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Keywords: Electrocatalytic hydrogen evolution reaction (HER) via water splitting is a prospective technology for achieving

Hydrogen evolution reaction the sustainable production of hydrogen. So, ruthenium-based electrocatalysts have been extensively studied.
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pH-universal species is a viable way to enhance the utilization efficiency. MXene-based materials with unique surface
termination groups, superior chemical stability, high specific surface area and favorable electrical conductivity
have received significant attention as low-cost carriers for the development of active catalysts in HER. Herein,
nitrogen (N) and sulfur (S) atom-doped titanium carbide (Ti3Cz) quantum dots (QDs) were successfully syn-
thesized as efficient carriers for anchoring ultra-small ruthenium nanoparticles (NPs) toward electrocatalytic
HER. Electrochemical tests reveal that the resultant N,S-Ti3C2 QDs/Ru displays superior HER performance with
low overpotentials of 28, 25 and 56 mV at 10 mA cm 2 current density in 0.5 M H,SO4, 1 M KOH and 1 M PBS
solutions, respectively. Such a low overpotential is comparable to most previously reported non-metallic cata-
lysts, Ru-based electrocatalysts and commercial Pt/C. In addition, N,S-Ti3sCy QDs/Ru displays extraordinarily
long-term stability over a relatively wide pH range and is indeed a kind of pH-universal catalyst for hydrogen
evolution. Furthermore, density functional theory (DFT) calculations demonstrate that the interactions between
metal Ru and N,S-TigCz MXene QDs effectively regulate the electronic structure of the active site Ru, lowering the
energy barrier of the electrocatalytic HER intermediate, thus dramatically enhancing the activity for N,S-TizCy
QDs/Ru. This work proposes a novel approach to functionalize MXene quantum dots for use as low-cost elec-
trocatalysts with promising practical applications in renewable energy conversion.
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1. Introduction

With the fast development of society, the massive depletion of fossil
fuels has resulted in serious energy and environmental crises, which
urgently require in-depth and systematic research into the exploration of
sustainable energy sources [1-3]. Owing to the limitation of resources of
wind, tide and solar energy, hydrogen (Hz) is considered as a prospec-
tive replacement for classical fossil fuels by virtue of its high energy
density, renewability and abundant resources [4-7]. Electrocatalytic
water splitting is regarded as the tremendously prospective approach for
the economical and efficient production of hydrogen fuel [8-10].
Currently, noble metal platinum based materials represent the state-of-
the-art electrocatalysts for HER ascribed to the close-to-zero hydrogen-
absorbing Gibbs free energy (AGH*), which remarkably diminishes the
kinetic barriers and enhances the electrocatalytic process rate [11,12].
In fact, the large-scale practical industrial applications for Pt-based
electrocatalytic materials are extremely restricted by the high cost and
scarcity of Pt [13]. Thus, the exploitation of high efficiency, stable and
low-cost electrocatalysts is a paramount importance in the roadmap of
electrolytic water. As a member of platinum-group metals, metallic Ru
possesses a low cost (about 5 % of Pt). Moreover, the binding strength to
hydrogen is comparable with Pt (~65 kcal mol '), making it regarded as
an appealing alternative to Pt for catalyzing the HER [14-16]. Never-
theless, Ru NPs tend to aggregate owing to the high cohesive energy,
resulting in reduced HER activities during practical electrochemical
reactions [17,18]. Appropriate improvement strategies also require to
be explored for the further boost of the HER performance of ruthenium-
based electrocatalysts. The construction of suitable carrier materials can
efficiently stabilize the nanoparticles of metallic Ru, which is crucial for
optimizing dispersion, decreasing particle size, and augmenting the
density of active sites and cycling durability [19-21]. Additionally, the
strong interfacial coupling effect between metal Ru and the carrier will
cause the redistribution of charge density, thus altering the surface
adsorption and lowering the reaction energy barriers. To this end,
numerous carrier materials, including graphene nanosheets, carbon
nanotubes, carbon dots and metal oxides have been widely employed for
the effective design and synthesis of high-performance Ru-based com-
posite catalysts [22-25]. Unfortunately, those materials tend to have
electrochemically inert, undesirable conductors and hydrophobic
properties. Despite several research advances, developing low-cost
supports with superior electrical conductivity, electrochemical activity
and hydrophilicity for the large-scale fabrication of highly efficient and
robust HER electrocatalysts remains unrealized.

As an emergent class of two-dimensional (2D) materials, MXenes
have been arousing tremendous research interest owing to their superior
physicochemical properties [26-28]. Under this context, the MXene
QDs, especially derived from MXene, featuring a small size of less than
10 nm, inherit the unusual physicochemical advantages of bulk MXene,
such as excellent electronic conductivity with efficient charge transport,
affluent surface termination groups, excellent surface activities, and
hydrophilic functional groups, large surface specific area, thus offering
abundant active basal and edge active sites. These fascinating properties
make MXene QDs attractive for various potential applications, including
supercapacitors, energy storage, Li-sulfur batteries, solar cells, and
photo/electrocatalysts [29,30]. Notably, the size reduction of MXene to
<10 nm can promote rapid electron transfer to the electrochemically
active site, thereby improving the charge transfer kinetics. Recent DFT
further suggests that the AGH* on the oxygen terminus in MXenes is
close to the optimal value (0 eV), which plays a vital role for HER
[31,32]. The high specific surface area of MXene QDs can restrict metal
Ru atoms between MXene QDs to form structurally stable ultrafine
nanocrystals, preventing the agglomeration and growth of metal nano-
particles. In particular, the superior electrical conductivity and abun-
dant surface functional groups (—COOH, —NH,, —OH) of MXene QDs
endow more binding sites with metals, thus providing more possibilities
for the modulation of electronic structure and hydrogen production
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performance of the catalysts [33,34]. Moreover, as reported in previous
research, according to the discrepancy of electron spin density and
electronegativity among the metals and heteroatoms, introducing
additional electronegative heteroatom (such as N, S, P) coordination in
MXene QDs can effectively regulate the charge structure, optimize the
intermediate adsorption, realizing the improvement of catalytic activity
[35,36]. Consequently, MXene QDs may be an ideal support for the
preparation of metal Ru-based HER composite electrocatalysts.

Herein, we developed N and S doped Ti3C,; MXene QDs as an effec-
tive solid support for anchoring ultrafine Ru NPs via simple hydrother-
mal and pyrolysis approaches. The Ru NPs are stabilized on the
functionalized N,S-Ti3Cy QDs support through forming Ru-N and Ru-S
bonds with N and S, thus inhibiting their aggregation and growth.
Remarkably, the as-prepared N,S-TizCz QDs/Ru electrocatalyst presents
favorable HER activity with an extremely low overpotential of 28, 25,
and 56 mV at 10 mA cm 2 current densities in acidic, alkaline and
neutral solutions, respectively, which are superior to the most previous
Ru-based catalysts. Moreover, the N,S-Ti3Cy QDs/Ru displays signifi-
cantly improved long-term stability across a relatively wide pH range.
DFT calculations indicate that the coordination interactions between Ru
and N,S-Ti3C, QDs efficiently adjust the electronic structure in the active
site Ru, lower the energy barrier of the intermediates in HER reaction,
and realize the optimal AGH* of hydrogen adsorption. This work can be
extended to other MXene materials for the reasonable construction of
high-efficiency catalysts and provide a new perspective for enhancing
the performance of the electrocatalysts.

2. Experimental section
2.1. Materials

Ti3AlC, phase (98.0 %) was purchased from Aladdin. Concentrated
nitric acid (HNOs, 68.0 %) and concentrated sulfuric acid (H,SO4, 98.0
%) were purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. Ruthenium Chloride hydrate (RuCl3-xH,0) and thiourea
(CH4N5S, 98.0 %) were purchased from Shanghai Haohong Bio-
pharmaceutical Technology Co Ltd. Hydrofluoric acid (HF, 40.0 %)
was purchased from Sigma-Aldrich.

2.2. Synthesis of N and S doped Ti3Cs QDs

1 g of Ti3AlC; MAX phase was slowly dissolved in 25 mL of HF so-
lution. Then, the solution was kept at 50°C while continuously stirring in
an oil bath for 72 h. The powder products were washed three times with
distilled water and centrifuged at 4000 rpm for 2 min each time. The
resultant powder was mixed with 45 mL of deionized water and ultra-
sonicated over 60 min. After separation, the multilayered TisC, MXene
deposit was collected for freeze-drying and used for subsequent exper-
iments later. The N and S doped Ti3Cy QDs were prepared by a facile acid
reflux-assisted hydrothermal method: The obtained multilayered Ti3Cs
MXene was distributed in the mixture with H,SO4 and HNOs solutions
and reacted thoroughly at 100 °C over 12 h. The appropriate amount of
NaOH was slowly added into the above solution to moderate the pH up
to 6-7, obtaining the MXene solution with sizeable small flakes of
MXene. Subsequently, 0.1g of thiourea was dissolved in a solution that
contained 15 mL of the above solution and 3 mL of distilled water was
stirred magnetically and then removed to the Teflon autoclave and kept
at 160 °C for 12 h. Eventually, the reaction solution was transferred to a
dialysis bag to purify the N,S-Ti3Cy QDs, and the final product N,S-Ti3C,
QDs powder was obtained via freeze-drying and collected for the further
use.

2.3. Synthesis of Ru NPs

10.0 mL of RuCl3 aqueous solution (10 mg/mL) was gradually added
to 30 mL of deionized water and stirred thoroughly at room temperature
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Fig. 1. (a) Schematic diagram of the preparation for N,S-Ti3C, QDs/Ru electrocatalyst, (b) SEM image for Ti3C, MXene, (c, d) TEM and HRTEM images for N,S-TizCa
QDs, (e) AFM image for N,S-TizCz QDs, (f) FT-IR spectra for N,S-TizCy QDs, (g) Ti 2p XPS spectra for N,S-TizCz QDs.

for 2 h. After vacuum drying, the resultant powder was placed into a
tube furnace and calcined under an Ar atmosphere at 600 °C for 5 h
using a heating rate of 5 °C/min, and the product was marked as Ru NPs.

2.4. Synthesis of N,S-Ti3C2 QDs/Ru

50 mg of N,S-Ti3C2 QDs were dispersed into 30 mL of distilled water
with vigorous sonication. Then, 10 mL of RuCl3 aqueous solution (10
mg/mL) was gradually mixed into the as-prepared suspension and stir-
red thoroughly for 45 min. After freeze-drying, the resultant powder was
deposited into a tube furnace and calcined at 500, 600, 700, and 800 °C
under the Ar atmosphere for 5 h using a heating rate of 5 °C/min, and
the obtained products were marked as N,S-Ti3Cy QDs/Ru-500, N,S-Ti3Ca
QDs/Ru-600, N,S-TizC, QDs/Ru-700, and N,S-Ti3C, QDs/Ru-800,
respectively. To further analyze the impact of different Ru contents on
their HER performance, the 10 mL of RuCls aqueous solution (10 mg/
mL) was replaced with 1, 3, 5, 7 and 9 mL, respectively, and the cor-
responding electrocatalysts were marked as N,S-Ti3Cy QDs/Ru-X, where
X stands for 1, 3, 5, 7, 9.

2.5. Electrochemical measurements

Electrochemical measurements were evaluated at the CHI 760E
electrochemical workstation with a traditional three-electrode assem-

bly. KOH solution (1.0 M), H»SO4 solution (0.5 M) and PBS solution (1.0
M) were applied as electrolytes, respectively. The as-prepared electro-
catalysts were used as working electrodes and graphite rods as counter
electrodes. Notably, the Ag/AgCl electrode was employed as the refer-
ence electrode in HySO4 solution and the saturated calomel electrode
was taken as the reference electrode in KOH and PBS electrolytes. In
addition, the working electrodes were treated as follows: 10 mg of
electrocatalysts and 60 pL of 5 wt% Nafion solution was mixed into 940
pL of anhydrous ethanol and continuously sonicated over 15 min. Sub-
sequently, the catalyst slurry was evenly coated on the carbon cloth and
dried in a vacuum oven with 30 min. The linear sweep voltammetry
(LSV) curves of samples were measured under 0.5 M H,SO4, 1 M KOH
and 1 M PBS solution, respectively with a sweep rate of 5 mV/s. The
Tafel plots of catalysts were obtained from the corresponding linear
regions of overpotential versus the logarithm of the current density
following the Tafel equation as follows:

n = bloglj| +a

The n, j, b, and a in the above equation denote the corresponding
overpotential, current densities, Tafel slope and intercept, respectively.
To investigate the stability of the catalyst, a continuous 5000 cyclic
voltammetry (CV) scan experiment was conducted over the range of
0.1-0.4 V at a scan rate of 10 mV s~'. The long-term HER stability ex-
periments were further studied under the specified current density of 10
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Fig. 2. (a, b) TEM and HRTEM images for N,S-Ti3C; QDs/Ru, (c) SEAD pattern recorded from the corresponding area of N,S-Ti3C; QDs/Ru, (d) Element mapping of
N,S-Ti3C, QDs/Ru, (e) N, adsorption-desorption isotherms of Ru and N,S-TizCy QDs/Ru, (f) XRD pattern of N,S-Ti3C, QDs, Ru and N,S-Ti3C, QDs/Ru, (g) FT-IR
spectra for N,S-Ti3C, QDs and N,S-Ti3C, QDs/Ru, (h) C 1 s and Ru 3d XPS spectra of N,S-TizCy QDs/Ru, (i) Ti 2p and Ru 3p XPS spectra for N,S-TizC, QDs/Ru,
(j) N 1 s XPS spectra for N,S-Ti3C, QDs and N,S-Ti3C, QDs/Ru, (k) S 2p XPS spectra for N,S-Ti3C, QDs/Ru.

mA cm 2 over 24 h. The impedance spectra (EIS) were measured over a

frequency range between 10° and 0.01 Hz, and under a peak-to-peak
sinusoidal potential perturbation of 10 mV. To study the electro-
chemical active surface area (ECSA) of synthesized catalysts, a series of
CV curves were recorded under various scan rates (namely, 50, 100,
150, 200, 250 and 300 mV s~ 1). The ECSA was calculated as:

Cg(mFem~2)

ECSA=———" - —5—
40uFcm—2percmi s,

2.6. Characterization

X-ray diffraction (XRD) patterns of the catalysts were analyzed with
the Bruker D8 Advance using Cu Ka irradiation. The scanning electron
microscope (SEM) and energy dispersive X-ray spectroscopy (EDS) im-
ages were obtained utilizing Hitachi-S4800 scanning electron

microscopy. A Tecnai F20 (FEI) field emission transmission electron
microscope was employed to observe the morphology and microstruc-
ture under an acceleration voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) analysis results were performed on the Thermo
scalable 250xi photoelectron spectroscope instrument. The thickness of
the MXene QDs were measured on the Atomic force microscopy (AFM)
with a Bruker Dimension. The content of metal Ru was determined by
the inductively coupled plasma optical emission spectrometry (ICP-OES)
(Agilent 5110 spectrometer). The Fourier transformed infrared (FTIR)
spectra of the catalysts were characterized with a Nicolet IS10 spec-
trometer (Thermo Nicolet Corporation), using KBr as diluent. The BET
surface area of the synthesized catalysts was evaluated on an ASAP 2460
system (Micromeritics Instrument) by nitrogen adsorption-desorption
isotherms.
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2.7. DFT calculation

All DFT computations were performed with the Vienna ab initio
simulation package (VASP). The surface structure of Ru consists of 72 Ru
atoms, and the lattice parameters of this structure are a = 90°, § = 90°, y
= 120°, with lattice constants a = 8.12 fo\, b=28.12 1°\, and ¢ = 36.60 A.
The structure of Ti3Cy contains 135 atoms, of which 81 Ti atoms and 54C
atoms. The lattice parameters are as follows: the interplanar angles are o
=90°, p =90°, and y = 120°, with lattice constants a = 9.20 A, b=9.20
A, and ¢ = 36.60 A. Based on the experimentally measured atom ratios,
N and S atoms were introduced to construct the N,S-Ti3Cy QDs model.
Subsequently, the N,S-TisCz QDs/Ru model was constructed by adding
four Ru atoms to the surface. The generalized gradient approximation
(GGA) and PBE generalization (Perdew-Burke-Ernzerhof generalization)
were used to calculate the exchange—correlation energies, and the pro-
jected augmented wave (PAW) was employed to depict the electron-ion
interactions. The energy cutoff for the plane wave unfolding was set to
450 eV, and the convergence thresholds were established at 107> eV in
energy and 0.03 eV A~ in force, respectively. For the calculations of the
flat plate model, a vacuum space of 10 A was added to escape the
interaction between periodic images.

3. Results and discussion

A diagram representing the synthesis route for the N,S-Ti3Cy QDs/Ru
electrocatalyst is presented in Fig. 1a. The layered Ti3C, MXene was
fabricated via selective etching of the Al layer of the Ti3AlC; MAX phase
with HF. Subsequently, N and S-doped Ti3Cz QDs were obtained via a
simple reflux-hydrothermal procedure with thiourea. To synthesize the
N,S-TizCz QDs/Ru electrocatalyst, the as-prepared N,S-TigCy QDs were
mixed with RuCl3-xH0 in an aqueous solution and then freeze-dried.
The enriched surface functional groups (—F, —O, and —OH) on the N,
S-TisC, QDs surface tend to interact or adsorb with the Ru®" ions, thus
facilitating the binding of Ru on the N,S-Ti3Cy QDs support. Further-
more, the freeze-drying process can significantly inhibit the agglomer-
ation of N,S-Ti3Cy QDs, which contributes to the uniform dispersion of
Ru metal on the carrier. The resulting powder was calcined under 600 °C
in the Ar atmosphere, and the ultrafine Ru NPs were successfully doped
on N,S-TizCy QDs, resulting in the formation of N,S-TizCz QDs/Ru. The
SEM image shows a regular accordion-like structure, indicating that
TigCy MXene was successfully prepared by HF etching (Fig. 1b). The
element mapping image of Ti3C, MXene indicates that the evenly
dispersion of Ti and C elements (Fig. S1). The microstructure of N,S-
TigCy QDs was characterized via transmission electron microscopy
(TEM). Apparently, the N,S-TizC, QDs possess excellent dispersion
(Fig. 1c) with an average diameter of 4.4 nm (Fig. S2). The distinct
lattice fringes can be further noticed from the HRTEM image of N,S-
Ti3Cy QDs, and the lattice spacing about 0.43 nm assigned to the (004)
facet of TigCy MXene (Fig. 1d). The AFM characterization displays a
thickness of the N,S-Ti3Cy QDs ranges from 1.0 to 2.2 nm, which sug-
gests that the majority of N,S-Ti3Cy QDs corresponds to monolayer QDs
(Fig. 1e and Fig. S3). FTIR spectra was conducted to analyze the surface
groups for N,S-Ti3Cy QDs sample (Fig. 1f). FTIR spectra shows that N,S-
Ti3Cy QDs are rich in functional groups, and the stretching vibrations at
about 620, 1407, 1650, and 3420 cm ™! are induced by Ti—C, C—N,
C—O0, and —OH bonds, respectively, which promote the anchoring of Ru
NPs. The XPS survey spectra for N,S-TizC; QDs (Fig. S4) show the
appearance of C, Ti, N and S elements, confirming the successful fabri-
cation of N and S atoms co-doped Ti3Cy QDs. The C 1s XPS spectra for N,
S-TizCy QDs exhibit characteristic peaks at 281.4, 283.8, 284.9 and
288.4 eV (Fig. S5), which belong to C—Ti, C—N, C—C, and C=O,
respectively. The presence of C-Ti proves that N,S-Ti3Cy QDs still retain
the lamellar structure of the two-dimensional Ti3Co; MXene. Fig. 1g
shows the Ti 2p XPS spectra of N,S-Ti3Cy QDs, the peaks in 454.4 eV and
461.1 eV correspond to Ti-C, which further confirms that the well-
preserved planar structure of TizCy. Meanwhile, the peaks in 458.9 eV

Journal of Colloid And Interface Science 689 (2025) 137245

and 464.6 eV ascribed to Ti—O bonds, resulting from the formation of
surface oxygen-containing functional groups in the etching process. The
peaks appearing in 456.4 eV and 454.4 eV are belong to Ti-N and Ti-S,
further evidencing the successful doping of N and S atoms [37,38].
The morphology and structures of samples were studied by TEM. The
pure Ru NPs appear to have obvious agglomeration due to the higher
surface energy (Fig. S6). In contrast, the N,S-Ti3zCy QDs/Ru show a thin
sheet structure loaded with massive nanoparticles, and the Ru NPs are
homogeneously anchored on the N,S-doped Ti3Cy QDs support (Fig. 2a).
The loaded Ru NPs possess a small particle size, indicating that N,S-
Ti3Cy QDs as suitable supports significantly inhibited the aggregation
and growth of Ru. Furthermore, the HRTEM indicates the lattice fringes
with 0.21 nm and 0.22 nm match the (002) and (100) facets of metal Ru,
respectively, and the lattice fringe of 0.43 nm matched the (004) facets
for N,S-TizCy QDs, revealing the high crystallinity of N,S-Ti3Cy QDs/Ru
(Fig. 2b). The existence of diffraction rings corresponding to the (002)
and (110) faces of Ru in the SAED image of N,S-Ti3Cy QDs/Ru re-
confirms the existence of Ru NPs (Fig. 2¢). The elemental mapping
further suggests that C, N, S, Ti and Ru are uniformly dispersed in N,S-
Ti3Cy QDs/Ru (Fig. 2d). Moreover, the ICP test demonstrates that the
content of Ru in the composites is 1.8 wt%. Fig. 2e shows the Ny
adsorption—desorption isotherms of Ru and N,S-Ti3sCy; QDs/Ru. The
specific surface area of as-prepared N,S-TizCy QDs/Ru is 124.5 mz/g,
which is much higher than 31.6 m?/g of pure Ru NPs (Fig. S7), sug-
gesting that the introduction of N,S-TizCy QDs support facilitates the
dispersion of metal Ru, thus promoting the exposure of more reactive
sites. To explore the crystallization process, N,S-Ti3Co QDs/Ru samples
were prepared under different annealing temperatures. As illustrated in
Fig. S8, when the calcination temperature is 500 °C, minority Ru NPs are
noticed to begin appearing in lattice fringes. While the calcination
temperature is at 700 °C and 800 °C, the Ru NPs obviously grew and
aggregated, thus decreasing the efficient exposure area of the catalyst
and inhibiting the catalytic reaction. These findings suggest that with
the increasing calcination temperature, the crystallinity and particle size
of Ru NPs gradually enhanced. Besides, the excessively high tempera-
ture is not favorable for the distribution of Ru NPs. The crystal structures
of the prepared catalysts were examined through XRD. As illustrated in
Fig. S9, the pristine Ti3AlC, exhibits distinct diffraction peaks, and the
vital diffraction peak at 39° disappears after etching with HF solution,
demonstrating that the Al layer has been completely removed. The
widening of the interlayer spacing of the synthesized TizCo, MXene
resulted in the weakening of the intensity of the characteristic peak
(002) and shifting to a lower position [39]. Moreover, the (002) and
(004) crystal planes of the layered structured Ti3Cy; MXene can still be
observed in the N,S-TizCy QDs, which suggests that the prepared N,S-
Ti3Cy QDs still retain partial chemical properties of pristine MXene,
which is consistent with the HRTEM results of N,S-Ti3Co QDs. As illus-
trated in Fig. 2f, the characteristic diffraction peaks for pure Ru occur-
ring at 38.3°, 42.1°, 44.0°, 58.3°, 69.4° and 78.3° belong to the (100),
(002), (101), (102), (110) and (103) crystal planes of metallic Ru ®Ru®
with hep crystalline structure (JCPDS 06-0663), respectively [40]. N,S-
Ti3Cy QDs/Ru exhibits the characteristic peaks at 7.8° and 18.4°, which
can be ascribed to the (002) and (004) planes of the N,S-Ti3Cy; MXene
QDs, and the diffraction peaks at 42.1°and 44.0° of N,S-Ti3Cy QDs/Ru
belong to the (002) and (101) planes of metallic Ru, which demonstrates
the Ru NPs are successfully anchored on the N,S-Ti3Cy; MXene QDs
support. Additionally, the characteristic diffraction peaks appearing at
25° for the N,S-Ti3Cy QDs/Ru composites can be attributed to the for-
mation of a small amount of RuO; phases during the high temperature
calcination process. Whereas the weak diffraction peak observed at 47°
corresponds to the (200) crystallographic diffraction of the face-
centered cubic (fcc) structured metal Ru, which may be attributed to
the substable phase transition due to the nanoscale effect of Ru [41,42].
Fig. S10 shows the XRD patterns of N,S-TizCo QDs/Ru synthesized at
various calcination temperatures. The weak diffraction peak of Ru was
observed at 500 °C calcination temperature, indicating that the N,S-
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Fig. 3. (a) LSV curves of N,S-Ti3C; QDs/Ru catalyst at different calcination temperatures, (b) LSV curves of various catalysts, (c) overpotentials in 10, 100 and 200
mA cm 2 current density (error bars represent the standard deviation of three independent measurements), (d) Corresponding Tafel slopes, (e) The comparison of
HER performance of Ru-based electrocatalysts in 0.5 M H2SO4, () EIS spectra of various catalyst, (g) mass activity of Pt/C, Ru and N,S-Ti3C, QDs/Ru, (h) Double-
layer capacitance (Cqp) plots of Ru, N,S-TizCy QDs and N,S-Ti3Cz QDs/Ru, (i) LSV curves for N,S-Ti3C, QDs/Ru before and after 5000 CV cycles. The inset shows the

current density-time curve for N,S-Ti3C; QDs/Ru during the HER process.

TizCy QDs/Ru is poorly crystallized. When the calcination temperature
reaches above 600 °C, the sharp Ru diffraction peaks appear in N,S-TizCa
QDs/Ru, indicating that the Ru NPs are fully crystallized. The FTIR
spectra are shown in Fig. 2g, the N,S-Ti3Cs QDs/Ru demonstrates similar
stretching vibrations, suggesting that the surface functional groups can
be well preserved in N,S-Ti3sCz QDs/Ru, and the loading of Ru has not
damaged the backbone structure of the quantum dots in N,S-Ti3Cy QDs
[43]. XPS analysis was utilized to further ascertain the surface chemical
states and electronic interactions of N,S-Ti3Cy QDs/Ru. Fig. 2h exhibits
the C 1s and Ru 3d XPS spectra for N,S-TigCa QDs/Ru. The binding en-
ergy peaks of 286.7, 285.7, 283.8 and 281.2 eV belong to C—0O, C—N,
C=C, and C—Ti, respectively [44,45]. Moreover, the additional peak
observed for N,S-TizCs, QDs/Ru at 280.4 eV and 284.7 eV can be
assigned to Ru®. Compared with the pure Ru NPs (Fig. S11), the Ru 3d
peak of the N,S-TigCo; QDs/Ru composites shifted toward a higher
binding energy (about 0.2 eV). The result suggests a significant elec-
tronic interaction between the Ru NPs and the N,S-TizCy QDs support,
which improves the HER catalytic activity. The Ti 2p and Ru 3p XPS
spectra of N,S-Ti3Cy QDs/Ru are shown in Fig. 2i. The binding energy
peaks at 465.3, 462.4 and 455.8 eV correspond to Ti—O, Ti—C, and
Ti—N bonds, respectively. Additionally, two-component peaks at 460.9
eV and 484.3 eV are observed, which can be attributed to Ru 3ps,» for
the Ru® state, which suggests the existence of metallic Ru in N,S-TizCy
QDs/Ru [46,47]. The N 1s spectra of N,S-TisC2 QDs/Ru exhibit typical
peaks in 399.2, 398.1 and 397.1 eV, which correspond to pyrrolic-N, Ru-

N and Ti-N bonds, respectively (Fig. 2j) [48,49]. The N 1s spectra of N,S-
Ti3Cy QDs/Ru are shifted toward a lower binding energy than that of N,
S-Ti3Cy QDs due to the electronic interaction between Ru NPs and the N,
S-Ti3Cy QDs support. The S 2p spectra for N,S-TisCy QDs/Ru can be
deconvoluted into four different components, the peaks emerging at
168.0, 163.1, 162.2 and 161.3 eV corresponding to sulfate species, S—C,
S-Ru and S-Ti, respectively (Fig. 2k) [37,50]. The Ru-N bond and Ru-S
bond found in the N 1s and S 2p XPS spectra unequivocally prove that
the Ru is coordinated with both N and S atoms of N,S-Ti3Cy QDs support.

The electrocatalytic HER performance of the synthesized materials
was examined with the classical three-electrode configuration over
wide-pH-range electrolytes. All the measurements are corrected for iR
loss. Firstly, we studied the influence of crystallization on the electro-
catalytic HER activity of N,S-Ti3Cz QDs/Ru in the 0.5 M H3SO4 solution.
The N,S-Ti3Co QDs/Ru synthesized under 600 °C possesses the lowest
overpotential reaching the current density at 10 mA cm ™2, and the Tafel
slope was minimized (Fig. 3a and Fig. S12). The findings demonstrate
that 600 °C is the optimal calcination temperature for synthesizing N,S-
Ti3Cy QDs/Ru. It is deduced that the low crystallinity reduces the
interfacial interaction between the metal Ru and N,S-Ti3Cy QDs, and the
high crystallinity results in the aggregation of the Ru NPs, which inhibits
the electron transport and deactivates the HER activity to some extent.
The effect of different Ru loadings on hydrogen precipitation properties
was further investigated (Fig. S13). The experimental study revealed
that the overpotential was minimized when the RuCl3 aqueous solution



L. Ding et al.

Journal of Colloid And Interface Science 689 (2025) 137245

(a , _ (b) , (c) ,
y / A Ti,C, QDs 40 4——Ti;C, QDs
e 0304 + N,S-Ti,C, QDs N,S-Ti,C, QDs
< 40 s * N,S-Ti,C, QDs/Ru % N,S-Ti,C, QDs/Ru
E w A Ru 156.5 mV dec™ € [~—PtC
= <
2 ‘g A PtIC 3 [—o—Ru
& .80 ° -1 = 20
s S 015 129.2 mV dec N
S g
s o 5 38.1 mV dec™ 10
1201 84.8 mV dec”
— | e S
= - 30.7 mV dec’ 0 m
i 0.0 1.0 15 0 10 20 30 40 50 60 70
Log (§/mA cm?) Z' (ohm)
(d) ,, (e) (f)
. A Ti;C, QDs -~ Ti;C, QDs
“-‘E 0.304 ~ N,S-Ti,C, QDs 160 N,S-Ti;C, QDs
: s 4 N,S-Ti,C, QDs/Ru -~ N,S-Ti;C, QDs/Ru
£ -50 ® PtIC 1201 Ru
> = Ru Pt/IC
2 £ “ 171.4mV d £
B £ m 158.3 mV dec™! CA
< S 0.15- z 80
[ - h’l
0.100+ [
g o) 57.1 mV degi’ 40
£ 96.6 mV degil
=
© 000 /mv dec” 0
e 0.4 0.2 00 00 os 1o 15 20 0 50 100 150 200 250 300 350
Potential (V vs.RHE) Log (-j/mA cm™) Z' (ohm)
(9) (h)
0 — 0+ —
Initial Initial
& After 5000 cycles & |~ After 5000 cycles
£ < £ ~
o £ o £
< .50 4 < gl 8
é ‘é @ é 50 E 5
7} 5. [} c
c f=1 [ 3
a. 15 a g
e 100 & =1004 5
c 3 c 5
[ S [ 3
= 8 o A2 16 0 24 = [} 8 12 16 20 24
5 Time (h) 5 Time (h)
[&] [$]
-150 r T -150 T T
0.6 0.4 0.2 0.0 0.6 -0.4 -0.2 0.0

Potential (V vs.RHE)

Potential (V vs.RHE)

Fig. 4. LSV curves of TizCz QDs, N,S-TizCs QDs, Ru, 20 wt% Pt/C and N,S-Ti3Cy QDs/Ru in: (a) 1 M KOH and (d)1 M PBS electrolytes; Tafel slopes from the LSV
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for N,S-TizCy QDs/Ru before and after 5000 CV cycles. The insets show the current density-time curve for N,S-TizCz QDs/Ru: (g) 1 M KOH and (h)1 M PBS solution.

was 5.0 mL, indicating that excessive Ru would agglomerate and reduce
the electrocatalytic HER performance. Fig. 3b and Fig. 3c exhibit the
LSV curves of metal Ru, N,S-TizCs QDs/Ru, Pt/C, N,S-TizCy QDs and
TizCy QDs in 0.5 M HSO4 electrolyte. The TisCy QDs show poor HER
performance, and the N,S-doping can dramatically boost the catalytic
performance of Ti3Ca QDs of the HER process. Obviously, N,S-TizCa
QDs/Ru exhibits a much lower overpotential (28 mV) than both N,S-
TizCy QDs (345 mV) and Ru (161 mV), suggesting that the excellent
electrocatalytic HER performance of N,S-TisCa QDs/Ru, which is
ascribed to the chemical interactions between Ru and heteroatom
doping MXene QDs support. The highly electronegative N and S atoms
can form two distinct binding sites with Ru, which contributes to the
enhanced HER catalytic performance. To deeply study the reaction ki-
netics for the synthesized samples during the HER process, the Tafel
slopes were computed according to the LSV curves. The smaller Tafel
slope suggests a sharp increase in electrocatalytic current density and
faster catalytic kinetics. The results reveal that N,S-Ti3Co QDs/Ru ex-
hibits the smallest Tafel slope of 22.4 mV dec™!, which is dramatically
smaller than that of the other catalysts, indicating fast HER kinetics
(Fig. 3d). It was confirmed that the N,S-Ti3Cy QDs/Ru electrocatalyst
follows the Volmer-Tafel mechanism based on the Tafel slope value.
Remarkably, the HER activity of N,S-Ti3Co QDs/Ru is also comparable to
numerous recently reported Ru-based HER electrocatalysts in acidic
electrolytes (Fig. 3e and Table S1) [51-57]. The EIS was utilized to

analyze the HER internal kinetics of as-prepared catalysts in 0.5 M
H2S04 electrolyte (Fig. 3f). Apparently, the N,S-Ti3Cy QDs exhibit lower
charge-transfer resistance (R¢) than the non-doped TizCy; MXene QDs,
demonstrating that the N and S-doping provide a favorable charge-
transfer mechanism. The N,S-TisC, QDs/Ru displays the smallest
charge transfer resistance (3.6 Q) than N,S-TisCy QDs (82.8 Q) and
commercial Pt/C (5.7 Q), suggesting that the efficient charge transfer at
the interface between N,S-Ti3C QDs/Ru and electrolyte, thus improving
electrocatalytic activity. The result may be associated with the high
conductivity of MXene QDs and the electronic interactions between the
Ru NPs and the MXene QDs. The mass activity of N,S-Ti3C2 QDs/Ru is
6.02 times higher than that of Pt/C under an overpotential of 200 mV,
suggesting that the Ru NPs anchored on MXene QDs are capable of
providing higher HER mass activity (Fig. 3g). To investigate the ECSA of
prepared samples, the Cqy was estimated using CV at various scanning
speeds (Fig. S14). The results show that the Cq value of N,S-TizCy QDs/
Ru was 31.8 mF cm 2, which is remarkably larger than that of Ru (11.0
mF cm~2) and N,S-Ti3Cy QDs (1.3 mF cm’z), revealing that the higher
electrochemically active region and exposed catalytically active sites in
N,S-TizC2 QDs/Ru, which is beneficial to the improving of the HER ac-
tivity (Fig. 3h). In addition, mass activity plays a critical factor in the
economic effectiveness of catalysis and determines the cost of the
catalyst. The stability is a primary factor to estimate the HER catalyst
performance. Fig. 3i reveals that the final LSV curves of N,S-Ti3Cy QDs/
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Ru remain virtually unchanged compared to the initial curves after 5000
CV cycles in 0.5 M H3SO4 electrolytes, whereas the Pt/C displays a
significant negative shift under the same reaction conditions (Fig. S15).
Furthermore, the N,S-Ti3Cy QDs/Ru catalyst displays superior long-term
stability in acidic electrolytes with negligible reduction of HER activity
after 24 h of continuous reaction, which further indicates that the Ru is
nicely maintained on the N,S-Ti3Cy QDs support. We have also employed
TEM, HRTEM and XRD techniques to analyze the morphology and
crystal structure of the N,S-Ti3Cy QDs/Ru catalysts after continuous HER
reactions. TEM and HRTEM images of the recycled N,S-Ti3C, QDs/Ru
indicate that the Ru NPs are uniformly dispersed without aggregation
and the distinct lattice fringes can be observed, which have no impact on
the crystallinity (Fig. S16). In addition, the XRD spectra of the recovered
N,S-Ti3Co QDs/Ru catalysts are nearly unchanged, suggesting superior
structural stability in the HER reaction (Fig. S17). All these findings
emphasize the favorable chemical stability and structural robustness of
N,S-TizC2 QDs/Ru toward HER.

In addition to testing in the acidic solution, the HER performance of
the prepared N,S-Ti3Cz QDs/Ru was further investigated in 1 M KOH
and 1 M PBS electrolytes. As illustrated in Fig. 4a, the N,S-Ti3Cz QDs/Ru
exhibits an excellent activity of 25 mV under a current density of 10 mA
em 2 in 1 M KOH electrolyte, which is remarkably lower than that of N,
S-Ti3Cy QDs (241 mV) and Ru (92 mV). Meanwhile, the N,S-Ti3Co QDs/
Ru sample reaches a lower overpotential of 56 mV under a current
density of 10 mA cm ™2 in 1 M PBS electrolyte (Fig. 4d). Additionally, the

Tafel slope of synthesized N,S-TizCz QDs/Ru is calculated as 30.7 and
42.9 mV-dec in 1 M KOH and 1 M PBS electrolyte, which is similar to
that of Pt/C, suggesting the faster reaction kinetics (Fig. 4b, e). The
smallest overpotential and Tafel slope demonstrate the superior elec-
trocatalytic HER activity of N,S-TisCy QDs/Ru in alkaline and neutral
electrolyte solutions. Fig. 4 c, f shows that N,S-TizCy QDs/Ru possess the
lowest charge transfer resistance than that of Ru and N,S-TizCy QDs,
indicating efficient electron transport and favorable interfacial dy-
namics in alkaline and neutral electrolyte solutions. The Cq; values of N,
S-Ti3Cy QDs/Ru in alkaline and neutral electrolytes were 36.5 and 17.1
mF cm ™2, respectively, which were significantly higher than those of N,
S-Ti3Cy QDs and Ru, further suggesting that the anchoring of N,S-Ti3Cy
QDs support to Ru enlarged the electrochemically active region and
realized efficient electrocatalytic HER performance (Figs. S18 and S19).
Furthermore, the N,S-Ti3Cz QDs/Ru catalyst displayed excellent long-
term stability over 24 h continuous HER reaction. After 5000 CV cy-
cles, the activity decay for N,S-Ti3Co QDs/Ru was negligible in alkaline
and neutral electrolytes (Fig. 4g and h). In comparison, the commercial
Pt/C showed a significant decrease in overpotentials and current den-
sities (Figs. S20 and S21), further confirming the N,S-Ti3C, QDs/Ru
possesses superior electrochemical HER stability than the commercial
Pt/C. The Ru dissolution behavior of N,S-TizCz QDs/Ru was systemati-
cally investigated using ICP-OES. The experimental results show that N,
S-Ti3Cy QDs/Ru exhibited only a trace amount of Ru dissolution in 0.5 M
H2S04, 1 M KOH, and 1 M PBS solutions (Fig. 522), confirming the
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effective anchoring effect of the N,S-Ti3Co QDs carriers on the Ru NPs,
which significantly inhibited the dissolution loss of the active compo-
nent Ru during the electrocatalytic process. In summary, we can
conclude that the designed N,S-Ti3C2 QDs/Ru is an efficient and robust
HER electrocatalyst under different pH values.

DFT calculations are utilized to study the electronic interaction be-
tween metal Ru and the N,S-Ti3Cy QDs support, and get more insight
into the fundamental mechanism of the N,S-Ti3Cy QDs/Ru catalyst for
enhancing the HER activity. In this work, we develop corresponding
atomic models for N,S-Ti3C, QDs, Ru and N,S-Ti3C,; QDs/Ru in DFT
simulation (Fig. 5a—c). In which, blue, brown, yellow, purple and light
gold colors symbolize Ti, C, S, N and Ru atoms, respectively. Generally
speaking, the AGH*of the electrocatalyst surface is a critical factor for
investigating the HER catalytic activity. As illustrated in Fig. 5d, the N, S-
Ti3Cy QDs and Ru catalysts exhibit highly negative AGH* values of
—0.96 and —0.43 eV, suggesting that the stronger H adsorption behavior
of these catalysts, resulting in higher energy barriers to Hy formation
and desorption. Surprisingly, N,S-TisCo2 QDs/Ru reaches the optimal
AGH* value at —0.24 eV, demonstrating that the more beneficial H
adsorption—desorption behavior subsequently improves HER catalytic
performance for N,S-Ti3Cy QDs/Ru. The charge density difference shows
a strong charge redistribution upon Ru NPs loading N,S-Ti3Co QDs
(Fig. 5e), which dramatically increases the interior electron concentra-
tion within the composite system. Moreover, the charge density differ-
ence confirms the efficient electron transfer from Ru NPs to the
surrounding N and S atoms and Ti3Cg QDs support, thus diminishing the
Ru-H bond and boosting the HER catalytic performance [52]. The total
density of states (TDOS) for Ti3Cg QDs, N,S-TizC2 QDs, Ru and N,S-Ti3Cy
QDs/Ru suggests that all the systems exhibit metallic characteristics and
high electronic conductivity, which is conducive to the electrocatalytic
HER (Fig. 5f). Among them, N,S-TisC2 QDs/Ru presents the highest
carrier density around the Fermi level, which contributes to the better
activation and electron transport of Ru on the surface of N,S-TizCy QDs/
Ru, resulting in the enhanced HER [58]. Therefore, all DFT calculations
confirmed that the modification of Ru onto the N,S-doped MXene QDs
carriers effectively adjusts the electronic structure of Ru, achieving
optimal AGH*, therefore dramatically improving the HER activity.

4. Conclusion

In summary, we have successfully prepared heteroatom N and S Co-
doped TizCz; MXene QDs as a robust carrier for anchoring Ru NPs for
efficient electrocatalytic HER. In previous studies, the application of
MXene materials in electrocatalysis was mostly confined to their two-
dimensional lamellar structures, whereas this study significantly
increased the specific surface area and the density of edge active sites of
MXene by quantum dotting and combined with heteroatom doping. The
optimal N,S-Ti3Cy QDs/Ru catalyst exhibited superior HER performance
and stability over a wide pH range, which is comparable to that of Pt/C
catalysts. Additionally, DFT calculations revealed that the interaction
between Ru and N,S-TisCy QDs effectively adjusted the electronic
structure of the active center Ru, contributed to promoting the dissoci-
ation of water, and optimized the adsorption and desorption of Hj,
thereby synergistically facilitating the improvement of the HER perfor-
mance. This work demonstrates the potential of MXene quantum dots, as
a platform in the design of HER electrocatalysts, stimulates future
research on other MXene QDs-supported metal catalysts, and provides a
universal and prospective strategy to rationally design and prepare
efficient and low-cost catalysts for electrocatalysis and energy
applications.
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