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Minimizing Intersheet Junction Resistivity via Au,Cu,
Nanocluster-Based Connectivity in Mo,TiC, MXene for
Symmetric Supercapacitor Device

Tehseen Nawaz, Muhammad Ahmad,* Iftikhar Hussain, Xi Chen, B. Moses Abraham,
Shengli Zhuang, Kam Hung Low, Kaili Zhang,* and Jian He*

1. Introduction

MXenes with their intrinsic metallic conductivity and redox versatility have

emerged as frontrunners in the search for advanced energy storage materials.
However, their energy storage capabilities are often hindered by the limited
accessibility of electrolytes to active sites and enhanced electrical resistance
due to the susceptibility to layer restacking. To address these challenges, a
novel, ultrasmall Au,Cu, nanocluster, strategically embedded within Mo,TiC,
MXene layers, is introduced. This integration is facilitated through precise
interfacial local interactions, which govern the regulation of interlayer electron
flow. The Au,Cu, nanocluster modifies the local electron density, promoting a
gradient in electronic conductivity throughout the MXene layers and acting
as a nanoscopic bridge that counters the tendency for restacking. This approach
markedly enhances the charge transfer efficiency and, consequently, the
charge storage capacity. The nanoclusters/MXene composite-based symmetric
supercapacitor provides superior energy density and power density. The
findings reveal a sophisticated interface engineering strategy for the prevention
of interlayer restacking of MXenes that significantly elevates their ability to

store charge.

The field of 2D materials began with
graphene and has rapidly expanded to
include a vast array of materials with
promising electronic and optoelectronic
properties.’™  Networks of in-plane-
aligned nanosheets are arranged in geo-
metrical morphology suitable for thin film
development. In contrast to nanotube net-
works, large-area conformal intersheet
connections form by assembly of adjacent
nanosheets, which facilitate effective
charge transfer whereas nanotube net-
works require more complex interactions
and nanoparticle arrays that often necessi-
tate passivation to avert charge trapping
attributed to the nanosheets’ basal planes
lacking flexible bonds. Leveraging the huge
diversity through the 2D group of materials
facilitates the tailoring of conducting, semi-
conducting, dielectric, and electrochemi-
cally active networks, which has induced
the development of diverse devices, such as transistors, ! photo-
detectors,[6’7] capacitors,[s] and supercapacitors.p’“]
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MXenes are 2D materials constituting transition metal car-
bides, nitrides, and carbonitrides with characteristic surface termi-
nations including —F, -O, —Cl, and —OH.'213 Their remarkable
metallic conductivity, tunable interlayer spacing, redox capabili-
ties, and versatile surface chemistry present them as potential can-
didates for energy storage applications.*'® MXenes demonstrate
fast intercalation of various cations between their layers, facilitat-
ing their application as electrodes in advanced metal-ion capacitors
and batteries with multiple charge carriers.'”" Anasori et al.
discovered Mo,TiC, MXene, characterized by outer layers of
molybdenum sandwiching a central layer of titanium, showing
promise for energy storage.””)

However, MXenes, like other 2D materials, are prone to irre-
versible agglomeration caused by van der Waals forces, which
can induce reduction in interlayer spacing and a subsequent
decrease in specific surface area.”?! This can diminish the
number of active sites and inhibit ion transportation thereby
reducing the electrochemical activity and reducing its capacity
for high-density energy storage.***! To overcome these
obstacles, MXene-based materials can be engineered to facilitate
access to nanospaces and enhance ion diffusion.**~2%! Therefore,
itis crucial to tailor the interlayer spacing of MXenes to augment
their electrolyte-available surface area and improve the charge
mobility dynamics to accomplish their full potential for charge
storage.>” The hybridization of MXenes with low-dimensional
entities, like nanoparticles and/or nanotubes, can mitigate the
restacking ability to some degree.*"*? Yet, achieving a uniform
dispersion of nanoscale entities remains a significant challenge
due to their own tendency toward aggregation.

Ultrasmall metal nanoclusters that close the gap between indi-
vidual atoms and larger nanoparticles with sizes ranging from 1 to
3 nm present a viable solution.*>** These nanoclusters are stabi-
lized by a protective ligand that prevents agglomeration and enhan-
ces cluster stability.®”~*) The fact that metal nanoclusters do not
aggregate makes them perfect candidates for integrating with
MZXenes, allowing them to disperse on the surface and prevent
single-layered MXenes from restacking. To the best of our knowl-
edge, no report shared integration of atomically precise ultrasmall
metal nanocluster to prevent the restacking challenge of MXene.

For the first time, we demonstrate a unique approach for
the fabrication of AuyCu, NC/Mo,TiC, composite (where NC
refers to mnanocluster) using the chemical bath deposition
method under mild conditions. The fabrication of Au,Cu, NC
in Mo,TiC, MXene showed excellent morphological characteris-
tics such as homogeneous dispersion of metal nanoclusters ana-
lyzed by utilizing advanced morphological techniques. The novel
atomically precise Au,Cu, NC was integrated within Mo,TiC,
MXene layers to form locally coordinated interaction and control
the regulation of the interlayer electronic conduction. The local
electron density of AuyCu, NC enhanced the charge transfer by
forming a gradient in electronic conductivity across the MXene
layers via serving as interlayer nanoscopic bridges inhibiting
restacking, thereby amplifying the charge storage capacity.

2. Results and Discussions
The synthesis of doped AuyCu, NC was accomplished through a
coreduction approach utilizing HAuCl,-3H,0 and CuSO4-2H,0
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as metal precursors, NaBH, as the reducing agent, and a combi-
nation of 2,4-DMBTH and dppe as stabilizing ligands. A two-
phase synthesis method was used at room temperature, with
detailed procedural steps provided in the Supplementary
Information. To obtain high-quality crystals for single-crystal
X-ray diffraction (SCXRD), a slow diffusion technique was
employed: methanol was gradually introduced into a dichlorome-
thane (DCM) solution containing the NC at 4 °C, yielding dark
crystals (Figure S1, Supporting Information). The overall atomic
arrangement of the bimetallic NC is illustrated in Figure 1a.

SCXRD analysis revealed that the NC crystallizes in the cen-
trosymmetric monoclinic space group C 2/c with a reliability fac-
tor (R) of 6.13%. The obtained molecular formula was further
verified by electrospray ionization mass spectrometry (ESI-MS),
a widely used technique for determining the mass and structural
integrity of nanoclusters. The ESI-MS spectrum (Figure 1Db)
displays a prominent peak at m/z 2137.092, corresponding to
the [Au,Cu,(2,4-DMBT)s(dppe) + H]'" ion. The close match
between the experimental isotopic distribution and theoretical
simulations (Figure 1b inset) conclusively confirms the NC
composition. UV-Vis absorption spectra revealed that Au,Cu,
NC had absorption peaks at 324 nm as depicted in Figure 1c.

The bimetallic framework within the Au,Cu, NC is further
detailed by the tricoordination of each copper atom with 2,4-
DMBT ligands, resulting in the formation of a Cu(SR); motif,
as depicted in Figure 1d. Subsequent analysis reveals that the
sulfur atoms within these tricoordinate moieties facilitate
additional coordination with gold atoms. Notably, two of the gold
atoms serve as junctures for the tricoordinate copper moieties,
creating two [-SR—Au—SR—] staple motifs (see Figure le).
Additionally, the remaining two gold atoms manifest a divergent
coordination environment, anchoring a thiolate ligand on one
side and a phosphine ligand on the other, expressing as
[-PR—Au—SR—] motif as shown in Figure 1f. Significantly,
the dppe ligand exhibits exclusive coordination with gold atoms.

The architectural intricacies of the Au,Cu, NC are depicted in
Figure 2a,b, where a hexatomic chair conformation is observed.
Within this arrangement, two Cu(SR); motifs are designated
as S;, S, S;, and their corresponding prime counterparts
S1’,S,’, S3'. Notably, the interatomic distance between S; and S5’
is measured at 4.65 A, which exceeds that between S, and S,’
(4.56 A) as shown in Figure 2a. Furthermore, the angle subtended
by S,, Au,, and S,’ deviates significantly from the ideal linear
geometry, registering at 173.53° as opposed to the expected
180° (see Figure 2b). This deviation can be ascribed to additional
coordination of Au, with Au; and Aus;’.

The contraction in bond length and deviation from linearity
can further be the consequence of surface interactions involving
the phenyl rings as depicted in Figure 2c. Evident edge-to-face
n-n stacking is discerned between phenyl rings PR, and SR;’,
with 3.91 A. A symmetrical interaction of similar nature is pres-
ent between PR,’ and SR,. In contrast, the phenyl rings PR, and
PR;’ do not exhibit any intracluster interaction, which can be
attributed to their extended separation, of 5.31 A.

Generally, ultrasmall metal nanoclusters have distinct optical
absorption UV-Vis spectra. In case of AuyCu, NC, the character-
istics absorption peaks at 324 nm and 394 nm were maintained
not only after stirring at room temperature (4 days) but also
at higher temperature for 48h as depicted in Figure S2, S3,
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Figure 1. a) Structure of AusCu, NC (color labels: blue, Au; maroon, Cu; green, S; magenta, p; gray, C), b) ESI-MS spectra of AuyCu, NC, c) UV-Vis
absorption spectrum of AusCu, NC, d) coordination mode of Cu with 2,4-DMBT, and e,f) coordination mode of Au with 2,4-DMBT and dppe,

respectively.

Supporting Information, respectively, depicting the extraordi-
nary stability of the cluster.

Au,Cu, NC/Mo,TiC, was engineered to examine the impact
of integrating Au,Cu, NC within the interlayer spacing of
Mo, TiC, MXene. A thorough analysis was conducted to compare
the electrochemical behavior of the pristine Mo,TiC, MXene and
Au,Cu, NC/Mo,TiC, composite. Monolayered 2D Mo,TiC,
nanosheets were obtained via a modified chemical exfoliation
method.***3 Au,Cu, NC were then incorporated onto Mo,TiC,
MXene through chemical bath deposition technique under ambi-
ent conditions as shown in Figure 3a. A thin film of as-prepared
Au,Cu, NC/Mo,TiC, composite was attained by vacuum-
assisted filtration.

The dispersion and integration of Au,Cu, NC within Mo,TiC,
MXene layers, forming a AusCu, NC/Mo,TiC, composite, were
systematically analyzed via HRTEM, HAADF-STEM, and EDS
(Figure 3b-h). HRTEM (Figure 3b) confirms successful exfolia-
tion of monolayer Mo, TiC, with interlayer stacking, validated by
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HAADF-STEM (Figure 3c). Pristine Mo, TiC, exhibits a layered
structure with 0.65 nm interlayer spacing as shown in Figure S4,
Supporting Information.

Au,Cu, NC appear as dark spots (red circles, Figure 3d), uni-
formly dispersed across MXene layers. In the cross-sectional
view (Figure 3e), the metal nanocluster on the single-layered
MXene acts as a bridge, preventing the MXene layers from
restacking. The insertion of Au,Cu, nanoclusters creates an
interlayer spacing of 1.43 nm, as shown in Figure 3f,g, confirm-
ing the formation of the composite. The interface construction
(Figure 3g) validates the anchoring of AuyCu, NC within the
stacked MXene layers, serving as nanoscopic bridges. These
nanoscopic bridges can facilitate the transport of electrons by
providing conductive connectivity across stacked layers of
MXene hence enhancing the charge storage ability capability of
the MXene. Additionally, EDX analysis further confirmed
the homogeneous dispersion of constituting elements Au, Cu,
Mo, Ti, and C (Figure 3h), which validates the successful
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Figure 2. a,b) Anatomy of Au,Cu, NC and c) detailed view of the edge to face n- stacking in the Cu(SR), motif with dppe. Color labels: blue, Au; maroon,

Cu; green, S; magenta, p; and gray, C.

fabrication of the Au,Cu, NC/Mo,TiC,. Furthermore, atomic
force microscopy (AFM) was performed to investigate the rough-
ness of Auy,Cu, NC/Mo,TiC, as shown in Figure S5, Support-
ing Information. Surface roughness of AuyCu, NC/Mo,TiC,
was found at 101.3nm which indicated a highly textured
morphology.

To investigate whether the structural integrity of MXenes
was preserved during integration, Powder X-ray diffraction
(PXRD) was used. Figure S6, Supporting Information, depicts
the PXRD patterns of the exfoliated pristine Mo,TiC, MXene
and Au,Cu, NC/Mo,TiC, composite. The exfoliated pristine
Mo,TiC, MXene exhibited diffraction peaks at 6.32°, 13. 97°,
16.80°, and 26.4° indexed to (2), (4), (6), and (10) planes, respec-
tively. However, the diffraction peaks of AuyCu, NC/Mo,TiC,
composite depict higher intensity which suggests that the
d-spacing values increased which can be ascribed to the integra-
tion of Au,Cu, NC.*Y Moreover, no additional diffraction peaks
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from impurities appeared in the XRD patterns of Au,Cu, NC/
Mo,TiC, composite. The unaltered PXRD patterns between
Mo,TiC, MXene and Au,Cu, NC/Mo,TiC, composite revealed
that the structural morphology of the Mo,TiC, MXene was
retained with increased d spacing.

To determine the interaction between AusCu, NC and
Mo, TiC, MXene, X-ray photoelectron spectroscopy (XPS) analy-
sis of the Au 4f, Cu 2p, Ti 2p, and Mo 3d was conducted as pre-
sented in Figure 4. The characteristic peak of Au 4f at a binding
energy of 84.38 eV (Au 4f ;) and 88.08 eV (Au 4f’5;) in Au,Cu,
NC shifts to lower energies, 84.32 and 88.02 eV respectively, after
integration with the Mo,TiC,, as shown in Figure 4a. Similar
deviation was observed in case of Cu 2p where binding energy
at 932.38eV (Cu 2ps3;5) and 952.28eV (Cu 2ps;;) negatively
shifted toward 932.27 eV (Cu 2ps,;) and 952.07 eV (Cu 2ps);)
after integration of Au,Cu, NC across Mo,TiC, MXene inter-
layers as shown in Figure 4b.1**! The significant negative shift
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Figure 3. a) Schematic illustration for the integration of AusCu, NC in Mo,TiC, MXene, b) HRTEM image of Mo,TiC, MXene, c) HAADF image of
Mo,TiC, MXene, and d) HRTEM image AusCu, NC/Mo,TiC, composite; surface view, e—g) cross-sectional view of AuysCu, NC/Mo,TiC, composite,
and h) EDX elemental mapping of AusCu, NC/Mo,TiC, composite showing constituting elements.

in binding energy of Au 4f, Cu 2p in Au,Cu, NC/Mo,TiC, com-
posite, typically means the increase of surface electron density
and most likely development of Van der Waals interactions
Au,Cu, NC and Mo,TiC, MXene.® In terms of Mo,TiC,
MZXene, the Ti 2p XPS spectrum can be divided into Ti—C bonds
(454.98, 460.98 eV) and Ti—O bonds (458.08, 463.88 eV) as dis-
played in Figure 4c. The corresponding peaks of Ti 2p shift
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toward increasing binding energy in Au,Cu, NC/Mo,TiC, com-
posite, that is, Ti—C bonds (455.48, 461.38 eV) and Ti—O bonds
(458.68, 463.98 V). Similar trend is observed in Mo 3d where the
binding energy at 228.78 (Mo 3ds ), 230.98 (Mo 3ds),), 231.98
(Mo®>™/%™), and 235.18 eV (Mo’ "/®*) shifts positively after inte-
gration of AuysCu, NC across Mo,TiC, MXene, as shown in
Figure 4d.1*? The increase in binding energy of Mo 3d and Ti
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Figure 4. XPS spectra of a,b) Au,Cu, NC (top) and AusCu, NC/Mo,TiC, composite (bottom) and c,d) Mo,TiC, MXene (top) and AuyCu, NC/Mo,TiC,

composite (bottom).

2p in Au,Cu, NC/Mo,TiC, composite in comparison to Mo, TiC,
MXene signifies the development of Van der Waals interactions
between Au,Cu, NC Mo,TiC, MXene. XPS analysis suggests
that the electron transfers between Mo,TiC, and Au,Cu, NC
develop a strong interaction and local coordination environment
at the interlayer interface of MXene which is favorable for the
transport of electron with reduced resistivity across the layers
of MXene.

The electrochemical properties of Au,Cu, NC/Mo,TiC, com-
posite and Mo,TiC, MXene-based electrodes were predomi-
nantly explored by employing a three-electrode system via
aqueous 3M KOH electrolyte and Hg/HgO as reference
electrode. The inset of Figure 5a shows the CV of Au,Cu,
NC/Mo,TiC, composite and Mo,TiC, MXene at a scan rate of
30mVs ™! across potential window ranging from —1 to 0.4 V.
Evidently, the CV curve of Au,Cu, NC/Mo,TiC, composite
exhibits a larger integrated area than Mo,TiC, MXene. The better
the integrated area, the more specific capacitance is compared to
the Mo,TiC, based electrode material. Moreover, as shown in
Figure 5a, by comparing the discharging curve, it is evident that
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the potential window range of Au,Cu, NC/Mo,TiC, composite
has increased significantly. The comparison of GCD profiles for
Au,Cu,; NC/Mo,TiC, composite to Mo,TiC, MXene at a current
density of 2 A g~ shows a maintained potential window (Figure
S7, Supporting Information). The AuyCu, NC/Mo,TiC, compos-
ite displayed enhanced charge area and discharge time, illustrat-
ing a superior specific capacitance compared to Mo,TiC, MXene.
The CV curves of AuyCu, NC/Mo,TiC, composite at 10 and
20mVs™' presented trapezoidal CV curve with redox peaks
(Figure 5b), proving that the composites exhibited Faradaic pseu-
docapacitive behaviors. Moreover, with an increase in scan rate
from 10 to 20mVs ™', an increased integrated area of the CV
curves in both the cathodic and anodic regions is observed.
Specific capacity of Au,Cu, NC/Mo,TiC, composite and
Mo,TiC, MXene were determined by using Equation (1)!*/~*!
and compared altered current density ranging from (2 to
10A g") as displayed in Figure 5c.

C=— (1)
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Figure 5. Comparison of Mo,TiC, MXene and Au,Cu, NC/Mo,TiC, composite, a) cyclic voltammetry curves at 30 mVs ™', b) comparative analysis of
Au,Cu, NC/Mo,TiC, composite CV curves at 10 and 20 mV's™, c) specific capacitance at different current densities ranging from 2 to 4A g™ current
density, and d) ESR plot of Mo,TiC, MXene and Au,Cu, NC/Mo,TiC, composite. e) CV curves AuyCup, NC/Mo,TiC, composite, f) GCD curves of AusCu,
NC/Mo,TiC, composite, and g) schematic depiction of the charge storage mechanism of Au,Cu, NC/Mo,TiC, composite.

where C (C g™") = specific capacity of electrode material; I (A) =
current provided while discharge process; At (s) = discharge time
of electrode material; and m (g) = the mass of the active materials
(i-e., AuyCu, NC/Mo,TiC, composite and Mo,TiC, MXene).
Mo, TiC, MXene showed lower specific capacitance which was
increased 2.07 times after the addition of atomically precise
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ultrasmall Au,Cu, NC. Even at enhanced current density of
4A g, Au,Cu, NC/Mo,TiC, composite leads the specific capac-
itance of 88.0 C g™%; meanwhile, Mo,TiC, MXene depicted spe-
cific capacitance of 41.0 Cg™, respectively, demonstrated in
Figure 5c. The enhanced specific capacitance observed can be
attributed to the incorporation of AuyCu, NC within Mo,TiC,.
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Detailed CVs of Au,Cu, NC/Mo,TiC, composite were attained at
various scan rates (5-50 mVs™%) presented in Figure 5e. It is
apparent that the current density area of voltammogram
enhanced by enhancing the scan rate from 5 to 50 mV s~ denot-
ing the polarization of NC, improved ions, and electrons mobility
rates, and a similar pattern has been exhibited with the other
electrode as displayed in Figure S8, Supporting Information.
CV with a symmetric nature even at an enhanced scan rate
denotes rapid redox reaction levels, enhanced reversibility, and
efficient rate capability.”®>% Figure 5f displays the thorough
GCD profiles of AuyCu, NC/Mo,TiC, composite, and Figure S9,
Supporting Information, corresponds to the detailed GCD curves
of Mo,TiC, MXene, respectively. From GCD profiles, significant
voltage drop can be easily observed which likely stems from
increased internal resistance which can be attributed to the
interactions between the composite and binder, which could hin-
der charge transfer efﬁciency.[53’54] The Au,Cu, NC/Mo,TiC,
composite exhibited a 79% stability retention at 8000 cycles
(2 A g ") with 99% which demonstrates excellent electrode mate-
rial for energy storage applications (Figure S10, Supporting
Information).

Electrochemical impedance spectroscopy (EIS) data of both
electrodes (i.e., AuyCu, NC/Mo,TiC, composite, and Mo,TiC,
MXene) were analyzed and displayed in Figure 5d. Equivalent
series resistance (ESR) is stated as the intercept in the real axis
at the increased frequency area, designated as solution resistance

www.small-structures.com

that links the resistance of electrode active material, electrolyte,
and contact among active material /current collector.”>*% Here, a
straight line in a low frequency area signifies Warburg resistance,
that is, resistance between electrode/electrolyte boundary or
interface and the movement of electrolyte at surface/pores of
electrode materials (characteristics of the capacitance behavior),
respectively.””) Compared to the Mo, TiC, MXene, the integrated
Au,Cu, NC/Mo,TiC, composite demonstrated a low ESR value,
which supports its diminished resistivity and improved conduc-
tivity. Established on EIS analysis, the AuyCu, NC may have
reduced the resistance and increased the conductivity of MXene,
which provides enhanced capacitance.

The enhanced electrochemical performance of Au,Cu,
NC/Mo,TiC, composite can be ascribed to the following factors:
First, the introduction of Au,Cu, NC in the interlayer spacing
of Mo,TiC, MXene prevents restacking of MXene. Second,
Au,Cu, NC provide additional conductive pathways keeping
the integrity of the characteristic lamellar structure of MXene.
AuyCu, NC with nano sizes allows them to fit within the
MXene layers, effectively bridging gaps and improving overall
conductivity by acting as nanoscopic bridges. This synergy
between MXenes and nanoclusters results in superior capaci-
tance of AuyCu, NC/Mo,TiC, composite, by providing conduc-
tive channels resulting in reduced resistivity of the electrode
material. The results demonstrate that the incorporation of
nanoscopic bridges to prevent the development of interlayer
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Figure 6. a) Schematic illustration of the Au,Cu, NC/Mo,TiC, based symmetric device configuration (positive and negative electrode). b) Preliminary CV
curve in three-electrode measurements system at 10mV s~ ', c) Ragone plot of the SSC device Au,Cu, NC/Mo,TiC,.
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Figure 7. a) Optimized Au,Cu, NC/Mo,TiC, composite and b) the associated electrostatic potential. Here, the vacuum level and Fermi level are rep-

resented by blue and red dashed lines, respectively.

conductive junctions in 2D materials can be an efficient strategy
to enhance the electrochemical performance of 2D materials.
Schematic representation for charge storage mechanism of
AuyCu, NC/Mo,TiC, composite is demonstrated in Figure 5g.

The findings support the practical application of Au,Cu, NC/
Mo,TiC, as efficient electrodes in a symmetric supercapacitor
(SSC) (see Figure 6a). The SSC device demonstrated an increased
operating voltage of 1V (Figure 6b), with the reproducibility of
the CV at various scan rates illustrated in Figure S11, Supporting
Information. The symmetric CV profiles at varying current den-
sities indicate minimal polarization, ascribed to the Au,Cu, NC/
Mo,TiC, composite enhanced conductivity and ion diffusion.
The detailed GCD profile of Auy,Cu, NC/Mo,TiC, based SSC
is shown in Figure S12, Supporting Information. The Nyquist
plot for the Au,Cu, NC/Mo,TiC, composite based SSC device
demonstrates a semicircle at high frequencies and a Warburg
tail at low frequencies as shown in Figure S13, Supporting
Information. From circuit model fitting, R(Q(RW)) fits the data;
see inset of Figure S13, Supporting Information. Moreover,
Au,Cu, NC/Mo,TiC, composite based SSC demonstrates excep-
tional stability for 500 cycles at 4 A g~ ' with Coulumbic efficiency
of 96%, indicating minimal energy loss during charge/discharge
as shown in Figure S14, Supporting Information. This result can
be attributed to the expanded interlayer spacing which facilitates
rapid ion, and the conductive Au,Cu, NC that bridges layers
of MXene, reducing interlayer resistance. Furthermore, The
Ragone plot, shown in Figure 6c, indicates appreciable energy
and power densities compared to previously reported devices
(vefer to Table S1, Supporting Information). The energy density
attained as 13 W kg ™" at power density of 501 Wh kg™". This indi-
cates that Au,Cu, NC/Mo,TiC, can be utilized directly and
completely integrated as an SSC device requiring no additional
modifications, thus minimizing preparation time and material
costs while maintaining performance. This highlights the prac-
tical applicability of the prepared Au,Cu, NC/Mo,TiC,-based
composite.

Small Struct. 2025, 2400664 2400664 (9 of 11)

To further elucidate the charge transfer mechanism within the
Au,Cu, NC/Mo,TiC, composite, we analyzed the electrostatic
potential using DFT calculations. The work function (®) repre-
sents the minimum energy required to remove an electron from
a material’s surface to the vacuum level, directly influencing
charge transfer efficiency at the heterojunction. From Figure
S15, Supporting Information, Mo, TiC, exhibits a relatively high
work function of 6.32 eV, while the work function of Au,Cu, NC
is around 3.80 eV. The formation of a heterostructure at the inter-
face between Mo, TiC, and Au,Cu, NC results in an intermediate
work function of 5.14 eV (see Figure 7), which governs electron
movement and charge redistribution across the interface. This
energy offset enables electron transfer between Au,Cu, NC
and Mo, TiC,. The electrostatic potential difference further vali-
dates the superior charge transport properties observed in
Au,Cu, NC/Mo,TiC, composite-based electrodes, enhancing
the material’s potential for high-performance supercapacitor
applications.

3. Conclusion

To conclude, we successfully synthesized ultrasmall bimetallic
Au,Cu, NC through a two-phase synthesis method. The struc-
ture characterization of these nanoclusters was confirmed by
SCXRD and ESI-MS. The Au,Cu, NC were then incorporated
into the Mo,TiC, MXene using local coordination techniques,
where Au,Cu, NC functioned as nanoscopic bridges. These
bridges play a dual role: they mitigate the restacking of
MXene layers and improve conductivity within the structure.
The incorporation of AuyCu, NC into the Mo,TiC, MXene
matrix resulted in a significant enhancement of specific capaci-
tance when compared to the standalone Mo,TiC, MXene. This
improvement underscores the efficacy of our interfacial engi-
neering approach, which leverages the synergistic properties
of MXenes and metal nanoclusters. Au,Cu, NC/Mo,TiC, com-
posite based SSC provided a high energy density of 13 Wkg ™!
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at a power density of 501 Whkg™". Ultimately, our study advan-
ces the field of energy storage by presenting a sophisticated
strategy for engineering the interfaces of layered materials,
significantly boosting their charge storage capacities, and push-
ing the boundaries of performance for next-generation energy
storage systems.

Accession Codes

CCDC 2157098 contains the supplementary crystallographic data for this
paper. This data can be obtained free of charge via www.ccdc.cam.ac.UK/
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