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Metal/two-dimensional substrate composites offer arich library of
materials that can have applicationin catalysis, sensing, biotechnology
and other fields. In situ reduction deposition provides a scalable method
for fabricating metal/MXene composites, but the rational control of

metal nanostructures growth on MXene remains difficult. Here a strategy
for theinsitureduction deposition of various metals (Au, Pd, Ag, Pt,Rh,
Ruand Cu) onTi,C,T,MXene is demonstrated. This study uncovers the
guiding principles of the metal deposition process on MXene nanosheets,
including the influence of redox potential, metal coordination and lattice
mismatch. A series of metal/MXene composites with fine-tuned structures
were constructed based on these guiding principles, such as PA@Au ¢4q./
Ti,C,T,, Pt@AU e/ Ti;C, T, AU@AZ@AU gy e/ TisC, T and AG@PA@AU 4/
Ti;,C,T,.Inaddition, the in situ reduction strategy can be extended to other
MXene materials, such as Mo,CT,, V,CT,, Ti;,CNT,, Nb,C,T,.and Mo, TiC,T,,

which allows the creation of metal/MXene composites with versatile and
customizable nanostructures for a wide range of applications.

Two-dimensional (2D) material-based noble metal heterostructures
have interesting photonic'?, electronic** and catalytic properties®”.
In catalysis, for example, the ability to precisely tailor the size®, loca-
tion® and hybrid structures'®" of metals at the nano or atomic scale is
becoming increasingly important as it allows a better understanding
ofthe active sites of metals. However, precise control over metal nano-
structures on 2D supports remains challenging due to the intricate
interactions among supports, metal precursors, solvents, reducing
agents and even surfactants'",

MXene materials areregarded asideal templates for synthesizing
functional composites' . The presence of reducible substances on the
surface of MXene materials provides an accessible chemical pathway
for constructing heterostructures of metals and 2D materials* %, This s
achieved by reducing metalions to low-valence monoatomic or metallic

nanoparticles without the need for additional reducing agents. This
is generally ascribed to theinsitu reduction (self-reduction) strategy,
where the transition metal in the metastable state of the 2D MXene
actsasareducingagent, facilitating the formation of achemical bond
between the MXene and the metal***°, Using MXene materials as
reductive carriers for monoatomic metal loading has been widely
investigated”’'. However, understanding of the in situ reduction stra-
tegy remains limited, and precise control of metal growth on MXenes is
still challenging®®*°*?, Adeeper comprehension of the nucleation and
growth processes of metals on 2D MXenes is essential for the rational
design of new composite systems.

Inthis Article, we investigate the deposition of Au, Pd, Ag, Pt, Rh, Ru
and Cu on the Ti,C, T, surface throughin situ reduction inan aqueous
environment. Most metals, including Pt, Ru, Rhand Cu, initially adopt
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Fig.1| A preliminary exploration of in situ reduction processes—nucleation
and growth. a, A schematicillustration of metal depositing on the surface of
MXene by insitu reduction. b, Acomparison of redox potentials of the Ti,C, T,
MXene and metal ions. c-e, HAADF-STEM images of Rh/Ti,C, T, with Rh loadings
of 0.2 wt% (c), 0.5 wt% (d) and 2 wt% (e). f, Adsorption energies of different
metalions on Ti,C,T, nanosheets with and without vacancies showing that the
adsorption energy at the vacancy is lower. g-i, HAADF-STEM images of Ru/
Ti,C, T, (g), Pt/Ti,C,T, (h) and Cu/Ti,C,T, (i) with 0.2 wt% loadings. j, A magnified

HAADF-STEM image of Rh/Ti;C,T,with aninset showing the simulated
distribution of Rh and Ti atoms on the Rh/Ti,C,T, surface. The simulated image
isingood agreement with the experimental results. k, The top view of the slab
models used to describe the Rh/Ti,C,T,MXene. The atomsin blue, grey, brown
and red represent Ti, Rh, Cand O, respectively.l, HAADF-STEM image of
Ag/Ti,C,T, with 0.2 wt%loading. The vectors a, band c represent a non-
orthogonal coordinate systemin k. The angle between aand bis120°and cis
aligned parallel to the direction of the cross product of aand b.

amonoatomic state at extremely low loadings and transition toanano-
particlestate withincreasingloading. Au, Ag and Pd nanoparticles have
markedly different distributions, ranging from a worm-like structure
of Pd at various loadings to an uneven deposition of Ag. The growth
mechanism of these metals can be applied to other MXene substrates,
suchas Mo,CT,, V,CT,, Ti,CNT,,Nb,C,T,and Mo, Ti,C,T,. Interestingly,
Au nanoparticles are uniformly deposited at the edges of the Ti,C,T,
MXene, a feature that can be tuned by modifying the coordination
environment. Further investigation uncovers the important role of
redox potential, metal coordination and lattice mismatchinguiding the
metal deposition process on MXene nanosheets. An awareness of these
deposition behaviours aids the design and synthesis of MXene noble
metal heterostructures with precise structures, achieved by controlling
the deposition sequences. Furthermore, the regulation of metal size,
deposition location and structure can be realized through an in situ
reductionstrategy. Since reductive metal species are ubiquitousin all
MXenes, this strategy is likely to pave the way for the precise design of
metal/MXene composites with defined target structures.

Results and discussion

The Ti;C,T, MXene prepared by liquid exfoliation®> served as an
ideal support for the study of the in situ reduction strategy exhibit-
ing typical 2D structures and abundant reduction sites on its surface
(Fig. 1a and Supplementary Figs. 1-9). To carry out the liquid-phase
metal deposition, the Ti;C,T,MXene acted as bothacarrier and areduc-
ing agent”, while water served as a cleaning solvent in this process.

33-35

This resulted in the formation of hybrid materials termed M/Ti,C,T,,
where M represents metals in their reduced state.

Preliminary investigation of in situ reduction deposition
Toascertainthe valence states of the reduced metals, X-ray photoelec-
tronspectroscopy (XPS) spectrawere obtained from powder samples
after centrifugation, washing and drying. As shown in Supplementary
Fig.10, Ag’, Au*, Pd*, Pt>*, Rh**, Ru*" and Cu?* are reduced, while the
valence states of Ni** and Co* remain unchanged. Itisimportant to note
that the solvent (water) and the experimental conditions (absence of
any additional reducing agent or strong light irradiation) are incapable
of reducingM™ ions, suggesting that the Ti,C,T, nanosheets play akey
roleinthe reduction process.

To elucidate the reduction mechanism, it is first necessary to
identify the reducing species on the surface of Ti,C,T,MXene. Potential
sources include surface Ti species®**°, Ti vacancies*® and surface
groups®¥, XPS spectra of Ti,C,T, MXene (Supplementary Fig. 9) con-
firmthat Tispeciesin the nanosheets are mainly presentinlow-valence
forms, with peaks at455.8 and 457.1 eV corresponding to the 2p,, spec-
tra of Ti*" and Ti**, respectively*®*. Both Ti species have lower redox
potentials compared with Cu?' (+0.34 V versus normal hydrogen elec-
trode (NHE) for Cu* and—0.37 V versus NHE for Ti?*) and even have the
potential to reduce Co® and Ni** (Fig. 1b and Supplementary Table 1).
XPS analysis of M/Ti,C,T, also shows an increase in the Ti** fraction,
rising from 6.9%t016.9% after metal deposition (Supplementary Figs. 9
and11). Therefore, it can be concluded that theredox reaction between
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the low-valence Ti species (Ti**/Ti*") and the metal is the driving force
oftheinsitureduction process. During the in situ reduction deposition
process, the metal exhibits a characteristic nucleation growth pattern.
Taking Rh*" as an example, it initially disperses in the form of single
atoms at low loading concentrations and as the loading increases,
metal clusters and small metal nanoparticles gradually form (Fig.1c-e).

The nucleation site of the metal is crucial for the formation of
M/Ti,C,T, composites. Inevitably, Ti vacancies appear on the surface
of the MXene material as a result of liquid-phase etching*® (Supple-
mentary Fig. 6). Density functional calculations were performed on
Ti,C,T, nanosheets with and without Ti vacancies to investigate how
Ti,C,T,MXene canactasanelectron donor for M* reduction (Supple-
mentary Figs.12-15). Figure 1f shows that single metal atoms anchored
to vacancies have lower free energy. Therefore, single atoms tend to
be deposited at the Ti vacancies of Ti;C,T, MXene (Supplementary
Table 2). The high-angle annular dark-field scanning transmission
electronmicroscopy (HAADF-STEM) images (Fig.1g,h) reveal that Ru,
Pt and Cu can exist as single atoms at low loading. Furthermore, the
HAADF-STEMimage confirms that single Rhatomsare anchored to Ti
vacancies, whichisattributed to the larger atomic number of Rh, result-
ing in a higher contrast compared with Ti atoms. These results are in
agreement with our calculations (Fig. 1j,k). Extended X-ray absorption
fine structure (EXAFS) spectraalso show that atalowloading of 0.2 wt%
(Weta/ Waixene), the metals Rh, Ru, Pt and Cu all exhibit single-atom char-
acteristics (Supplementary Figs.16-19 and Supplementary Tables 3-6).
The single-atom dispersion state at low loading has been extensively
reported and analysed in the literature?”?**, This dispersion state
isstrongly dependent on the concentration of atomic-level vacancies
onthesurface of the Ti,C,T,nanosheets. It is crucial to effectively regu-
late these vacancies as they serve as preferred sites for spontaneous
reduction, nucleation and subsequent growth of M™.

The reduction of noble metals and Cu®** was further verified by
liquid-phase reduction experiments. Inthe X-ray absorption near-edge
structure spectra, the absorption edge of Cu/Ti;C,T,liesbetween that
of Cu foil and CuO, indicating that the individual Cu oxidation states
range between 0 and +2 (Supplementary Fig. 20). Further analysis of the
XPS spectra of M/Ti,C, T, reveals a higher proportion of Ti* compared
with freshly prepared Ti,C,T,MXene (Supplementary Fig. 11), consist-
entwithoxidation of Ti,C,T,. Accordingly, the reduction of M"*" species
canbeattributed to the donation of electrons from Ti** and Ti*" during
the oxidation of MXene?.

Further investigation is required to understand the changes in
metal deposition behaviour with increasing loading. The deposi-
tion of Ag" is taken as an example. Ag has a high redox potential and
should be highly susceptible to redox reactions with electron donors
(thatis, Ti* and Ti*" in Ti,C,T, MXene). However, a low loading of Ag
(0.2 wt%) deposited on the MXene surface results in the coexistence
of single atoms and metal nanoparticles (Fig. 1l and Supplementary
Fig. 21). Although achieving entirely single-atomic sites at low load-
ings is feasible, this approach has limited practical value, particularly
in single-atom catalysis, and falls outside the scope of precise spec-
troscopy characterization*’. As the loading is increased (as shown
in Supplementary Figs. 22-24), the Ag nanoparticles grow in size
without adopting a fixed morphology, forming nanoparticles piles.
Thisindicates that Ag follows anucleation growth pattern duringinsitu
reduction deposition on the MXene surface.

Leaching of Ti during metal deposition

We investigate the impact of the amount of metal deposited by in situ
reduction on the composites structure. During the in situ reduction
process, an exsolution of Ti was observed from the Ti,C,T, support
(Fig.2a,band Supplementary Fig. 25). HAADF-STEM images also show
that the deposition of metal subsets including Rh, Ru and Pt leads to
substantial defect formation (Supplementary Figs. 26-28). In con-
trast, there is minimal loss of Ti element from the aqueous Ti,C,T,

MXene solutions in a resting state*’. The solid precipitate obtained
from the filtered liquid after freeze drying is primarily composed of
TiCl; 5oF; 03C0.5s0,, Where the element Ti is in the +4 valence state by
XPSresults (Fig. 2c). Furthermore, the results of EXAFS show that the
coordination structures of Ti in precipitate were mainly Ti-F, Ti-Cl or
Ti-O, whereas the Ti species in Au,/Ti,C,T, did not undergo notable
changes in their Ti coordination environment after the Au loading,
which indicated that leached Ti*" did not produce TiO, preferentially
in solution or on MXene substrate (Supplementary Figs. 29-34 and
Supplementary Table 7). The presence of Tiin an oxidized state may
have been overlooked previously due to different methods of sample
preparation. The loss of transition metal elements (for example, Tiin
Ti,C,T,MXene) could possibly explain why MXenes fail to retain their
2D structure after oxidation***,

To further clarify the spatio-temporal sequence between redox
reactions and element loss, we conducted control experiments based
on the primary cell reaction mechanism (Fig. 2e,f and Supplementary
Figs. 35-37). In this case, the reduction of Au** can occur regardless of
whether M™ is in direct contact with MXene or not, without the need
for other reducing substances in the solution (please note that the
pathway for redox electron transfer is essential). Here, two different
environments for Ti,C,T, have been created using the graphite crucible
and dialysis membranes (cut-off molecular weight of 5,000), where the
dialysis membranes allow the elemental Ti to escape. The XPS spectra
show a considerable increase in the Ti** fraction of Ti,C,T, located in
the graphite crucible (13.7%), while it remains at alow level (4.7%) when
Ti,C,T,islocated inthe dialysis membrane (Fig. 2e,f). From these obser-
vations, we can deduce that (1) the redox reaction between Ti*** and
M™ is an inherently in situ reduction, (2) the redox reaction can occur
through charge transfer without requiring direct contact between the
two components and (3) Ti** generated by oxidation tends to leach into
solution. These findings also explain the deposition of metal nanoparti-
clesonthesurface of Ti,C,T,MXene rather than the formation of ahomo-
geneous metal layer on the surface. The viability of metal reduction is
dictated by the redox potential between MXenes and metalions, along
with the electron transfer. Concurrently, the environment of MXene
depositionsite is the pivotal factor in determining the depositionrate,
the deposition location and the morphology of the deposited metal.

Selectivity of Au depositionlocation

In addition to controlling the amount and size of deposited metal,
we have successfully obtained Au/Ti,C,T, samples with controllable
deposition locations through in situ reduction deposition. When
Ti,C,T,aqueousdispersionis used as areducing agent, Aunanoparticles
with low loading selectively grow at the edges of the MXene material,
resultinginadistribution of Aunanoparticles with asize of 7+ 4 nmat
2 wt%loading (Fig.3a-c). Even during the insitu reduction deposition
of highly loaded Au, linearly arranged Au nanoparticles can still be
observed, indicating that the selective deposition of Au at edge sites is
notarandom occurrence (Supplementary Fig. 38). Instead, it follows an
edge-first surface pattern, with deposition on the surface only occur-
ring when the edge sites are saturated. The edge-loaded Au nanopar-
ticles exhibit a morphology similar to that of Au nanodecahedrons*
(Fig. 3d,e) and HAADF-STEM images reveal inter stripe distances of
0.241 nm and 0.210 nm, corresponding to the lattice spacings of the
Au (111) and Au (200) planes, respectively. This unique edge deposition
mode and the structure of the Aunanocrystals provide additional pos-
sibilities for the in situ reduction deposition of metals on the surface
of Ti,C, T, nanosheets.

Selective deposition at edge sites using Au nanodecahedrons
provides insights into in situ reduction processes (for example, com-
peting reductionreactions; Supplementary Fig. 39), which are crucial
for assessing the electron-donating capability of thin-layered Ti,C,T,
nanostructures at room temperature. The preferential deposition of
Au nanoparticles at the edge of MXene material is directly related to
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Fig.2|Tileaching during in situ reducing processes. a, A schematicillustration
ofthe Ti metal dissolution process. b, A photograph of the solution state during
liquid-phase reduction. ¢, The powder obtained by freeze drying alarge amount
offiltrate and its Ti 2p spectrum. d, The Fourier transform (FT)-EXAFS curves
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of Ti,C,T,, Au,/Ti,C,T,, precipitate and Ti foil. e f, A schematic of Ti metal
leaching and Ti 2p spectra of Au/Ti,C,T,samples collected in crucibles (e) and
semipermeable membranes (f). The green, yellow and blue solutions represent
Ti,C,T,, HAuCl,and NaCl aqueous solutions, respectively.

the charge distribution on the surface of the Ti,C,T,MXene. While the
Ti,C,T,MXenesurfaceisnegatively charged, its edges exhibit a positive
charge**8, Itis well known that the stabilized form of Au*> in aqueous
solution is AuCl, . Consequently, the attractive forces between the
positively charged edge of Ti,C,T, and the negatively charged AuCl,”
lead to a distinct spatial distribution pattern of Au nanoparticles.
To verify this, the Ti,C,T, used for in situ reduction deposition was
pre-treated with sodium metasilicate*®, which selectively binds to the
edgesofthe Ti;C,T,nanosheets. Auwas then deposited on the surface
Ti,C,T, under the same conditions. Transmission electron microscopy
(TEM) images show that the reduction reaction can still take place,
but the Au nanoparticles are no longer deposited at the edges of the
Ti,C,T,nanosheets (Supplementary Fig. 40). This confirms the distinct
physicochemical properties between the edges and the surface of
Ti,C,T, nanostructures®.

In addition, the coordination environment of M"* species also
plays an important role in determining its deposition location. To
validate this, an Au®> ion solution containing EDTA complexing agent
was injected into a Ti,C,T, aqueous dispersion at room temperature.
The TEMimages shownin Fig.3g and Supplementary Fig. 41show that
Aunanoparticles are uniformly deposited on the surface of the Ti,C,T,

MXene, with a lattice spacing of 0.239 nm, which is attributed to the
(111) face of the Au nanoparticles*** that have a size of 5 + 3 nm (Fig. 3h).
This indicates that the variation in coordination environment of Au
species (AuCl,” and Au-EDTA) leads to the selectivity of deposition
site. Consequently, this provides an approach for the precise control
of metal deposition locations using in situ reduction strategies.

Size distribution of Pd

When Pd* reacts with Ti;C,T, nanosheets at room temperature,
small nanoparticles with characteristics different from Ag and Au are
obtained. TEM images of Pd/Ti,C,T, show a uniform size and linear
continuous distribution of Pd nanoparticles on the support surface,
with anaverage size of 1-3 nmregardless of the Pd loading (Fig. 4a-d).
HAADF-STEMimages show the presence of smallamounts of Pd atoms
around the worm-like Pd nanoparticles (Fig. 4¢,f). Interestingly, even at
anultrahighloading of 50 wt%, the size and morphology of individual
Pd nanoparticles remain similar to those observed at a low loading of
2 wt% (Fig. 4g). This accomplishment is challenging to achieve using
conventional preparation methods of heterogeneous catalysts. These
observations suggest that the migration and agglomeration of Pd on
the MXene surfaces are hindered. In addition, the lattice spacing of
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with Auloadings of 2 wt% (a), 5 wt% (b) and 10 wt% (c). The distribution of Au
nanoparticles at the edge of Ti,C,T, nanosheets was found in all samples.

d,e, HAADF-STEM images (d) and corresponding element maps (e) of
Au/Ti,C,T,-2,and 1,2 and 3 demonstrate the atomic distribution, pattern
diffraction and EDS mapping of Au nanoparticle, respectively. f, d-related

Particle size (nm)

plotsas afunction of Auloading content. d represents Au nanoparticle size and
the error bars indicate s.d. based on the statistics of 60-123 Au nanoparticles.
g h, HAADF-TEM image (g) and size distribution (h) of Au nanoparticles in Au/
Ti,C, T, nanostructures prepared using acomplexation strategy. The blue and
yellow colours represent the Ti,C,T, nanosheet and Au nanostructuresina-c,
respectively.

the Pd nanoparticles is 0.227 nm (Fig. 4f), slightly larger than that of
the conventional Pd (111) crystalline surface’. This discrepancy canbe
attributed to the tensile lattice strain exerted on the Pd nanoparticles
dueto the large lattice spacing of Ti,C,T,.

A larger lattice mismatch between Pd nanoparticles and Ti,C,T,
(Aryvixene-pa/ Tuxene = 8-1%) leads to a greater strain loss, which prevents
the agglomeration of Pd nanoparticles. In contrast, the size of Ag and
Au nanoparticles is consistently larger than that of Pd nanoparticles
at the same loading (Supplementary Fig. 42). This is due to the rela-
tively small lattice mismatches between Ag and Ti,C,T, (4.2%) and
between Auand Ti,C,T, (6.1%). These relatively perfect lattice matches
facilitate the continuous growth of nanoparticles on the support
surface. Therefore, the size of the metal follows the pattern R, yps >
R, nps > Rpanps at the same loading. This mode of deposition is known
as the Volmer-Weber mode®, which applies not only to the growth
of thin films but also to the in situ reduction process. Other metals
with larger lattice mismatches, such as Pt (Aryxene.pe/ Tuxene = 8-5%) and
Rh (Aryyene-rn/ Tvixene = 11.5%), exhibit similar worm-like structures at
higher loadings (Supplementary Figs. 43 and 44). These experimental
results further support the application of the Volmer-Weber modein
theinsitu reduction process. Thus, the structure and morphology of
the metal nanoparticles formed by the heterogeneous deposition of
M™ onTi,C,T, depend on the degree of lattice mismatch between the
metal nanoparticles and the carrier.

Itis worthemphasizing that, during the deposition of noble metals
onMXene using theinsitureduction strategy, no substantial changein
the size of the nanosheets was observed (Supplementary Figs. 45-48).
This finding demonstrates the unique advantage of samples prepared

by the in situ reduction strategy for investigating the structure-
performance relationship. These samples could serve as valuable
model materials for controlled variable experiments.

Summary of the principles of metal deposition

These experimental phenomena open the door to the design and
preparation of M/MXene composites with fine-tuned structures
using in situ reduction strategies. After synthesizing a library of
monometallic-loaded M/MXene materials using the in situ reduction
approach, three key principles can be outlined as follows: (1) reduc-
ing power: the redox potential determines whether a metal can be
reduced, as in situ reduction involves a redox reaction between the
carrier and M™; (2) deposition location: the coordination environ-
ment of M influences the deposition location of the metal on MXene
(specifically Ti,C,T, MXene); (3) metal size: the lattice mismatch
between the metal and the MXene material determines the size of
the deposited metal. These principles serve as a basis for explaining
and predicting the reduction of metal precursors and the subsequent
deposition of metal atoms on MXene, and particularly the deposition
behaviour of bimetallic and multiple metals on MXene surfaces. By
exploiting these principles, itis expected that engineering the nuclea-
tionand growth of metalsin theionic state on MXene will produce nano-
structures with unconventional morphologies that may find unique
applications in catalysis, sensing and biotechnology.

Application of in situ reduction strategies
Modulation of the size, location and structure of metals represents an
effective, albeit challenging, strategy for controlling the functionality
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of composites™. Through in situ reduction strategy, a diverse range
of structurally well-defined M/Ti,C,T, composites can be achieved
through prediction and design (Fig. 5a). Taking the example of bime-
tallic Auand Ag, this study demonstrates the synthesis of AgAu alloys
and Ag@Au core-shell nanoparticles, and the precise control of their
deposition onthe surface or edges of MXene materials. Furthermore,
the synthesis route for M/MXene s explained through three principles
ofthe insitu reduction strategy.

For the synthesis of AgAu.;4,./Ti;C,T,, aqueous solutions of
HAuCl, and AgNO, were mixed and added to an aqueous Ti,C,T,
solution for reduction. (1) Assessment of reducing ability: AuCl,”and
Ag’ possess high redox potentials, and Ti,C,T, has a strong reducing
ability towards them; (2) prediction of nucleation sites: AuCl,” read-
ily nucleates at the edges of Ti,C,T, nanosheets due to electrostatic
adsorption; (3) prediction of metal growth: with a small lattice
mismatch between Ag and Au, the remaining AuCl,” and Ag" grow
selectively and rapidly around the Au seeds at the nanosheet edges.
As aresult, AgAu alloy nanoparticles are deposited at the edges of
Ti,C,T,nanosheets. The successful synthesis of AgAu. g4,/ Ti;C, T, com-
posites is confirmed by HAADF-STEM images and STEM-energy-
dispersive spectroscopy (EDS) elemental maps (Fig. 5b).

Following the guidance of the three principles of thein situ reduc-
tion strategy, the alloy structure of Ag and Au, as well as core-shell
structure of Ag@Au, were synthesized on the edge and surface of
Ti,C, T, nanosheets, resulting in the formation of Ag@Au ¢4,/ TisC,T,,
AAU g race/ Ti;C, T and AG@AU g pace/ TisC, T, (Fig. 5c—e and Supplemen-
tary Discussion 1). The results presented above clearly demonstrate
the effectiveness of the in situ reduction strategy in regulating the
size and location of metal deposition on MXene, as well as the ability
totune thestructure of metal nanoparticles at the nanoscale. Encour-
aged by these findings, we have successfully synthesized a series of
materials, including PA@AU g,/ TisC, T, Pt @AU g4,/ TizC, T, Au@AZ@
Au-Surface/Ti3C2Tx' Pt@Ag@Au-Surface/Ti3C2Txr AgPdAu-Surface/TiZCZTx and

Ag@Pd@Au ¢4,/ Ti;C,T, (Fig. 5f-k and Supplementary Figs. 49 and 50),
by utilizing the Ti,C,T, MXene as a carrier and adjusting the growth
conditions for metals. This demonstrates the versatile growth of metals
onMXene nanosheets. The control achieved through modulating of the
coordination environment of metalions and the deposition sequence
of in situ reduction provides evidence for the feasibility of the in situ
reductionstrategy, makingitacontrollable method for manipulating
the size, location and structure of metal deposition.

To explore the universality of the in situ reduction method, we
haveloaded Au, Ag, Pd and various metal combinations onto a variety
of MXenes to prepare M/MXene composites, including Mo,CT,, V,CT,,
Ti,CNT,, Nb,C;T, and Mo, Ti,C,T,MXenes (Supplementary Discussion 2
and Supplementary Figs. 51-76). Furthermore, we have examined
an array of nanomaterials, including Ag@Au ¢4,/ Ti;C,T,, for their
effectiveness in surface-enhanced Raman spectroscopy as a demon-
strative application (Supplementary Discussion 3 and Supplementary
Figs.77-81). These explorations and experimental findings confirm the
extensibility and promising applications of the in situ reduction strat-
egy.Althoughtheinsitureduction process may beinfluenced by more
complex factorsthat warrant further exploration, the results obtained
sofarare promising. Given the wide range of MXenes available’*"*? and
the potential combinations with different metals, the in situ reduction
strategy opens up numerous possibilities for composite design.

In summary, we have developed a platform for the deposition of
metals, including Au, Pd, Ag, Pt, Rh, Ruand Cu, on Ti,C,T, MXene, and
amethod for the synthesis of M/Ti,C,T, composites with control over
their morphology, size and structure. Our results show that Ti;C,T,
possesses ageneral reduction capacity for noble metals and Cu, relying
ontheredoxreactionbetween M™ and Ti***. The deposition behaviour
of the reduced metal is determined by both electrostatic adsorption
and lattice spacing. The electrostatic adsorption behaviour determines
the metal deposition location, while the lattice spacing governs the size
ofthe deposited metal. These insights into metal-MXene interactions
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areimportant for understanding the in situ reduction approachin M/
MXene systems, enabling the design of M/MXene composites with
diverse structures, such asbimetallicalloys, core-shell structures and
controlled deposition locations. The design strategies for M/Ti,C, T,
composite can also be extended to the use of other MXene materials.
As aniillustrative example, the Ag@Au 4,/ Ti;C,T, composite, char-
acterized with the edge-loading and core-shell structure features,
exhibits remarkable performancein surface-enhanced Raman scatter-
ing applications. Theinsitu reduction strategy therefore provides an
effective means of tailoring the morphology and structure of M/MXene
composites, presenting opportunities for a wide range of nanostruc-
tures. The present work will advance both fundamental research and
the practical applications of M/MXene, harnessing the potential of the
insitureduction strategy in creating novel nanostructures.

Methods

Synthesis of M/MXene

Freshly prepared monolayer Ti,C,T, MXene colloidal solution was
diluted to 100 mg I and labelled as solution A. To prepare M/MXene
heterojunction materials containing the metals Au, Ag, Pd, Pt, Ru, Rh
and Cu, a salt solution containing a certain amount of metal ions was
diluted in 10 ml of deionized water, noted as solution B. The corres-
ponding metal sources were HAuCl,, AgNO,, Pd(NO,),, K,PtCl,, RuCl,,
Rh(NO,);, Cu(NO,),, NiCl,and CoCl,.Solution Bwas slowly (1 ml min™)
added to solution A (10 ml) in drops, followed by stirring for 10 min
at room temperature. In the preparation of composites with higher
metal loadings, the operation is not altered other than by increasing
the amount of metal precursor. Precipitates were collected at10,619g
or the low metal loading composites were directly freeze dried to
separate the M/MXene heterojunction material from the aqueous
solvent phase. The resulting material is named as M/Ti,C,T,-y, where
yrepresents the theoretical loading percentage of the metal and M
denotes the specific metal. In addition, it has been named following
academic conventions to distinct the deposition locations and metal
structures. The slash symbol denotes particles that are deposited
and allocated on the MXene. The terms ‘Surface’ and ‘Edge’ specify
the location of metal nanoparticle deposition on MXene nanosheets.
The ‘@’ symbol indicates the formation of a core-shell structure
with metallic nanoparticles, where the former metal envelops the
latter metal. Moreover, metal elements without spaces signify metal
nanoparticle alloys containing these metal elements. For instance,
AgPdAU g1/ TisC, T, refers to the AgPdAu alloy nanoparticle located
on the surface of Ti,C,T, MXene. Meanwhile, Ag@Pd@Au ¢,/ Ti;C, T,
represents an Ag-encapsulated Pd-encapsulated Au nanoparticle allo-
cated at the edge of Ti,C,T,MXene.

Determination of Tileach (galvanic cell reaction)

In a primary cell reactor, a colloidal solution of Ti;C,T, MXene was
placed in dialysis membranes (cut-off molecular weight of 5,000) and
a graphite crucible to act as the positive electrode. The HAuCl, solu-
tionwas placed inanother dialysis membranes and agraphite crucible
to act as a negative electrode. A conductive pathway is formed with
graphiterods, conductive copper wires and sodium chloride solution.
The concentration of Ti,C,T, colloidal solution and HAuCl, solution
used in this experiment was 1 mg ml™ and 0.203 mM, respectively,
and the volume of both solutions was 25 ml. Two solutions in dialysis
membranes and graphite crucible were collected after 24 h of reaction
and freeze dried and tested.

Synthesis of Au g,/ Ti;C, T, nanostructures

For the deposition experiments of Auonthesurface of Ti,C,T,MXene,
EDTA was used as the complexing agent: 0.3 mM EDTA was added into
the 0.01 mM HAuClI, solution with a total volume of 10 ml and stirred
to form a complexed metal solution. This solution was then added
dropwise to the colloidal solution of Ti,C,T, MXene (10 ml,100 mg I™).

The subsequent steps of the procedure followed the same protocol as
the previous precious metal deposition experiment.

Synthesis of AgAu ¢4,/ Ti;C,T, nanostructure

Analloy structureloaded on the edge of Ti,C, T, nanosheets (AgAU.g4g./
Ti;C,T,). To prepare AgAU 4,/ Ti;C,T,, 1 mg Ti,C,T, was dilutedin 10 ml
ofaqueous solvent in abeaker. Subsequently, 10 ml of a solution con-
taining AgNO, (0.0093 mM) and HAuCl, (0.0051 mM) was slowly added
dropwise to the aforementioned solution. This solution was stirred at
room temperature for2 h.

Synthesis of Ag@Au g4/ TisC,T,, PA@AU ¢4,/ Ti;C, T, Pt@

AU g4,/ Ti;C, T, and Ag@Pd@Au 4,/ Ti;C, T, nanostructures
Core-shell structures loaded on the edge of Ti,C,T, nanosheets
(Ag@AU 4/ TisC,T,). First, 1 mg Ti,C, T, was diluted in 10 ml of aque-
ous solvent in a beaker. Then 10 ml HAuCl, (0.0051 mM) was
added in the aforementioned solution. After stirring for 1h, 10 ml of
AgNO; (0.0093 mM) was slowly added dropwise. This solution was
stirred at room temperature for 2 h. During the synthesis of PA@Au ¢ 4ge/
Ti,C,T, and Pt@Au.q4,/Ti;C,T, composite materials, equivalent vol-
umes of PdA(NO;), (0.0094 mM) and K,PtCl, (0.0051 mM) solutions were
usedtoreplace the AgNO,solution, respectively. The remaining steps
were identical to the preparation procedure of Ag@AU g,/ Ti;C, T,
In the preparation of Ag@Pd@Au. 4,/ Ti;C,T,, after the synthesis of
PAd@AU 4,/ Ti;C,T,, anadditional 10 ml of AgNO; solution (0.0093 mM)
was slowly added dropwise and stirred for 1 h.

Synthesis of AGAU g, 1,/ Ti;C, T, and AgPd AU gy 1,/ Ti;C, T,
nanostructures

An alloy structure loaded on the surface of Ti;C,T, nanosheets
(AgAU g4,/ Ti5C,T,). First, 1 mg Ti,C,T, was dispersed in 10 ml of
an aqueous solvent in a beaker. Subsequently, a mixture of AgNO,
(0.0093 mM), HAuCl, (0.0051 mM) and EDTA (0.3 mM) in 10 mlvolume
was slowly added dropwise. This resulting mixture was stirred at room
temperature for2 h.

For the preparation of AgPdAu g,/ Ti5C,T,, a10 ml solution
comprising HAuCl, (0.0051 mM), Pd(NO;), (0.0094 mM), AgNO,
(0.0093 mM) and EDTA (0.3 mM) was slowly added dropwise in the
Ti,C,T,solution.

SyntheSiS Ong@Au-Surface/Ti3C2Tx' Au@Ag@Au-Surface/Ti3C2Tx
and Pt@Ag@AU. g,/ Ti;C, T, nanostructures

Core-shell structures loaded on the surface of Ti;C,T, nanosheets
(A@AU g1/ TizC,T,). First, 1 mg of Ti;C,T, was dispersed in 10 ml of
aqueous solvent in a beaker. Subsequently, a 10 ml solution contain-
ing HAuCl, (0.0051 mM) and EDTA (0.3 mM) was slowly added to the
Ti,C,T, solution. After stirring the reaction for 1 h, a 10 ml mixture of
AgNO;(0.0093 mM) and EDTA (0.3 mM) was introduced into the solu-
tion mentioned above.

The two nanostructures, AU@AZ@AU g g/ Ti;C, T, and Pt@Ag@
AU/ TisC,T,, can be synthesized by adding a solution of HAuCl,
(0.0051 mM) and K,PtCl, (0.0051 mM) to AgG@AU.gy¢ace/ TisC, Ty,
respectively.

Computational details

The initial atomic structure of the Ti,C,T, nanomaterial was obtained
from a previous study or generated using appropriate software.
The atomic positions of the Ti,C,T, nanomaterial were fully relaxed
through density functional theory calculations to obtain the most
stablestructure. The Perdew-Burke-Ernzerhof functional was chosen
as the exchange-correlation functional.

The surface of the relaxed Ti,C,T, nanomaterial was considered
to determine the adsorption sites for the metal ions. The surface was
sampled to identify potential adsorption sites, such as bridge sites,
hollow sites and top sites.
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The metalions (Au, Ag, Pd, Rh, Ru, Pt and Cu) were individually
adsorbed on the identified surface sites of the Ti,C,T, nanomaterial.
The adsorption energy (E,) for each metal ion was calculated using
the formula: Eads = Ecomplex - (Emetal + Enanomaterial)' where Ecomplex isthe total
energy of the metal-ion-Ti,C,T, complex, E,.., is the total energy of
the isolated metal ion and £,,,omaerial i the total energy of the relaxed
Ti,C,T,nanomaterial.

The plane-wave cut-offenergy was set to avalue of the total energy
0f400 eV. The Brillouinzone was sampled using an appropriate k-point
mesh. The Brillouin zone was sampled using a 3 x 3 x 1 k-point mesh.
Spin polarization was included in the calculations to account for
magnetic effects. The final adsorption energies were reported in the
reference of the transition metal bulks as comparisons.

Additional methods

For details describing chemicals reagents, material preparation (includ-
ing the synthesis of MXenes such as Ti,C,T,, Ti,CNT,, Mo,CT,, V,CT,,
Nb,C,T, and Mo,Ti,C,T,, the detailed procedures for synthesizing
expanded M/MXene composites, surface-enhanced Raman spectro-
scopy measurements and mechanismexploration, as well as the specif-
icsof the mechanisminvestigation experiments) and characterizations,
please see Supplementary Information.

Data availability

Data supporting the findings of this study are available in the article
and its Supplementary Information. Source data are provided with
this paper.
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