes. In sharp contrast, the porous and 3D interconnected
structure is able to buffer the swelling behavior of TisC,Ty to
maintain the structure stability during catalytic processes, as
schematically depicted in Fig. 3e. Such effect thus affords
mechanically robust and easily retrievable Pd/TisC,TyCgraphene
hydrogels as the integrated catalysts. Meanwhile, the porous
structure of the as-prepared Pd/TisC.TyCgraphene hydrogels is
beneficial for mass transfer of reactants and maximizes the
functional accessibility of the catalyst of Pd nanoparticles, which is
of key importance for achieving efficient catalytic performances.
These result further highlights the structural advantage of the Pd/
TizC,Tycgraphene hydrogel for catalytic applications.

In summary, Pd/TisC;Tycgraphene hydrogels with 3D inter-
connected porous structure have been successfully prepared by a
facile two-step process. The as-prepared Pd/TizC,Tycgraphene
hydrogels display efficient catalytic activities for the hydrogena-
tion of various nitroaromatic compounds. In addition, a compari-
son between Pd/Ti3;C;Tycgraphene hydrogels and Pd/TisC,Ty films
as typical integrated catalysts reveals the prominent structure
advantage of the porous hydrogel over the film in buffering the
swelling behavior of Ti3C,Ty during catalytic processes. This
renders Pd/TisCoTycgraphene hydrogels the mechanically robust,
easily retrievable, and cycling-stable catalysts for continuous
catalytic applications.
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