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HIGHLIGHTS
® Two-dimensional mono- and few-layered Ti;CNT, MXene nanosheets with extremely high nitrogen content were synthesized.
e Better performance for hydrogen evolution reaction (HER) than Pt/C catalyst in acidic, neutral and alkaline solutions.
e Exceptional performance of HER in both acidic and alkaline solutions.

e A large current density (> 500 mA cm™2) has been achieved for HER.

ABSTRACT Transition metal carbides, known

o

as MXenes, particularly Ti;C,T,, have been - 0.5 M H,S0,
extensively explored as promising materials E o
for electrochemical reactions. However, E
transition metal carbonitride MXenes with high =4 'zoo'zgtgﬁ A
nitrogen content for electrochemical reactions g 00— o
are rarely reported. In this work, transition = _E:jg
metal carbonitride MXenes incorporated with g 4““':§:::§~5
Pt-based electrocatalysts, ranging from single O spol==RCc__ . .
. . 06 05 04 03 -02 01 00
atoms to sub-nanometer dimensions, are E (V vs. RHE)

explored for hydrogen evolution reaction (HER).
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The fabricated Pt clusters/MXene catalyst exhibits superior HER performance compared to the single-atom-incorporated MXene and
commercial Pt/C catalyst in both acidic and alkaline electrolytes. The optimized sample shows low overpotentials of 28, 65, and 154 mV
at a current densities of 10, 100, and 500 mA cm™2, a small Tafel slope of 29 mV dec™, a high mass activity of 1203 mA mgpl_1 and an

excellent turnover frequency of 6.1 s™!

in the acidic electrolyte. Density functional theory calculations indicate that this high performance
can be attributed to the enhanced active sites, increased surface functional groups, faster charge transfer dynamics, and stronger electronic
interaction between Pt and MXene, resulting in optimized hydrogen absorption/desorption toward better HER. This work demonstrates

that MXenes with a high content of nitrogen may be promising candidates for various catalytic reactions by incorporating single atoms

or clusters.

KEYWORDS MZXene; Hydrogen evolution reaction; Single atom; Two-dimensional nanosheets; Density functional theory

1 Introduction

The persistent and intensifying climate issues, the ever-
growing depletion of fossil fuels, and the massive green-
house gas emissions demand the development of green and
clean energy to maintain a healthy and sustainable living
environment [ 1-4]. Hydrogen energy, which can be obtained
from water, is one of the most promising candidates. In con-
trast, the efficiency of hydrogen production remains very
low, and the associated cost is still pretty high. Therefore,
searching for suitable catalysts to achieve a high hydrogen
production rate is in demand [5-7]. Currently, platinum
(Pt) is the benchmark catalyst for the hydrogen evolution
reaction (HER) [8—10]. Traditional Pt-based catalysts have
limited atom utilization efficiency, as only a small fraction
of Pt atoms is actively involved in catalysis. Moreover, the
scarcity and high cost of Pt limit its viability as a long-term
and sustainable choice. To realize both high efficiency and
maximum atom utilization, rational catalyst design strate-
gies like reducing the dosage and size of Pt are considered
promising ways to overcome the dilemma. However, when
Pt is downsized to sub-nanometer clusters or single atoms,
it is extremely important to search for suitable substrates to
accommodate them with strong interactions to avoid sur-
face diffusion and coarsening under applied bias. This could
improve the intrinsic activity and stability of the active site,
which is a key factor in HER performance.

MXenes, first discovered in 2011, are considered an
important substrate to stabilize noble metal atoms due to
their intrinsic high surface area, hydrophilicity, diverse
redox active sites, and surface functionalities [11-13]. The
high surface area provides a platform for enhanced active
site density distribution. Moreover, their hydrophilic nature
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and surface functional groups improve the interaction of
metal moieties with the MXene, which results in electronic
structure modulation with improved intrinsic catalytic
activity [14-16]. As a new type of 2D metal carbides or
nitrides, most MXenes were obtained from the parent MAX
materials via typical strategies like acid etching [17] and
molten-salt etching [18]. Notably, during the acid etching
process, defects such as metal and oxygen vacancies are gen-
erally formed on the surface of MXenes, which can serve
as anchoring sites to capture noble metal atoms/clusters
[19-21]. Therefore, MXene is considered an electrocatalytic
substrate with low cost and great potential in electrochemical
processes. For example, noble-metals-incorporated MXenes
have demonstrated excellent HER performance [22-25]. It
is well known that nitrogen doping is one of the best strate-
gies for improving materials’ electrochemical activities, such
as N doped carbon, graphene or carbon nitride with high
content of nitrogen [7, 26, 27]. Similarly, nitrogen-doped
MXenes also demonstrated enhanced electrochemical activi-
ties [24, 28-32], which is because the presence of N pro-
vides localized charge density sites due to the polarizability
caused by the electronegative N atoms, thus improving the
electronic structure and electrochemical kinetics [33]. From
theoretical calculations, Le et al. observed a lower Gibbs
free energy on Ti;N,C with 50% of N content (-0.029 eV)
than the Pt (111) plane (-0.09 eV) for hydrogen adsorption
[34]. Nitrogen doping has also improved the electrochemi-
cal properties of MXenes in other electrochemical reactions
besides HER [35, 36].

Herein, we report the synthesis of 2D Ti;CNT, MXene
nanosheets through a mild etching strategy and employ them
as the conductive support to anchor Pt single atoms and sub-
nanometer clusters. Due to the vacancies in Ti and other
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atoms induced by etching, the Pt species are spontaneously
reduced on the vacancy sites of MXene and stabilized by the
connections with the surrounding —N and —O terminations.
The as-produced Pt-MXene catalyst with sub-nanometer Pt
clusters shows exceptional HER performance with a small
Tafel slope of 29 mV dec™! in 0.5 M H,SO,, a low overpo-
tential of 28 mV to achieve a current density of 10 mA cm2,
excellent mass activity of 1203 mA mgp,~' at the overpoten-
tial of 50 mV and a high TOF of 6.1 s™!, greatly surpassing
the commercial Pt/C catalyst (58 mV dec™!, 30 mV, 148 mA
mgp, ' and 0.47 7!, respectively). Likewise, in alkaline and
neutral electrolytes, the Pt-MXene catalyst also displays bet-
ter HER activity than the commercial Pt/C. Theoretical cal-
culations indicate that MXene with a high content of N dis-
plays a semiconductor-like behavior, while with Pt doping
from a single atom to Pt clusters, MXene gradually exhibits
a metallic behavior and enhanced electronic conductivity,
and the strong interaction between Pt clusters and MXene
can effectively optimize the absorption/desorption of the H*
intermediate, thus contributing to a reduced energy barrier
for a HER process. In addition, the metallic behavior after Pt
doping enhances charge carrier transfer kinetics. The work
has demonstrated that a high content of N in MXene can be
an outstanding support substrate for noble metal catalysts to
achieve high-performance HER activity via the modulation
of electronic structure, which may also apply to many other
metal carbonitrides and MXenes.

2 Results and Discussion

As illustrated in Fig. la, mono-layered or few-layered
Ti;CNT, MXene nanosheets were prepared through a
mild etching strategy in a mixed solution of LiF and HCI.
The in-situ formation of HF in the mixed solution acts
as the actual etchant, effectively dissolving the Al layer.
Meanwhile, the spontaneous intercalation of Li* into the
interlayer increases the interlayer spacing of the multilayer
MXene to convert into single-layered or few-layered
structures during the repeated procedures of washing,
centrifuging, and hand-shaking. The as-obtained MXene
nanosheets are terminated with abundant surface functional
groups, including —O, —OH, and —F. Along with the breaking
of Ti—Al bonds, some adjacent Ti atoms on the surface layers
are unavoidably removed, leaving reduced Ti vacancies [20,
37]. Besides, numerous low-valence-state Ti (II and III)
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atoms with highly reducing properties exist in the Ti;CNT,
MXene. Therefore, when diluted H,PtCls-6H,O solution
is slowly added into the MXene solution, the Pt species
can undergo through a self-reduction process to settle on
the surface of MXene, thus forming Pt single atoms or Pt
clusters [23].

Figure S1 displays the XRD patterns of Ti;AICN and
Ti;CNT,. The downshift of the peak from 20x9.5° of
Ti;AICN to 7.2° of Ti;CNT, and the disappearance of the
strongest characteristic peak of Ti;AICN at 20~39° indicates
the successful removal of the Al layer and the enlarged inter-
layer distance [38]. The morphology of exfoliated Ti;CNT,
ultrathin nanoflakes was characterized by SEM and atomic
force microscopy (AFM). The SEM image (Fig. S2a) reveals
the well-dispersed large Ti;CNT, nanosheets, confirming
successful etching via the mild method. The summarized
lateral size distribution of the nanoflakes (Fig. S2b) dem-
onstrates a mean lateral size of 2+ 1 um. AFM analysis in
Fig. 1b presents that the thickness of a typical monolayer
Ti;CNT, MXene nanosheet is around 1.5 nm, and Fig. S3
further verifies that the synthesized Ti;CNT, nanosheets
have a uniform and atomically thin thickness of ~2 nm
according to the marked height profiles. The TEM image
in Fig. S4a displays the stacked few-layered Ti;CNT,
nanosheets after freeze-drying, and the electro-transparent
feature indicates the ultrathin thickness. According to the
corresponding EDS mapping of the TEM image, it is seen
that widely spread Ti, C, and N elements exist over the
Ti;CNT, nanosheets. Besides, the rich O and F elements
represent the rich —F and —O terminations on the surface
of Ti;CNT,. The high-resolution TEM image of Ti;CNT,
nanosheets in Fig. S4b shows the typical MXene structure
with the inset confirming the magnified lattice fringe of
Ti;CNT, showing a (100) crystal plane. Furthermore, the
XPS survey spectrum of Ti;CNT, (Fig. S5) shows the dis-
appearance of Al 2s and Al 2p peaks, but the presence of
O and F peaks, representing the successful exfoliation and
rich surface terminations. This is consistent with the EDS
mapping results.

SEM images (Fig. S6) reveal the 2D paper-scrap-
like structure of Pt-MXene samples after freeze-drying,
suggesting that the addition of H,PtCls-6H,0 solution does
not have a significant influence on the morphologies of
MXene nanosheets. Notably, the nanosheets were stacked
together during the freeze-drying, thus resulting in a larger
lateral size. To demonstrate the Pt species at the atomic
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scale, high-angle annular dark-field scanning transmission  S7, S8) reveal the widespread and uniform distribution of
electron microscopy (HAADF-STEM) images, together with Ti, C, N, O, and Pt species over the catalysts. It is evidenced
EDS mapping, were taken to study the configuration and by HAADF imaging that when introducing a low-content
dispersion of Pt in all Pt-MXene samples. The TEM images Pt precursor, well-dispersed Pt single atoms were observed
and corresponding EDS elemental mapping (Figs. e and  over the MXene surface (Figs. Ic and S7b, d, f). It is

Low loading

Freeze dry

&P

High loading™ =

P
v
Ti;AICN MAX Ti;CNT; MXene Pt-Ti;CNT; MXene
QTIOCON®T, DAl O Tivacancy @ Pt
10 nm

b - C

Fig. 1 a Schematic illustration of the synthesis route of Pt-MXene. b AFM image of a typical single-layer MXene nanosheet. ¢ HAADF-STEM
image of Pt-10 sample with Pt single atoms on MXene nanosheets. d The magnified HAADF-STEM image of Pt-10 with Pt single atoms (The
bright dots) on MXene nanosheets indicates that Pt single atoms are anchored on Ti vacancies of MXene. e High-resolution TEM image of
Pt-12.5 sample and the corresponding EDS mapping. f HAADF-STEM image of Pt-12.5 sample, showing the co-existence of major Pt clusters
and minor Pt single atoms
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widely accepted that the etching-induced Ti vacancies on
the surface of MXene can serve as the anchoring sites to
accommodate the Pt atoms [20, 23, 39]. Figure 1d clearly
shows that Pt atoms are located in the Ti lattice. With the
increase of Pt precursors, Pt clusters gradually emerge
and present a homogeneous distribution over the MXene
surface (Fig. 1f). A clear transition is observed between
Pt-MXene-10 and Pt-MXene-12.5 samples, where the
former mainly contains Pt single atoms, while the latter
exhibits Pt clusters with an average size of less than 1 nm
in diameter (Fig. 1f). As to the specimens with a higher Pt
loading, the characteristic (111), (200), and (220) planes of
tiny Pt nanocrystallites are also observed through HRTEM
images (Fig. S8d). Inductively coupled plasma-mass (ICP)
spectrometer and X-ray Fluorescence (XRF) analyses
confirm that the Pt loading amount is 2.21, 3.19, 4.2, and
6.25 wt% for Pt-MXene-5, Pt-MXene-10, Pt-MXene-12.5,
and Pt-MXene-15, respectively.

As shown in Fig. 2a, the XRD patterns of all Pt-MXene
samples indicate that till Pt-MXene-10, the characteristic
peaks of Pt crystalline cannot be detected. However, with
the increasing Pt concentration from Pt-MXene-10 to
Pt-MXene-12.5, the characteristic peaks of Pt (20x39.7°,
46.2°, 67.5°) start to emerge, indicating the formation of
Pt clusters [40]. Besides, the increase of Pt concentration
results in the left shift of the characteristic (002) peak from
7.2° of pure MXene toward lower angles (Fig. 2b), which are
6.93°,6.76°,6.7°,6.45°,5.75°, and 5.95° for Pt-MXene-2.5,
5,7.5,10, 12.5, and 15, respectively. This suggests a strong
interaction of Pt with the MXene that results in the further
enlargement of interplanar spacing [23]. It is noted that
when the Pt concentration increases from Pt-MXene-12.5
to Pt-MXene-15, the (002) diffraction suddenly shifts toward
a higher angle, which could be attributed to large amount
of Pt clusters formation, which makes the Pt atoms away
from lattice [33]. To conclude, the Pt-MXene-12.5 sample
shows the largest interplanar spacing, which benefits the
penetration of electrolyte ions and the exposure of accessible
active sites during the electrocatalytic reaction.

XPS spectra for all Pt-MXene samples were measured
to analyze the elemental composition, coordination, and
oxidation state of Pt species. In the Ti 2p region (Fig. 2c¢),
three Ti 2p;,, peaks at 455.2, 456.3, and 459.2 eV for
Pt-MXene-12.5 can be assigned to Ti—C, Ti—N, and Ti— O
bonds, respectively. Furthermore, it could be found that
these peaks in Ti;CNT, assigned to Ti-C, Ti-N, and Ti— O
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bonds (454.9, 456, and 458.7 eV) shifted to higher energy
in Pt-MXene-2.5 (455, 456.4, and 458.9 eV), Pt-MXene-5
(455.5,456.7, and 459.3 eV), Pt-MXene-7.5 (455.2, 456.6,
and 458.9 eV) and Pt-MXene-10 (455.4, 456.8, and 459 eV),
which validated that the oxidation state of Ti increased due
to the addition of Pt atoms. Importantly, peaks at higher eV
values (after 460 eV) also contributed to low-valence Ti [35,
41]. The high-resolution C 1s spectra (Fig. 2d) exhibits three
typical peaks at 280.9, 281.7, and 284.8 eV, representing
C-Ti, C-Ti—0, and C=C bonds, respectively [24, 41].
The high-resolution N 1s spectra can be deconvoluted into
five characteristic peaks at 395.6, 397.4, 398.5, 399.8, and
401.1 eV, which are attributed to N-Ti, N-Ti—-O, N-Pt,
pyrrolic N, and graphitic N, respectively (Fig. 2e) [24,
28, 42]. To note, the pyrrolic N and graphitic N are only
observed in Pt-MXene samples, indicating the formation
of Pt—-N bonds after the anchoring of Pt species. This
confirms the enhanced synergy and stabilization of Pt in
N-based MXene. Besides, similar characteristic peaks are
also observed in the Ti 2p, C 1s, and N 1s spectra for pure
MXene and other Pt-MXene samples (Figs. S9-S14), which
implies the structure of MXene is preserved well after the
incorporation of Pt. As for the O 1s spectra (Fig. 2f), the
signals at 529.9, 530.6, 532.0, and 533.6 eV demonstrate
the existence of Ti—-O, NC-Ti-O,, NC-Ti—(OH), bonds
and chemically absorbed H,O molecules [41, 43].
Analogous peaks are also observed in the O 1s spectra of
other Pt-MXene samples (Fig. S14c). As shown in Fig. 2g,
the Pt 4f spectra of Pt-12.5 sample can be deconvoluted
to the corresponding 4f,, and 4fs, peaks at 72.9 and
76.1 eV, respectively. Compared to Pt” and Pt** with their
4f.,14fs,, peaks indexed to 71.2/74.5 and 73.4/76.7 eV [44],
it can be seen that the oxidation state of the Pt atoms in
Pt-MXene-12.5 sample is between 0 and + 2. This indicates
that the Pt** in its [PtClé]z‘ precursor was reduced by the
Ti and other vacancies, and a strong electronic interaction
was established between Pt and MXene substrate [37, 44].
Likewise, the Pt 4f spectra in other Pt-MXene samples also
display similar peaks corresponding to the partially positive
charged Pt atoms (Fig. S15). However, minor 4f;,/4fs, peaks
for Pt” are only revealed in Pt-MXene-15 sample (Fig. S15¢),
which is caused by the high-loading Pt content that results
in the formation of large Pt particles as identified in high-
resolution TEM analysis. X-ray absorption spectroscopy
(XAS) was implemented to further investigate the
coordination environment of Pt atoms in Pt-MXene samples.

@ Springer
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Fig. 2 a XRD patterns of pure MXene and all Pt-MXene samples with different Pt loadings. b Magnified XRD patterns showing the 20 region
from 5° to 10°. ¢ High-resolution Ti 2p spectra of Pt-12.5 sample. d High-resolution C 1s spectra of Pt-12.5 sample. e High-resolution N 1s
spectra of Pt-12.5 sample. f High-resolution O 1s spectra of Pt-12.5 sample. g High-resolution Pt 4f spectra of Pt-12.5 sample. h Normalized
XANES spectra at the Pt L;-edge of Pt foil, Pt-10, and Pt -12.5 samples. i FT-EXAFS spectra derived from EXAFS of Pt L;-edge of Pt foil,

Pt-10, and Pt-12.5 samples

Figure 2h shows the X-ray absorption near-edge structure
(XANES) of Pt foil, Pt-MXene-10, and Pt-MXene-12.5
samples, respectively. The prepared Pt-MXene-12.5 sample
shows a stronger white-line intensity than Pt foil, suggesting
that Pt atoms in Pt-MXene-12.5 carry a partial positive
charge, consistent with the XPS results [24]. Nevertheless,
it is worth mentioning that the Pt-MXene-10 sample exhibits
a higher white-line intensity than the Pt-MXene-12.5

© The authors

sample. This is because Pt single atoms predominate
in the Pt-MXene-10 sample, while the Pt cluster is the
major species in the Pt-MXene-12.5 sample. Furthermore,
this confirms that Pt in the single atom state has a higher
valence than the cluster. The literature revealed that low-
valence Pt active sites are desirable for HER performance,
as they facilitate the enhanced adsorption and desorption of
reaction intermediates [45, 46]. Fourier transform extended

https://doi.org/10.1007/s40820-025-01654-y
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X-ray absorption fine structure (FT-EXAFS) analysis in
Fig. 2i displays that the Pt-MXene-10 sample exhibits a
dominant peak at~ 1.5 Aanda secondary peak at~2.5 A,
which can be indexed to Pt—-N/C/O coordination and Pt—Pt
bonds, respectively, due to the presence of a small fraction
of clusters [47—49]. It is hard to identify the Pt—N, Pt-C,
and Pt—O bonds due to the similar back-scattering phases or
bond lengths when they exist simultaneously [47-49]. As
for the Pt-MXene-12.5 sample, an obvious peak at~2.2 A
from Pt—Pt contribution is observed owing to the existence
of massive Pt clusters, and a weak peak at~1.25 A can be
ascribed to Pt—N/C/O scattering since there exist a small
quantity of Pt single atoms.

The HER electrocatalytic performance was first measured
via a standard three-electrode device with 1.0 M KOH as
the electrolyte. Among all Pt-MXene samples (Fig. 3a,
b), Pt-MXene-12.5 exhibits the lowest overpotential of
32.8 mV to realize 10 mA cm™ current density for HER,
which greatly surpasses the 286 mV of pure MXene and
slightly outperforms that of the state-of-the-art commercial
Pt/C catalyst (35 mV). Noticeably, with the increase in Pt
loading, the overpotentials of Pt-MXene samples first exhibit
a decreasing trend and then increase (46.5, 44, 42, 37.8,
32.8, and 53 mV for Pt-MXene-2.5, 5, 7.5, 10, 12.5, and 15,
respectively), which indicates the Pt-MXene-12.5 sample
has the optimal Pt loading for HER. The first decrease in
the overpotential with the increase of Pt content could be
ascribed to the enhanced active site number and synergy
between Pt and MXene. However, after Pt-MXene-12.5, the
increase in overpotential is due to the agglomeration of Pt
sites and restacking of MXene nanosheets that result in the
low exposure of active sites. Moreover, at a higher current
density of 100 mA cm Pt-MXene 2, the overpotential of
Pt-MXene-12.5 was 119 mV, which is still lower than the
commercial Pt/C catalyst of 126 mV (Fig. 3c). Figure 3a also
shows that Pt-MXene-12.5 only requires an overpotential of
312 mV to achieve a high current density of 500 mA cm™2,
representing its potential for practical applications. The Tafel
slope, which reflects the logarithmic relationship between
the reaction rate and overpotential, serves as an indicator
of catalytic performance. As shown in Figs. 3d and S16a,
b, the optimal Tafel slope belongs to the Pt-MXene-12.5
with only 34 mV dec™!. In comparison, the commercial Pt/C
catalyst and pure MXene deliver lower Tafel slopes of 41 and
119 mV dec™!, respectively, indicating that Pt-MXene-12.5
achieves a faster HER kinetics than the Pt/C catalyst and
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pure MXene due to the strong interaction between MXene
and Pt clusters. Likewise, the Tafel slopes of all Pt-MXene
samples first decrease and then increase with Pt addition
(47,44, 42, 39, 34, and 59 mV for Pt-MXene-2.5, 5, 7.5, 10,
12.5, and 15, respectively). This improved HER kinetics for
Pt-MXene-12.5 could be ascribed to the cluster formation
that facilitates hydrogen adsorption and diffusion. Adjacent
hydrogen adsorption sites in clusters increase the Heyrovsky
and Tafel steps of the HER mechanism [50, 51]. To more
objectively compare the catalytic activity of Pt-MXene-12.5
and Pt/C, their current densities are normalized to the
loading amount of Pt to obtain an intuitive comparison of
their mass activities. As displayed in Fig. 3e, Pt-MXene-12.5
exhibits a more favorable HER performance in mass activity
than the commercial Pt/C catalyst. Specifically, at the
overpotential of 50 mV, Pt-MXene-12.5 reaches a mass
activity of 545 mA mgpl_l, which is six times larger than
that of Pt/C (89 mA mgp,~!). This confirms the improvement
in the intrinsic catalytic activity of MXene after Pt addition.
Electrochemical impedance spectroscopy (EIS) was
conducted to investigate the charge transfer kinetics for
HER of Pt-MXene, MXene, and a commercial Pt/C. The
evident semicircular shape of the Nyquist plot proves the
electrode process as a control step (Fig. S16c). As displayed
in Fig. S16d, e, Pt-MXene-12.5 possesses the lowest charge
transfer resistance (R, (1.78 €2), which is much lower than
that of the commercial Pt/C (2.91 Q) and MXene (101 Q),
indicating the better electronic conductivity and ultrafast
electron transport behavior. Furthermore, it is found that
all Pt-MXene samples possess much lower R, compared to
individual MXene, demonstrating that the incorporation of
Pt in MXene greatly enhances the electronic conductivity
and lower resistance to fast-electron transfer. To compare
with the MXene without nitrogen content, we prepared
Ti;C,T, nanosheets doped with different Pt contents.
The optimal sample (12.5 at% Pt) LSV curve is shown in
Fig. S16f, which shows much lower performance.
Double-layer capacitance (Cy) was also measured to
assess the electrochemical behavior of Pt-MXene samples
and MXene counterparts. Figures S17 and S18 display
the cyclic voltammogram curves of different Pt-MXene
samples under various scan rates from 10 to 20, 40, 60,
80, and 100 mV s~'. The calculated Cy (Fig. S18d) is
43.51, 76.49, 78.04, 84.39, 87.33, 92.15, and 63.65 mF
cm? for MXene, Pt-MXene-2.5, 5, 7.5, 10, 12.5, and 15,
respectively. Therefore, Pt-MXene-12.5 owns the largest
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Fig. 3 a LSV polarization curves in 1 M KOH electrolyte for MXene (denoted as Pt-0), Pt/C, and all Pt-MXene samples. b The corresponding
overpotential at 10 mA cm™2. ¢ The corresponding overpotential at 100 mA cm™2. d Tafel slope plots for MXene, Pt/C and all Pt-MXene
samples. e Mass activity of Pt-MXene-12.5 and Pt/C. f TOF plots of Pt-MXene-12.5 and Pt/C

electrochemically active surface area (ECSA), which
is ~2.12 times higher than the value of MXene. This can be
attributed to the introduction of Pt species, which greatly
improves the number of active sites exposed on the surface
of MXene and simultaneously enlarges the interplanar
spacing that facilitates the contact between electrolyte
and catalyst. Besides, the turnover frequency (TOF) was
calculated to further evaluate the intrinsic hydrogen-
production activity of the electrocatalysts. Figure 3f shows
that Pt-MXene-12.5 achieves an outstanding TOF of
1.83 s™! at an overpotential of 100 mV, which significantly
surpasses that of the commercial Pt/C (0.33 s~!). This
verifies the improved synergy between Pt and MXene that
contributes to enhancing intrinsic and extrinsic catalytic
activity for high HER performance. The catalytic stability
is also a crucial factor in evaluating the feasibility of the
electrocatalyst in practical usage. At a constant current
density of 10 mA cm~2, Pt-MXene-12.5 shows a little
degradation after 12 h, almost comparable to the commercial
Pt/C catalyst (Fig. S19a). This superior stability is attributed
to the strong synergy and interaction of Pt moieties with high
N-content MXenes. Additionally, we also performed the
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stability at the current density of 200 mA cm™2 up to 23 h,
as shown in the inset of Fig. S19a. No obvious degradation
is observed, indicating outstanding stability. This clarifies
the excellent long-term stability of Pt-MXene-12.5. Thanks
to the abundant Pt clusters, Pt-MXene-12.5 almost becomes
one of the most outstanding HER catalysts compared to most
recently reported MXene-based catalysts with 1 M KOH as
the electrolyte (Fig. S19b and Table S1).

To further investigate the pH universality of Pt-MXene
samples, 0.5 M H,SO, was also used as the electrolyte to
measure the HER activity. In Fig. 4a, b, Pt-MXene-12.5
only requires a small overpotential of 28 mV to realize
a current density of 10 mA cm™2, which overmatches
the value of commercial Pt/C (30 mV) and dramatically
surpasses that of MXene (329 mV). In addition, with the
increase of Pt concentration, the overpotential shows a
gradual decrease and then increases again, confirming the
optimal loading of Pt-MXene-12.5. Notably, at a higher
current density of 100 mA cm™2, the overpotential of the
Pt-MXene-12.5 sample is only 65 mV, much lower than that
of the commercial Pt/C (106 mV) and pure MXene without
nitrogen integrated with Pt catalysts (Fig. S20f), illustrating
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the superiority of Pt-MXene-12.5 (Fig. 4c). Even to achieve
a current density of 500 mA cm~2, Pt-MXene-12.5 only
requires an overpotential of 154 mV, which greatly exceeds
the commercial Pt/C catalyst and confirms its promising
applicability in large-scale electrolyzers (Fig. 4a). The
Tafel slope of Pt-MXene-12.5, commercial Pt/C, and
MXene are 29, 58, and 175 mV dec™! (Figs. 4d and S20a, b),
validating the ultrafast HER kinetics of Pt-MXene-12.5 due
to the optimized interplay between Pt moieties and MXene
support. Meanwhile, the Tafel slopes of all Pt-MXene
samples show a similar trend with the overpotential, which
first goes down and then ascends in accompany with the
increase of Pt loading (65, 47, 40, 33, 29, and 37 mV dec™!
for Pt-MXene-2.5, 5, 7.5, 10, 12.5, and 15, respectively).
Besides, the mass activity of Pt-MXene-12.5 reaches up to
1203 mA mgp,~' at an overpotential of 50 mV, which is
8 times higher than that of the commercial Pt/C catalyst
(148 mA mgp, "), as shown in Fig. 4e. This result further
confirms the superiority of Pt-MXene-12.5 in realizing
high HER performance compared to the Pt/C catalyst in
both alkaline and acidic electrolytes. Figure 4f shows that
the TOF of Pt-MXene-12.5 is 6.1 s~! at an overpotential
of 100 mV, nearly 13 times higher than the values of the
commercial Pt/C catalyst (0.47 s™1). This demonstrates the
full utilization of Pt clusters in Pt-MXene-12.5, thereby
leading to remarkable intrinsic activity.

In accordance with the electrochemical impedance spec-
troscopy (EIS) results (Fig. S20c), the fitted R, in Fig. S20d,
e demonstrates that Pt-MXene-12.5 exhibits the optimal
charge transfer kinetics with a small value of 1.14 Q, out-
performing the commercial Pt/C (4.36 ) and MXene (500
Q). Moreover, other Pt-MXene samples also show much
smaller R, than MXene, which reveals that the introduction
of Pt species can serve as the active centers to accelerate
the electron transfer during HER. Besides, after the stabil-
ity test at 200 mA cm™ for~22.3 h, Pt-MXene-12.5 still
exhibits very good stability without observable degrada-
tion (Fig. S21a). The initial variation may result from the
reconstruction of catalysts under such a high current [52].
Pt-MXene-12.5 has shown extremely low overpotential and
Tafel slope, which differ from other MXene samples with
either low overpotential but high Tafel slope or vice versa
(Fig. S21b and Table S2).

The HER activity of Pt-MXene samples was also stud-
ied in a neutral electrolyte (0.5 M K,SO,). To achieve a
current density of 10 mA cm™2, Pt-MXene-12.5 requires

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

the lowest overpotential of 366.4 mV among all Pt-MXene
samples, which is better than the value of commercial Pt/C
(373.9 mV), while MXene demands 590.3 mV (Fig. S22a,
b). The Tafel slope of Pt-MXene-12.5 is the lowest at
83 mV dec™! among all Pt-MXene samples, which is also
superior to the commercial Pt/C catalyst (86 mV dec™!)
(Fig. S22c—e). Moreover, all Pt-MXene samples showed
more advantageous Tafel slopes than MXene (148 mV
dec_l) (Fig. S22c—e). This indicates that the association
of Pt and MXene can accelerate the reaction kinetics, thus
boosting the HER catalytic performance. As displayed in
Fig. S23a, Pt-MXene-12.5 delivers a much more favora-
ble mass activity of 480 mA mgp,~! at an overpotential
of 400 mV compared to that of the commercial Pt/C
catalyst (89 mA mgp,~!). Moreover, the TOF values of
Pt-MXene-12.5 is 0.48 s~!, which is over 5 times higher
than that of the commercial Pt/C (0.09 s~ (Fig. S23b).
According to the experimental EIS and the correspond-
ing fitting results (Fig. S23c, d), Pt-MXene-12.5 exhibits
the lowest R, of 79.7 Q, which is lower than that of the
commercial Pt/C catalyst (86.6 Q) and MXene (234.3 Q).
This reveals that introducing Pt into MXene can facili-
tate the Faradaic reaction and the HER catalytic kinetics.
Furthermore, the stability test indicates that at a constant
current density of 10 mA cm~2, Pt-MXene-12.5 shows a
nearly zero potential fluctuations after 16-h galvanostatic
measurement, which is on a par with the performance of
the commercial Pt/C catalyst (Fig. S24).

Density functional theory (DFT) calculations were
conducted to unveil the mask of the underlying interaction
between Pt species and Ti;CNT, MXene. According to
the above experimental results, MXene-supported Pt
clusters with the optimized Pt loading show a better HER
performance than MXene-supported Pt single atoms.
Therefore, twelve different models were constructed to
investigate the Pt catalysts on the HER performance and
to understand the mechanism of better performance of Pt
clusters rather than Pt single atoms, as well as to clarify
the different Pt bonding states on the catalytic activity
for hydrogen production (Table S3). Due to the rich N in
this MXene, we first consider the effect of the formation
of Pt—N bonding on the HER performance. Pt-N bonding
has been identified in the previous XPS and XAS results.
Consequently, the constructed six models are pristine
Ti;CNO, (N) MXene, Ti;CNO,-N-Ptg,, Ti;CNO,-N-Pt,
Ti, ,CNO, (N) MXene, Ti; ,CNO,-N-Ptg,, and
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Fig. 4 a LSV polarization curves and (b, c) the corresponding overpotential @ 10 mA cm™ b and @ 100 mA cm™ ¢ Plots in 0.5 M H,SO,
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e Mass activity of Pt-MXene-12.5 and Pt/C. f TOF plots of Pt-MXene-12.5 and Pt/C

Ti; ,CNO,-N-Pt.. It should be noted that for these models
without Ti vacancies, the Pt species are immobilized
by the surface O atoms. These structural models are
displayed in Fig. S25. Generally, the Gibbs free energy
(AGy.) for hydrogen adsorption is regarded as a key
descriptor to evaluate the HER activity of the catalyst
[19, 32]. Moreover, the best HER catalyst should have the
smallest value of AGy., which is ideally close to zero. As
shown in Fig. 5a, Ti;CNO, (N) MXene, Ti;CNO,-N-Ptg,,
Ti;CNO,-N-Pt, Ti; ,CNO, (N) MXene, Ti; ,CNO,-N-Ptg,
and Ti; ,CNO,-N-Pt. has a value of AGy. -0.46, -0.31,
-0.21, 0.40, —0.25, and —0.11 eV, respectively (Table S3).
Ti; CNO,-N-Pt. has the smallest value of —0.11 eV, which
highlights that Ti; ,CNO,-N-Pt. possesses the optimal
hydrogen absorption—desorption behavior and the lowest
energy barrier to form H,, thus contributing to the superior
HER catalytic activity [28]. According to the charge
density difference calculations in Figs. 5b and S26a, 1.56
electrons are transferred from Pt cluster to MXene substrate
in Ti; (CNO,-N-Pt., while only 0.1, 0.3, and 1.2 electrons
are donated to MXene substrates in Ti;CNO,-N-Ptg,,
Ti;CNO,-N-Pt, Ti; ,CNO,-N-Ptg,, respectively. This
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indicates stronger electronic interaction between the Pt
cluster and MXene in Ti; ,CNO,-N-Pt. compared to other
models, which is beneficial to weaken the Pt—-H bonding
and resulting in favorable hydrogen absorption/desorption
[21, 23]. This explains the optimal Gibbs free energies
(AGy.) of Ti; ,CNO,-N-Ptc. In addition, from the densities
of states (DOS) of the catalysts in Figs. 5c and S26b, it
can be concluded that introducing Pt clusters into MXene
support can endow the catalyst with a distinguished metallic
characteristic and enhanced electronic conductivity, which
are not observed in individual MXene and MXene-supported
Ptg, [28]. Furthermore, Ti; ,CNO,-N-Pt. exhibits a higher
total density of states (TDOS) near the Fermi level than those
of Ti;CNO, (N) MXene, Ti;CNO,-N-Ptg,, Ti;CNO,-N-Pt,
Ti; ,CNO, (N) MXene and Ti; ,CNO,-N-Ptg,, illustrating
that Ti; ,CNO,-N-Pt- possesses an enhanced carrier
density and capability to supply electrons, consistent
with experimental results [19, 28, 32]. The fast transfer
of electrons favors improved electrocatalytic HER. Based
on the projected densities of states (PDOS) of Ti; ,CNO,
(N) MXene, Ti; ,CNO,-N-Ptg,, and Ti, ,CNO,-N-Pt,
the DOS of Ti; ,CNO, (N) MXene and Ti; ,CNO,-N-Ptg,
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near the Fermi level primarily originate from the d
orbitals of Ti. However, a tiny contribution from d-orbitals
of Pt is observed in Ti; ,CNO,-N-Ptg,, while that of
Ti; ,CNO,-N-Pt; is donated by the d-orbitals of Ti and
Pt. This signifies that Pt clusters significantly enhance the
capability to donate d-electrons near the Fermi level, thus
contributing to an improved HER catalytic activity.

Given that Pt-C bonds are also formed during the prepara-
tion of catalysts, we construct six other models as counter-
parts to illustrate the influence of C atoms on HER perfor-
mance when they are bonded with the Pt species (Fig. S27).
Besides, the Pt species are anchored by the surface O atoms
for these models without Ti vacancies. As shown in Fig. S28a,
Ti; ,CNO,-C-Pt. exhibits the best Gibbs free energies (AGy.)
of —0.15 eV, which indicates that the existence of Ti vacancies

and Pt clusters are beneficial to optimize the hydrogen absorp-
tion—desorption behavior and lower the energy barrier to form
H,, thus contributing to the superior HER catalytic activity.
The charge density difference calculations in Fig. S28b—e con-
firm that more electrons are transferred between Pt clusters
and MXene support in Ti;  CNO,-C-Pt. (1.51 electrons), com-
pared with Ti; , CNO,-C-Ptg, (0.83 electrons), Ti;CNO,-C-Pt
(0.54 electrons) and Ti;CNO,-C-Ptg, (0.13 electrons). This
means a stronger electronic interaction exists between the Pt
clusters and MXene in Ti; ,CNO,-C-Pt; compared to other
models, thus facilitating HER activity. According to the
DOS of the catalysts in Fig. S29, it can be concluded that
although all six catalysts exhibit superior metallic behavior,
the introduction of Pt clusters still significantly elevates the
total densities of states (TDOS) near the Fermi level, which
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highlights an improved carrier density and capability to supply
electrons, thus boosting the HER performance. Especially for
Ti; ,CNO,-C-Ptc, its DOS near the Fermi level is primarily
contributed by the d orbitals of Ti and Pt. In contrast, less elec-
tron density transfers from the d orbitals of Pt are observed in
the rest of the models, which suggests that Pt clusters enhance
the catalyst’s capability to donate electronic density near the
Fermi level, thus reinforcing the HER catalytic activity. To
conclude, regardless of whether Pt is bonded with N or C, the
association of Pt clusters and Ti; ,CNO, MXene can always
strengthen the electronic conductivity and optimize the AG.
to accomplish the improvement of HER catalytic capability,
well consistent with our experiment results. However, it is
worth mentioning that the existence of C atoms can ensure
better electronic conductivity, while the N atoms can contrib-
ute to more favorable electronic interactions with the anchored
Pt species, as Ti; ,CNO,-N-Pt. delivers a more favorable
AGy. of -0.11 eV than that of Ti; ,CNO,-C-Pt- (-0.15 eV).
In addition, N atoms may enhance the electronic structure of
the MXene surface, thus improving the HER. Therefore, the
abundant N atoms in MXene play a crucial role in enhancing
HER catalytic activity.

3 Conclusion

In summary, ultrathin Ti;CNT, MXene nanosheets have
been successfully synthesized using a mild etching strat-
egy and employed as support materials for anchoring Pt
single atoms and clusters via a facile self-reduction reac-
tion by varying the contents of Pt precursors. The opti-
mized catalyst, with a low Pt loading amount of 4.2 wt%
(Pt-MXene-12.5), exhibits exceptional HER catalytic per-
formance across all pH values, outperforming the com-
mercial Pt/C catalyst. It achieves Tafel slopes of 34, 29,
and 83 mV dec”! and low overpotentials of 32.8, 28, and
366.4 mV to reach a current density of 10 mA cm™ in
1 M KOH, 0.5 M H,SO,, and 0.5 M K,SO,, respectively.
Additionally, it demonstrates an impressive mass activ-
ity of 1203 mA mgp, ! at an overpotential of 50 mV and
high TOF of 6.1 s~! at an overpotential of 100 mV in
acidic electrolyte, exceeding those of the commercial Pt/C
catalyst by over 8 times and nearly 13 times, respectively.
DFT calculations reveal that the synergy between Pt, C,
and N atoms in MXene creates a strong electronic inter-
action between the anchored Pt species and the MXene
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support. Moreover, the incorporation of Pt clusters can
further enhance the metallic behavior of the MXene and
simultaneously accumulate more electrons near the Fermi
level, which not only brings an improved electronic struc-
ture modulation but also optimizes hydrogen absorption/
desorption behaviors, thereby lowering the Gibbs free
energy toward a fast HER kinetics. This work highlights
the potential of the unexplored MXene family, including
metal carbonitrides and other MXenes rich in non-metallic
elements, as promising support materials for single-atom
or cluster catalysts, enabling high-performance electro-
catalytic reactions.
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