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ABSTRACT: Efficient catalysts with minimal content of catalytically active noble metals are essential for the
transition to the clean hydrogen economy. Catalyst supports that can immobilize and stabilize catalytic
nanoparticles and facilitate the supply of electrons and reactants to the catalysts are needed. Being hydrophilic and
more conductive compared with carbons, MXenes have shown promise as catalyst supports. However, the controlled
assembly of their 2D sheets creates a challenge. This study established a lattice engineering approach to regulate the
assembly of exfoliated Ti;C,T, MXene nanosheets with guest cations of various sizes. The enlargement of guest
cations led to a decreased interlayer interaction of MXene lamellae and increased surface accessibility, allowing
intercalation of Pd nanoparticles. Stabilization of Pd nanoparticles between interlayer-expanded MXene nanosheets
improved their electrocatalytic activity. The Pd-immobilized K'-intercalated MXene nanosheets (PdKMX)
demonstrated exceptional electrocatalytic performance for the hydrogen evolution reaction with the lowest
overpotential of 72 mV (@10 mA cm?) and the highest turnover frequency of 1.122 s™' (@ an overpotential of 100
mV), which were superior to those of the state-of-the-art Pd nanoparticle-based electrocatalysts. Weakening of the
interlayer interaction during self-assembly with K* ions led to fewer layers in lamellae and expansion of the MXene
in the ¢ direction during Pd anchoring, providing numerous surface-active sites and promoting mass transport. In
situ spectroscopic analysis suggests that the effective interfacial electron injection from the Pd nanoparticles strongly
immobilized on interlayer-expanded PAKMX may be responsible for the improved electrocatalytic performance.

KEYWORDS: MXene, interfacial electronic coupling, electrocatalyst, hydrogen evolution reaction (HER), 2D materials

wo-dimensional (2D) MXenes have attracted signifi-
cant attention as promising candidates for applications
in electrodes, electrocatalysts, and hybridization
matrices due to their exceptional electrical conductivity, high

electrochemical activity, and diverse structures and chemical Received: October 5, 2023
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functional groups of MXenes make them attractive as Accepted: February 6, 2024

immobilization matrices for nanoparticles.””
preventing restacking of inorganic nanosheets can improve the
surface reactivity,” the regulation of 2D materials assembly to

Considering that
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create porous architectures presents a valuable opportunity to
anchor nanoparticles and enhance their interaction with

MXene nanosheets.”” Besides, the assembly of 2D nanosheets,
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Figure 1. (a) Exfoliation-assembly route to control the stacking and assembled architectures of MXene. (b) Powder XRD, (c) TEM, (d) EDS
elemental maps, and (e) FE-SEM images of assembled MXene architectures.

including the interlayer distance and the number of
monolayers, profoundly affects their efficiency as immobiliza-
tion matrices for anchoring metal nanoparticles.*”'" In
particular, the incorporation of nanoparticles into the interlayer
space is supposed to enhance the interfacial electronic coupling
with MXene nanosheets through intimate contact at nanoscale.
Therefore, simultaneous control of stacking and assembling
MXene nanosheets into open architectures is necessary for
maximizing the impact of hybridization on the functionality of
confined catalytic species.'”'* Considering the decrease in the
lattice energy observed in intercalated layered solids due to
increased interlayer distance,'”'* a basal plane expansion
during assembling with bulky species is expected to increase
misalignment of ultrathin exfoliated MXene nanosheets.
Moreover, the alteration in the charge density of the guest
species can effectively tune the electrostatic interaction with
MXene and control the assembly of nanosheets. Consequently,
self-assembly with various guest cations of different sizes and
charge densities has been proposed as an effective method to
simultaneously tailor the surface reactivity and structural
disorder and assemble 2D MZXenes into a desired shape.
Despite the extensive research conducted on MXene
materials,">'® there are no previous reports on the
simultaneous control of the stacking and surface accessibility
in exfoliated MXene nanosheets for intercalating metal
nanoparticles between MXene layers to explore high-perform-
ance catalysts.

This study presents a soft chemical lattice engineering
approach to simultaneously tailor the packing and assembly of
2D MZXene nanosheets with guest cations of varying sizes. We
systematically investigated the impact of guest types on the
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surface accessibility and structural order of the exfoliated
MXene nanosheets to gain insight into the evolution of their
chemical bonding characteristics and functionality. Further-
more, we used the assembled MXene sheets with controlled
surface accessibility and lamellae thickness as an immobiliza-
tion matrix for intercalating Pd nanoparticles to enhance their
electrocatalytic performance for hydrogen evolution reaction
(HER).

RESULTS AND DISCUSSION

Figure 1la illustrates the exfoliation of the pristine MAX phase
(ie, Ti;AlC,) into single-layer MXene (ie., Ti;C,T,). This
exfoliation was achieved through selective etching of the Al
layers from the precursor using a mixture of hydrochloric and
hydrofluoric acids and overcoming the van der Waals forces
between the formed MXene sheets by intercalating metal
ions.'"” The formation of monolayer MXene was verified
through atomic force microscopy (AFM). Figure Sla
demonstrates a highly anisotropic 2D morphology, with
single-layer flakes having a thickness of ~1.4 nm (MXene
sheet plus adsorbed water) and lateral dimensions at the
micrometer scale. Transmission electron microscopy (TEM)
further confirmed the formation of ultrathin MXene nano-
sheets (Figure S1b). Zeta potential measurements (Figure
Slc) indicated the anionic nature of the exfoliated MXene
nanosheets, with a highly negative potential of —61 mV. Due
to the negative surface charge of exfoliated MXene nanosheets,
various guest cations could be assembled with negatively
charged MXene nanosheets in terms of electrostatic inter-
action, resulting in the flocculation of colloidal MXene
nanosheets. Various alkali metal cations (Li*, Na*, and K")
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and protons (H') were used as guest species to assemble
exfoliated MXene nanosheets and investigate the impact of the
guest species on the restacking and assembled architectures
(see Figure la). To initiate the assembly of exfoliated MXene
nanosheets, an excess of guest ions was added to the
suspension of colloidal MXene nanosheets. The precipitates
with Li*, Na*, K, and H* materials were designated as LMX,
NMX, KMX, and HMX, respectively.

The powder X-ray diffraction (XRD) patterns shown in
Figure 1b revealed distinct (00!) reflections in the low-angle
region for the assembled MXene nanosheets with guest
cations. These reflections indicate the formation of a layer-
by-layer periodic intercalation structure with an expanded
interlayer spacing. The shift of (001) reflections toward lower
angles with the enlargement of guest cations distinctly
demonstrated an increase in the interlayer distance in the
following order: HMX < LMX < NMX < KMX (see Tables 1

Table 1. d-Spacing, Layer Thickness, and Stacking Number
of Assembled MXene Nanosheets

Material  d-spacing (nm) Layer thickness (nm) Stacking number
HMX 1.10 (£0.03) 10.9 (+0.2) 10
LMX 1.25 (£0.08) 9.1 (¥1.7) 7
NMX 1.28 (+0.04) 10.1 (%0.3) 8
KMX 1.30 (£0.03) 12.6 (+0.4) 10

and S1). It was previously shown that solvated K* stays at a
larger distance from the MXene surface and has weaker
interaction with the surface compared to solvated Li*, Na*, and

H* ions."® Except for HMX, all MXene materials assembled
with alkali metal ions exhibited progressively sharpened (001)
reflections with increasing alkali metal size, suggesting a
gradual increase in stacking thickness and improved periodicity
for the MXene nanosheets, as supported by Scherrer’s
calculations (Table 1), even though those have limited
applicability to 2D materials, as other factors, such as bending
of 2D sheets, can affect the results. Besides the (00I)
reflections, all assembled MXene materials with a random
orientation of flakes maintained the in-plane (110) peak,
validating the preservation of the in-plane structure of the
MXene lattice."” This peak showed a gradual increase of full-
width-at-half maximum (fwhm) with increasing guest size,
indicating increased misalignment between MXene sheets.
Such an increase in the interlayer spacing and misalignment of
MXene sheets can facilitate electrolyte penetration and reduce
the diffusion distance of the ions.””

The controllability of the d-spacing distance and lamella
thickness of the assembled MXene nanosheets was confirmed
through TEM (Figure 1c). The distribution plots of the
lamellae thickness (Figure S2) supported the observation that
an increase in alkali metal ions led to the thickening of the
assembled MXene lamellae, consistent with the XRD results.
Considering the role of the hydration shell as a dielectric layer
that suppresses the electrostatic interaction with anionic
MXene nanosheets, the observed thickening of the assembled
MZXene lamellae in the order of LMX < NMX < KMX could be
understood as a consequence of the thinning of the hydration
layers (Table S1) and the resulting enhanced electrostatic
interactions between the host and guest during the self-
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Figure 2. (a) Ti K-edge XANES, (b) Ti K-edge FT-EXAFS, (c) wavelet transform-EXAFS, (d) schematic diagram of the MXene-nanoparticle
assembly and nanoparticle-caused deformation of MXene sheets, (e) Ti 2p XPS, and (f) micro-Raman spectra of assembled MXene

nanosheets.
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Figure 3. (a) Scheme for the immobilization of Pd nanoparticles on assembled MXene nanosheets. (b) Powder XRD, (c) HAADF-STEM and
EDS-elemental maps, (d) Ti K-edge XANES, (e) Pd L-edge XANES, and (f) Pd Lj;-edge FT-EXAFS of Pd—MXene nanchybrids.

assembly process. The greater stacking number of HMX
compared to LMX and NMX can be attributed to an enhanced
chemical interaction between the protons and oxygen on
MXene nanosheets.”’ A crucial role of the electrostatic
interaction and hydration layers in controlling the thickness
of assembled MXene nanosheets was further corroborated by
the thickening of the MXene nanosheets assembled with
divalent alkaline earth metals such as Mg®" and Ca®" ions
(Figure $3)."" This is due to the higher charge densities and
thinner hydration layers of these ions compared to the alkali
metal ions (Tables S2 and S$3). The uniform spatial
distribution of Ti, C, and Na/K was demonstrated through
elemental mapping analysis using energy-dispersive X-ray
spectroscopy (EDS) (Figures 1d and S4), underscoring the
uniform distribution of guest alkali metal ions between the
Ti;C,T, nanosheets. Based on EDS results, the atomic ratios of
Na/Ti and K/Ti were determined to be 0.024 and 0.034 in the
NMX and KMX materials, respectively (Table S4). The porous
nature of the MXene assemblies was verified using field-
emission scanning electron microscopy (FE-SEM), see Figure
le.

The significant effect of the guest type on the local atomic
arrangement and electronic structure of assembled MXene
nanosheets was verified by combined electronic and vibrational
spectroscopy. As shown in Figure 2a, all assembled MXene
nanosheets had similar Ti K-edge X-ray absorption near-edge
structure (XANES) characteristics of the TiyC,T, phase,”
confirming that the MXene lattice is retained during the
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assembling process. As the guest ion size increases, the
intensity of the pre-edge peak P related to the dipole-forbidden
Is — 3d transition increases.”” Because this transition is
partially allowed by structural distortion,”* the enhancement of
the peak P may be owing to the increase in local structural
disorder, which followed the order of HMX < LMX < NMX <
KMX. Simultaneously, the enlargement of the guest cations
resulted in a decrease in the main-edge peaks A and B, which
correspond to the dipole-allowed 1s — 4p transition,™
confirming the enhanced structural disorder.

Furthermore, Ti K-edge extended X-ray absorption fine
structure (EXAFS) analysis suggested a decrease in structural
perfection with increasing intercalant ion size. As shown in
Figure SS, all materials exhibited the typical Ti K-edge EXAFS
oscillations of the Ti;C,T, phase, indicating that the MXene
lattice was retained during self-assembly. A closer inspection
revealed that the enlargement of guest ions caused a decrease
in the amplitude of the EXAFS oscillation, confirming that the
structural disordering was enhanced. Similarly, in Figure 2b,
the typical Fourier transform (FT) characteristics of the
MZXene phase appeared at ~1.7, ~2.6, ~3.1, and ~3.7 Ain all
the materials, corresponding to the Ti—C/O/F, Ti—Ti, Ti—Tj,
and Ti—C bonding pairs, respectively.”””” The increase in
guest size led to a decrease in the intensities of the FT peaks
related to the Ti—C/O/F and Ti—Ti coordination shells,
attesting to some enhancement of structural disorder. Based on
the nonlinear least-squares fitting analysis results (Table SS),
the coordination numbers of the Ti—C/O/F and Ti—Ti bonds
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decreased with increasing guest ion size, verifying a decreased
order with the lowering of coordination number and/or the
increase of crystal vacancy. In addition, alkali metal-assembled
MXene materials showed slightly larger Debye—Waller (o”)
factors for the Ti—C/O/F bonding pair compared with
proton-assembled HMX, reflecting the increase of structural
disorder with an increase of d-spacing (Table S5).”” This
fitting result was further confirmed by Ti K-edge wavelet
transform analysis, which showed lower intensities for the Ti—
C/O/F and Ti—Ti bond contours of KMX than for those of
HMX (Figure 2c). These XANES/EXAFS results provide
strong evidence of the controllability of the ordering in
exfoliated MXene nanosheets by tuning the guest size for self-
assembly (Figure 2d).

The distinct influence of the guest size on the surface
properties of the assembled MXene nanosheets was also
confirmed by the surface-sensitive X-ray photoelectron spectra
(XPS) technique. As shown in Figure 2e, the enlargement of
guest species increased the spectral weight of the TiO,
component (458.8 eV), indicating the enhanced oxygenation
of the surface of MXene. The observed XPS results could be
interpreted as increased oxidation of the MXene surface with
an increase in interlayer spacing in the presence of ions with
larger solvation shells.”® This result was further confirmed by
micro-Raman analysis. As shown in Figure 2f, all the materials
exhibited the typical Raman characteristics of the MXene
phase, such as the out-of-plane Ay vibrations of Ti, C, and
surface groups at ~200 cm™', the in-plane E; vibrations of
surface groups attached to Ti atoms at ~230—470 cm™" (i.e,,
the T, region), the in-plane and out-of-plane vibrations of C
atoms at ~500—670 cm™" (i.e., the C region), and the out-of-
plane A, vibrations of C atoms at ~730 em™17*%% The
increase in alkali metal cations enhanced the spectral weight of
the in-plane E; phonon line of Ti—O bonds at ~230 cm™,
supporting the increase in oxygenated titanium species due to
the oxidation of Ti;C,. This may be due to enhanced surface
accessibility with increased ion size. Controlled mild surface
oxidation has been shown to minimize the restacking of
MXene sheets and improve accessibility of the interlayer
space.’’

The produced porous MXene particles assembled using
various cations were used as catalyst supports for Pd. As shown
in Figure 3a, the anchoring of Pd nanoparticles was achieved
by reacting the assembled MXene nanosheets with an aqueous
PdCl, solution (2.0 wt % Pd) at 25 °C. The resulting Pd-
anchored assembled MXene (Pd—MXene) nanohybrids are
denoted as PAHMX, PALMX, PANMX, and PAKMX. Because
the standard reduction potential of Pd**/Pd is higher than that
of Ti species in MXene, the redox reaction could occur
between the PdCl, precursor and MXene nanosheets. As
reported previously, a mixing of Pd**Cl, with MXene induced
the adsorption of the metal precursors on the surface groups of
MXene, triggering the spontaneous galvanic replacement
between Pd*" and reductive Ti species and thus the surface
anchoring of Pd® nanoparticles on MXene nanosheets.””””

According to powder XRD analysis (Figure 3b), all Pd—
MXene nanohybrids showed peaks related to the MXene phase
but no Pd-related Bragg reflections, indicating that the Pd
species are well-dispersed on the MXene substrate. Although
the spectrum of PAHMX exhibited a negligible shift in MXene-
related Bragg reflections compared to that of pristine HMX,
the spectrum of the MXene nanosheets assembled with alkali
metal ions showed a significant shift in the (00]) reflections in
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the lower angle region after Pd nanoparticle immobilization,
indicating expansion of the interlayer spacing. As shown in
Figure 3a, the significant expansion upon self-assembly with K*
ions suggests that some Pd nanoparticles were confined
between the MXene layers of the KMX material. This finding
emphasizes that self-assembly with alkali metal ions endows
assembled MXene materials with high layer flexibility to
accommodate Pd nanoparticles in their interlayer regions and
on their surfaces. This is in contrast to the PAHMX material,
which exhibits an insignificant change in the interlayer distance
owing to the smaller interlayer spacing of HMX that prevents
the intercalation of Pd species. In addition to the peak shift, all
the nanohybrids exhibited a significant intensity decrease in the
(000) reflections after Pd anchoring, indicating the enhance-
ment of stacking faults and/or the thinning of lamella
thickness. Although KMX showed a somewhat larger stacking
thickness than those of the other homologues (Figure 1b), this
material experienced a much more drastic decrease of the (001)
reflection caused by Pd anchoring, indicating that the
expanded interlayer spacing and weakened interlayer inter-
action in KMX promote the delamination into fewer layers in
lamellae, as schematically shown in Figure 3a. The decrease in
stacking layer number upon Pd anchoring was supposed to
increase the surface area, which may be advantageous for
improving the catalytic performance of the immobilized Pd
nanoparticles. The significant increase of gas-accessible surface
area from 16.8 m* g”' for KMX to 30.1 m*> g”' for PAKMX
upon Pd anchoring was verified by N, adsorption—desorption
isotherm measurements (Figure S6). This contrasts with the
less prominent increase in surface area for HMX upon Pd
anchoring (232 m* g7' — 29.7 m* g).

The successful immobilization of Pd nanoparticles was
confirmed through high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) analysis
(Figure 3c). All Pd—MXene nanohybrids exhibited well-
dispersed metal nanoparticles with a small diameter of several
nanometers, firmly stabilized on the surface of the MXene
nanosheets. This could be ascribed to the robust anchoring of
Pd nanoparticles on the assembled MXene nanosheets with
enhanced surface accessibility. As presented in Figure S7,
cross-sectional HAADF-STEM measurements for PdKMX
provided convincing proof for the intercalation of Pd
nanoparticles between the interlayer-expanded KMX layers.
In contrast, PAHMX showed no incorporation of Pd
nanoparticles between the HMX layers due to the dense
stacking of MXene nanosheets, as suggested by the XRD
results. The FE-SEM analysis revealed a consistent porous
stacking structure composed of highly anisotropic 2D nano-
sheets for all nanohybrids (Figure S8). EDS—elemental
mapping analysis provided compelling evidence for the
homogeneous anchoring of Pd nanoparticles on the MXene
nanosheets by demonstrating the uniform presence of Pd, Tj,
C, K, and O throughout the samples (see Figure 3c). The
incorporation of the Pd nanoparticles into the assembled
MXene nanosheets was further confirmed by inductively
coupled plasma—optical emission spectrometer (ICP—OES)
measurements, which showed similar Pd contents of ~0.99—
1.10% for all materials under investigation.

We conducted Ti K-edge and Pd Ly;-edge XANES and
EXAFS analyses to investigate the chemical bonding character-
istics of the immobilized Pd species in the assembled MXene
nanohybrids. Ti K-edge XANES analysis (Figure 3d) revealed
that all Pd—MXene nanohybrids exhibited Ti K-edge features
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of Pd-based electrocatalysts, (d) Tafel plots, (e) TOF, (f) mass activity, (g) chronopotentiometry curve, (h) plot of the difference in current

density vs scan rate, and (i) EIS data of Pd—MXene.

that were approximately identical to those of the MXene
nanosheets, confirming the preservation of the MXene
structure upon Pd anchoring. As shown in Figure 3e, Pd Lyy-
edge XANES spectra displayed distinctive features character-
istic of zero-valent Pd metal species for all Pd—MXene
nanohybrids.”* These spectral features were easily distinguish-
able from those of the Pd**Cl, reference, providing strong
evidence for the formation of Pd metal nanoparticles. In the Pd
Ly-edge EXAFS spectra (Figure 3f), all PdA—MXene nano-
hybrids exhibited a prominent FT peak assigned to the Pd—Pd
pair at ~2—3 A.** This FT peak confirmed the stabilization of
the Pd metal nanoparticles. Furthermore, the intensity of this
FT peak gradually decreased with increasing number of alkali
metal ions in the assembled MXene nanosheets, indicating a
decrease in the structural coherence of the immobilized Pd
nanoparticles. As summarized in Figure S9 and Table S6,
nonlinear least-squares fitting analysis confirmed the stabiliza-
tion of the Pd nanoparticles with a reduced coordination
number in the range of approximately 5.96 to 6.50. The
decreased coordination numbers for the Pd—Pd bonding pairs
underscore the effective stabilization of small Pd nanoparticles
between the MXene nanosheets. The decrease in the
coordination number of the Pd—Pd bond with increasing
guest size provides another convincing support for the
enhanced interfacial interaction with the Pd nanoparticles
inserted between the MXene nanosheets when the spacing is

expanded.
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All assembled Pd—MZXene nanohybrids were employed as
electrocatalysts for the hydrogen evolution reaction (HER) in
a 0.5 M H,SO, electrolyte at a scan rate of S mV s™' to
investigate the validity of MXene nanosheets as a hybridization
matrix for Pd nanoparticles. As a control sample, Pd-anchoring
was performed on the exfoliated MXene nanosheets (ie.,
PdMX) by reacting the PdCl, precursor with freeze-dried
MXene nanosheets under identical synthetic conditions to
validate the benefit of immobilization on the assembled
MXene nanosheets. Linear sweep voltammetry (LSV) curves
(Figure 4a) demonstrated that all the Pd-anchored assembled
MXene nanohybrids exhibited higher electrocatalytic activity
than PdMX, indicating the merit of immobilization on the
assembled MXene nanosheets. Among the Pd—MXene
nanohybrids, PAKMX demonstrated the highest HER perform-
ance, with an overpotential of 72 mV at 10 mA cm ™2 This
result highlights the enhanced electrocatalytic performance of
the anchored Pd nanoparticles on KMX (Figure 4b).
Furthermore, the HER electrocatalytic performance of
PAKMX surpassed that of a commercial 20 wt % Pd/C
catalyst,”® Moreover, the observed HER performance of
PAKMX was comparable or even superior to recently reported
excellent data for Pd nanoparticle-based HER electrocatalysts
(Table S7, Figure 4¢).37* This comparison highlights the
significance of surface accessibility and stacking control in
assembled MXene nanosheets for developing high-perform-
ance hybrid electrocatalysts. Additionally, the effect of Pd
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concentration on the electrocatalyst performance was exam-
ined by preparing PdKMX materials with different Pd
contents. As presented in Figure S10, the PAKMX prepared
with a 2 wt % PdCI, precursor was found to deliver better HER
activity than the other homologues with smaller or larger
amounts of PdCl, precursor, confirming the optimal Pd
composition for this material.

The role of KMX as a hybridization matrix in enhancing the
HER kinetics was further confirmed through Tafel slope
measurements (Figure 4d), demonstrating the smallest Tafel
slope for PAKMX. In terms of Pd species content, the turnover
frequency (TOF) of the PAKMX nanohybrid was estimated to
be 1.122 s~ (at an overpotential of 100 mV), surpassing the
TOFs of the other homologues (0.293 s7! for PAHMX, 0.371
s7! for PALMX, 0.602 s~' for PANMX, and 0.159 s™' for
PdMX) (Figure 4e). This outcome provides further evidence
for the beneficial role of KMX nanosheets as an immobilization
matrix for hybrid electrocatalysts. Notably, the TOF of
PdKMX was greater than those of recently reported Pd
nanoparticle-based HER electrocatalysts (Table S7), emphasiz-
ing the exceptional efficacy of this material. The excellent HER
performance of PAKMX was further confirmed by its superior
mass activity compared to those of other homologues (Figure
4f). Additionally, chronopotentiometry measurements con-
ducted at a current density of 10 mA cm™> (Figure 4g)
demonstrated that PAKMX experienced only a weak potential
decay of 1.2% after the stability test for 60 h. This performance
was better than those of the other homologues, indicating the
outstanding durability of PAKMX. The high efficacy of KMX in
enhancing the electrochemical activity of anchored Pd
nanoparticles was further verified by measuring the electro-
chemically active surface areas (ECSAs) of the Pd—MXene
nanohybrids. The plot of difference in current density versus
scan rate (Figure 4h) showed the electrochemical double layer
capacitances (Cy) of PAHMX, PALMX, PANMX, and PdAKMX
to be 26.66, 49.39, 60.55, and 62.29 mF cm 2, respectively,
demonstrating the increase in ECSA in the following order:
PdHMX < PdLMX < PANMX < PdKMX. The distinct
variations in the charge-transfer behavior of the Pd—MXene
nanohybrids with different guest species were confirmed
through electrochemical impedance spectroscopy (EIS).
Figure 4i shows that all nanohybrids exhibited nearly identical
spectral features with a semicircle in the mid-to-high-frequency
region. The diameter of the semicircle decreased with
increasing size of guest ions, indicating the improvement of
interfacial charge transfer.”” The fitting analysis using an
equivalent circuit evaluated the charge transfer resistance (R)
for PAKMX to be 34.8 Q, which is smaller than the R values
of the other homologues (193.0 Q for PAHMX, 182.0 Q for
PALMX, 76.4 Q for PANMX, and 459.0 Q for PAMX).

The improved HER performance of PAKMX could be
ascribed to the optimization of the assembly structure in KMX
with expanded d-spacing. As evidenced by cross-sectional
HAADF-STEM analysis (Figure S7), the larger d-spacing of
KMX allowed intercalation of the Pd nanoparticles into the
interlayer space of MXene layers, which is in stark contrast to
the case of PAHMX. Such encapsulation of Pd nanoparticles
between MXene layers was considered to be effective in
achieving the strong electronic coupling between Pd nano-
particles and the conductive MXene matrix through intimate
contact at the nanoscale. Additionally, the larger d-spacing of
KMX could facilitate the delamination of MXene layers during
Pd anchoring, as found by power XRD results (Figure 3b). As
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evident from the N, adsorption—desorption isotherm measure-
ments (Figure S6), the depression of the stacking number
following Pd anchoring led to a significant expansion of the
surface area and thus the increase in the ECSA. The largest
ECSA of PdKMX made an important contribution to the
highest HER activity of this material. In addition to the
increase in d-spacing, as found by Ti K-edge EXAFS analysis,
the assembly with K* jons induced a greater structural disorder
and lower coordination numbers for Ti—C/O bonds than the
other homologues (i.e., HMX, LMX, and NMX), revealing the
occurrence of amorphization and/or decreased coordination in
MXene nanosheets. As the increase in structural disorder
degraded the overlaps between Ti 3d and O/C 2p orbitals
inside the MXene lattice, the O/C 2p orbitals in the disordered
MXene nanosheets have an extra capability to effectively
induce the additional orbital overlaps with the anchored Pd
nanoparticles.” Besides, the lowering in coordination number
in KMX helped enhance the chemical interaction with Pd
nanoparticles, because the decreased coordination on the
surface of MXene nanosheets could provide more space to
facilitate the interfacial coordination bonding between MXene
and Pd nanoparticles. Both factors of amorphization and
decreased coordination caused by the assembly with K* ions
resulted in the reinforcement of chemical interaction between
Pd nanoparticles and conductive MXene nanosheets, leading
to the improvement of the electrical conductivity of the
PdKMX material. The resulting promotion of the interfacial
charge transport property made a significant contribution to
the excellent HER performance of the PAKMX nanohybrid. In
summary, the benefits of self-assembly with K" ijons in
optimizing the HER activity of immobilized Pd nanoparticles
could be attributed to the intercalation of Pd nanoparticles and
the increase of structural disorder in MXene nanosheets,
inducing effective chemical interaction between Pd nano-
particles and MXene nanosheets and subsequently enhancing
interfacial electronic coupling with the conductive MXene
substrate.

The pivotal roles of the assembly structure and Pd anchoring
site in MXene nanosheets in optimizing the electrocatalyst
performance were further verified by synthesizing the greatly-
interlayer-expanded MXene material via assembly with bulky
tetrahexylammonium (THA") cations (The obtained material
is denoted as THAMX). The resulting material was also
employed as a hybridization matrix for Pd nanoparticles,
yielding PATHAMX. As plotted in Figure Slla, assembling
with THA" ions caused a much greater lattice expansion of
MZXene compared with KMX. In contrast to PdKMX, the
PdTHAMX material showed a slight high-angle shift and a
weak depression of the (002) peak upon Pd anchoring,
indicating no occurrence of the intercalation of Pd nano-
particles and inefficient delamination of MXene nanosheets.
No intercalation of Pd nanoparticles in this PdATHAMX
material was cross-confirmed by cross-sectional HAADF-
STEM analysis (Figure S11b). The presence of hydrophobic
organic cations would prevent the intercalation of Pd
nanoparticles in the interlayer space of the MXene layers.
The obtained PATHAMX with interlayer organic cations was
examined as an HER electrocatalyst. As depicted in Figure
Sllc, the PATHAMX material delivered a notably lower
electrocatalytic activity with a larger overpotential than that of
PdKMX, indicating that the assembling with organic cations
showed inferior efficiency in improving the electrocatalyst
performance of MXene. As presented in Figure S11d,
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PdTHAMX possessed a smaller ECSA than that of PAKMX,
reflecting the lower electrochemical activity of the former. The
inferior electrocatalyst functionality of PATHAMX could be
attributed to no intercalation of Pd nanoparticles between the
MXene nanosheets as well as negligible delamination of
MXene layers. These findings provided another convincing
evidence for the importance of Pd intercalation and MXene
assembly structure in exploring efficient electrocatalysts.

To further confirm the profound influence of the binding
site of Pd nanoparticles on electrocatalytic activity, unexfo-
liated MXene material was also prepared by the acid etching of
pristine MAX material without a further exfoliation process
and then employed as a hybridization matrix for the Pd
nanoparticles (The obtained materials are denoted as
unexfoliated MX and Pd—unexfoliated MX, respectively).
Since the MXene layers in this material were densely packed,
Pd nanoparticles could not be intercalated into the interlayer
space but were stabilized only on the surface of the material.
The uniform deposition of Pd nanoparticles on the surface of
the unexfoliated MXene material was confirmed by EDS—
elemental mapping analysis; see Figure S12a. According to the
LSV measurements (Figure S12b), this Pd—unexfoliated MX
material showed much weaker HER activity than PAKMX with
a large overpotential, indicating the inferior performance of the
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unexfoliated MXene material as a hybridization matrix for Pd
nanoparticles. As plotted in Figure S12¢ and S12d, the ECSA
of Pd—unexfoliated MX was found to be much smaller than
that of PAKMX, whereas the charge transport resistance of
Pd—unexfoliated MX was greater than that of PdKMX,
indicating that the unexfoliated MXene material led to fewer
electrochemical active sites and slower charge transfer kinetics.
This result provided additional support for the importance of
Pd intercalation in improving the electrocatalyst performance
and electrochemical activity of Pd nanoparticles.

To verify the usefulness of assembly structure control in
optimizing the electrocatalyst performance of metal species
immobilized on MXene nanosheets, the Ru nanoparticles were
anchored on HMX and KMX materials (The obtained
materials are denoted as RuHMX and RuKMX, respectively).
As shown in Figure S13a, the KMX showed a significant low-
angle shift and intensity depression of MXene-related XRD
peaks upon Ru anchoring, similar to the observations for Pd-
anchored KMX. According to the LSV measurements (Figure
$13b), the Ru-anchored KMX material delivered a higher HER
electrocatalyst activity with a lower overpotential than that of
RuHMX, verifying the superior performance of KMX as a
hybridization matrix. As plotted in Figure S13c, the EIS
measurements clearly demonstrated that RuKMX displayed
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better charge transport kinetics than RuHMX. This finding
emphasized the validity of the lattice engineering strategy in
optimizing the performance of MXene-based hybrid catalyst
materials.

In situ Raman spectroscopy measurements were performed
on PdKMX and PdMX to study the origin of the enhanced
HER activity of the Pd nanoparticles immobilized on K'-
intercalated MXene nanosheets (i.e, KMX) (Figure Sa). As
illustrated in Figure Sb, both materials displayed typical peaks
of the MXene phase (Figure 5c).”” Increasing the negative
potential to —0.35 V induced distinct spectral changes in both
PdKMX and PdMX materials, including the depression of the
in-plane Ti—C peak, enhancement of the out-of-plane Ti—C
peak, and gradual red-shift of the Alg(C) peak. The subsequent
decrease in the applied potential to the OCV restored the
original Raman features, demonstrating the reversibility of the
electrochemical processes, such as double-layer formation and
surface redox (Figure 5b).*

The in-plane/out-of-plane Ti—C peak ratio decreased with a
gradual increase in the reductive potential (Figure 5d). This
observation is consistent with the hydroxylation of the MXene
lattice through the surface attachment of protons, which is
known to lower the in-plane/out-of-plane Ti—C peak ratio.”’
The slower and weaker depression of this ratio in PAKMX
compared to PAMX upon increasing the reductive potential
strongly suggests that Pd anchoring on the K'-intercalated
KMX substrate retards proton attachment and results in the
hydroxylation of the MXene layers concerning the freeze-dried
MXene nanosheets (i.e, MX). The retardation of the
hydroxylation of the MXene layer in PAKMX was further
confirmed by the correlation plot of the A;,(C) peak versus the
potential (Figure Se). PAKMX exhibited slower shifts of this
peak with increasing negative potential than PAMX. It was
documented that the A;,(C) peaks at ~684, ~708, and ~730
cm™ correspond to —OH termination, mixed —O(OH)
termination coverage, and —O(OH) termination, respec-
tively.so’51 Thus, the red-shift of this peak during the HER
process indicates a proton attachment to the oxygen terminal
groups in the MXene lattice, weakening Ti—C bonds due to
forming —OH terminal groups (Figure 5f).°">* Hence, the
slower shift of the A;,(C) peak in PAKMX compared to PAMX
confirms that the anchoring of Pd nanoparticles on the
assembled KMX materials prevents the effective attachment of
protons to the surface of the MXene nanosheets. In situ Raman
measurement was also performed for the Pd—unexfoliated MX
material during the electrocatalytic HER process. As presented
in Figure S14, this material did not display any distinct spectral
changes in the phonon lines during the HER process. This
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finding clearly substantiated that the stabilization of Pd
nanoparticles in the interlayer space of MXene played a crucial
role in improving the electrocatalytic activity of the Pd-
anchored MXene nanohybrid.

To understand the benefits of self-assembly with K* ions in
enhancing the interfacial electronic coupling between Pd
nanoparticles and MXene nanosheets, O 1s XPS analysis was
performed for PAKMX and PdMX. As shown in Figure S15,
PdKMX showed a distinct high-energy shoulder in the O 1s
peak corresponding to the surface oxygen groups in MXene
interacting with Pd nanoparticles. Since the interfacial
coordination bonding between MXene and Pd resulted in
electron transfer from surface oxygen in MXene nanosheets to
Pd nanoparticles, the observed high-energy shoulder peak
could be interpreted as a result of effective interaction between
MZXene and Pd nanoparticles in PAKMX. Conversely, this
shoulder peak appeared much weaker for PAMX, indicating
much weaker interfacial interaction in this material compared
with PAKMX. Additionally, the enhanced chemical interaction
between MXene and Pd in PAKMX was further evidenced by
the Pd Ly-edge and Ti K-edge XANES analyses. Figure 5g
shows that PAKMX exhibits a lower Pd Ly;-edge energy and a
higher Ti K-edge energy than PdMX, indicating efficient
interfacial interaction and resulting accumulation of electron
density in the Pd nanoparticles of PAKMX (Figure Sh). These
findings provide additional compelling evidence for the
superior role of KMX in enhancing the interfacial electron
injection from MXene to the Pd nanoparticles over MX. The
charge redistribution in PAKMX promotes the predominant
attachment of protons to the surface of the Pd nanoparticles,
which is more efficient than that in PAMX. However, proton
anchoring on the MXene nanosheet in PAKMX was inhibited
owing to the accompanying depletion of electron density in the
MXene nanosheet. In summary, the in situ Raman spectros-
copy results reveal that the disordered, accessible, and reactive
surface of the KMX substrate provides anchoring sites for Pd
nanoparticles, facilitating electron injection from the MXene
nanosheets to the Pd nanoparticles. The resulting activation of
the Pd nanoparticles anchored on the KMX substrate is
responsible for the improved HER functionality of PAKMX.

As illustrated in Figure 6, several factors are expected to
contribute to the beneficial role of the KMX nanosheet as a
hybridization matrix for improving the electrocatalytic activity
of Pd nanoparticles. (1) Enhanced activation of Pd nano-
particles in the HER of PAKMX can be accomplished by
intercalation of Pd between MXene nanosheets and an increase
of structural disorder in MXene nanosheets, achieving strong
interfacial electronic coupling with the KMX nanosheets and
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then efficiently increasing the electron density of the Pd
nanoparticles. This enhanced activation of Pd nanoparticles in
PdKMX facilitates the adsorption and activation of H* during
HER. The increasing accessibility of interlayer spacing in
MXene during assembly with bulky K" ions allowed access to
Pd ions and the formation of nanoparticles at active surface
sites. We assume that the presence of Pd on only the outer
surface of MXene lamellae is primarily responsible for the
inferior HER activity of PAMX. (2) The K*-intercalated KMX
material possessed higher structural flexibility, inducing
expansion of MXene stacks upon Pd anchoring compared to
the MX substrate. Such an open interlayer spacing promotes
the diffusion of reactants and electrolytes in PdAKMX, which
improves its electrocatalyst performance. (3) Simultaneously,
the anchoring of Pd nanoparticles led to thinner MXene
lamellae, less restacking, and larger accessible surface of the
assembled KMX layers, providing additional surface-active
sites. Such flexibility in the stacking structure of alkali-metal-
intercalated MXenes improves the catalytic activity of the
immobilized Pd species by enhancing mass transport and
surface reactivity.

CONCLUSIONS

This study developed a strategy to regulate the assembly of 2D
MXene nanosheets into a porous, crumpled catalyst support
through coagulation with various alkali metal ions. The self-
assembly with guest cations led to significant disorder and
widening of the interlayer spacing. Intercalation of Pd
nanoparticles between MXene nanosheets produced high-
performance electrocatalysts for HER. Among the investigated
materials, the K*-intercalated MXene nanosheets showed the
highest efficiency in enhancing the HER performance of Pd
nanoparticles, surpassing recently published Pd nanoparticle-
based catalysts. The weakening of the interlayer interaction as
a result of self-assembly with bulky K" ions enhanced the
structural tunability of the assembled MXene nanosheets,
increasing the interlayer spacing, decreasing the stacking of
layers, and allowing intercalation of Pd nanoparticles between
the Ti;C,T, layers. The resulting increase in the number of
catalytically active sites and enhanced mass transport resulted
in the improved electrocatalytic performance of K'-intercalated
MXene. It is also anticipated that the presence of surface active
sites in the MXene layers assisted in anchoring the Pd
nanoparticles and enhanced the interfacial electronic coupling.
The resulting electron injection from MZXene into the Pd
nanoparticles further contributed to the outstanding HER
activity of the Pd—KMX nanohybrid. Considering the fact that
the hybridization with conductive nanosheets is regarded as
one of the most effective methods to improve the electro-
catalytic activity of diverse inorganic materials,>>* the soft-
chemical lattice engineering strategy developed in this study
offers an economically feasible method for developing high-
performance MXene-based hybrid electrocatalysts. Further-
more, the proposed strategy provides a synthetic basis for
optimizing the functionalities of MXene nanosheets for other
applications, such as electrodes, sensors, and electromagnetic
shields, which are sensitive to the interlayer spacing and
packing of 2D sheets.

METHODS

Materials Preparation. MXene (Ti;C,T,) nanosheets were
prepared by exfoliating the pristine MAX phase (ie, Ti;AlC,).
Typically, 1 g of MAX powder was reacted with an etchant containing
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12 mL of 12 M hydrochloric acid, 6 mL of deionized water, and 2 mL
of 50 wt % hydrofluoric acid. The reaction was performed at 35 °C for
24 h to selectively etch the Al layer. Subsequently, the suspension was
washed multiple times with deionized water to remove residual acid
and byproducts. The multilayer MXene was stirred in 50 mL of a 0.5
M solution of LiCl for 24 h, and the resulting mixture was washed
several times with deionized water to remove residual Li* ions. Then,
the product was restored by centrifugation at 3500 rpm multiple
times, yielding a dark supernatant suspension containing exfoliated
MXene."” The negatively charged MXene nanosheets were assembled
with alkali metal cations (Li*, Na*, and K*) and protons. 150 mL of a
0.5 M solution of chloride salts of various cations was slowly added to
150 mL of the colloidal suspension of exfoliated MXene nanosheets,
resulting in the immediate flocculation of MXene nanosheets. After
the reaction, the precipitates were thoroughly washed with distilled
water and collected through high-speed centrifugation at 10000 rpm.
The assembled MXene nanosheets were reacted with an aqueous
PdCl, solution (2.0 wt % Pd) at 25 °C under stirring to immobilize
Pd nanoparticles on the surface of the assembled MXene nanosheets.
After synthesis, the resulting Pd—MZXene nanohybrid precipitates
were collected by using high-speed centrifugation and then oven-
dried.

Materials Characterization. The 2D morphology and surface
charge of the exfoliated MXene nanosheets were characterized using
AFM (Park System, NX-10) and zeta potential measurements
(Malvern Zetasizer Nano ZS instrument, UK), respectively. Powder
XRD analysis (Rigaku Ultima IV, Ni-filtered Cu Ka radiation) was
performed to determine the crystal structures and stacking thicknesses
of the assembled MXene nanosheets and Pd—MXene nanohybrids.
The crystal morphologies and stacking structures of the materials
were examined using TEM (JEOL JEM-ARM200F, NEOARM),
operated at an accelerating voltage of 200 kV, and FE-SEM (JEOL
JSM-7001F microscope). Elemental mapping using EDS was
performed to determine the spatial distribution of the constituent
elements. The evolution of the electronic configuration of the
assembled MXene nanosheets and the chemical bonding nature of the
immobilized Pd nanoparticles were investigated through XANES and
EXAFS analyses at the Ti K-edge and Pd Ly-edge, respectively. All
XANES/EXAFS data were measured at beamlines 8C and 10C at the
Pohang Accelerator Laboratory (PAL) in Korea. The data were
processed using a standard procedure.”® XPS analysis was performed
to probe the interfacial charge transfer between the MXene nanosheet
and guest cation/Pd nanoparticles using an XPS machine (Thermo
VG, UK, Al Ka). All XPS spectra were energy-calibrated with
reference to the Au 4f XPS peak (BE = 84 eV). In situ micro-Raman
analysis was conducted by using a Horiba LabRam Aramis instrument
with an Ar-ion laser (A = 514.5 nm) as the excitation source. ICP-OES
data were measured with Agilent 5110 equipment. N, adsorption—
desorption analysis was performed with BELSORP-miniX (Micro-
tracBEL). The HAADF-STEM image was collected with the help of
focused ion beam (FIB) sampling using a JEM-ARM 200F
instrument.

Electrocatalyst Activity Measurement. An ink of the active
catalysts was prepared to evaluate the HER activity of the Pd—MXene
nanohybrids using the following procedure. 1.6 mg of catalyst and 20
p#L of S wt % Nafion solution were dispersed in a 380 uL mixed
solution of Milli-Q water/isopropanol (5/5, v/v). The resulting
suspension was subjected to ultrasonication for 1 h. The working
electrode was prepared by dropwise adding the mixture onto a carbon
paper electrode (0.5 cm X 0.5 cm, torr) with SO uL drops of catalyst
ink, followed by drying at 40 °C in the oven. A graphite rod and a
saturated calomel electrode (SCE) were used as the counter and
reference electrodes, respectively. N,-saturated 0.5 M H,SO, solution
was used as the acidic electrolyte. All electrical potentials were
converted with reference to the RHE potential. An IVIUM analyzer
with a conventional three-electrode cell was used to assess the cyclic
voltammetry (CV) and LSV data. The LSV curves were collected at a
scan rate of S mV s™'. The Tafel slopes were determined by plotting
the overpotential (17) against log Ijl. An IVIUM analyzer was used to
measure the EIS data in the 1000 kHz—0.1 Hz frequency range. The
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TOF values of the present materials were calculated based on the
concentration of active sites using the follow equation:

TOF = Number of total hydrogen turnovers/cm® of geometric area

Number of active sites (catalysts)/cm* of geometric area

The active sites were estimated based on the hypothesis that all the Pd
atoms in the Pd—MXene could act as active sites and were accessible
to the electrolyte.

Number of active sites =
mg

X m
100 mg ’ cm®

X 6,02 x 10251

mmol

1 mmol

mg

where x represents the Pd concentration which was determined from
the ICP—OES result. y represents the working electrode area. The
total number of H, turnovers was calculated from the current density.

1C
A 1c
Total number of hydrogen turnover = ]m—2 X ———
cm 1000 mA
1 mol e~ Lmol H,  6.02 X 10> molecules H,
964853C 2 mol e~ 1 mol H,
H
_ 15 s mA
=3.12 X 10 —Zper -
cm cm

Therefore, the TOF of the Pd—MXene catalysts at different
overpotentials was calculated as follows:

B

Sy mA
3.12 X 10‘5m—2 X

TOF =

Number of active sites

The mass activity was evaluated as follows:

A
Iz

Mass activity =

Mass (catalysts)/cm” of geometric area
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