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a b s t r a c t

Hydrogen has emerged as a promising environmentally friendly energy source. The development of low-

cost, highly active, stable, and easily synthesized catalysts for hydrogen evolution reactions (HER) re-

mains a significant challenge. This study explored the synthesis of nitrogen-doped MXene-based compos-

ite catalysts for enhanced HER performance. By thermally decomposing RuCl3 coordinated with melamine

and formaldehyde resin, we successfully introduced nitrogen-doped carbon (N–C) with highly dispersed

ruthenium (Ru) onto the MXene surface. The calcination temperature played a crucial role in controlling

the size of Ru nanoparticles (Ru NPs) and the proportion of Ru single-atom (Ru SA), thereby facilitating

the synergistic enhancement of HER performance by Ru NPs and Ru SA. The resulting catalyst prepared

with a calcination temperature of 600 ◦C, Ti3C2Tx-N/C-Ru-600 (TNCR-600), exhibited exceptional HER ac-

tivity (η10 = 17 mV) and stability (160 h) under alkaline conditions. This work presented a simple and

effective strategy for synthesizing composite catalysts, offering new insights into the design and regula-

tion of high-performance Ru-based catalysts for hydrogen production.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Introducing nitrogen-doped carbon with highly-dispersed

ruthenium (Ru) onto MXene through thermal decomposition

of RuCl3 coordinated with melamine and formaldehyde resin,

the resulting catalyst, Ti3C2Tx-N/C-Ru-600 (TNCR-600), demon-

strates excellent HER activity (η10 = 17 mV) and stability (160 h)

under alkaline conditions, offering insights into the design of

high-performance Ru-based catalyst.

Due to its high energy density and absence of carbon emissions

during combustion, hydrogen (H2) is recognized as an eco-friendly

alternative energy source to conventional fossil fuels [1,2]. Since

the beginning of this century, the development, storage, trans-

portation, and application of H2 have become the focal points

within the energy domain, engendering transformative impacts on

industrial production and human lifestyles [3]. Electrolytic water

splitting stands as a pivotal approach to effectively acquiring clean

and sustainable hydrogen energy [4]. To surmount the sluggish ki-

netics and high overpotential associated with the hydrogen evo-

lution reaction (HER), proficient catalysts are imperative to facili-
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tate the dissociation of H2O or desorption of H2. Presently, plat-

inum (Pt) continues to be regarded as the benchmark electrocata-

lyst exhibiting superior HER activity [5]. Nonetheless, the scarcity

of Pt-based catalysts and high commercial costs constitute a bottle-

neck impeding large-scale applications [6,7]. Hence, it is of utmost

importance to explore alternative low-cost and resource-abundant

electrocatalysts possessing high HER activity, thereby propelling

the industrialization of water splitting.

Among the various candidates, Ru exhibits a Ru-H bond akin to

the Pt-H bond (∼65 kcal/mol). Furthermore, Ru is a member of the

noble metal family related to Pt [8], with a cost of approximately

1/4 that of Pt [9]. Consequently, Ru has been proposed as a promis-

ing metal for the construction of HER electrocatalysts [10–13]. Nev-

ertheless, the utilization of reducing agents or high-temperature

pyrolysis is frequently necessary during the preparation process of

Ru-based catalysts, which often results in the irreversible aggrega-

tion of Ru and significantly reduces its utilization efficiency, and

undermines both the activity and stability of the resulting catalyst

[14]. Therefore, it is crucial to contrive a simple and easy-operating

method to load Ru onto a suitable substrate, which is important for

preparing highly active and well-dispersed Ru-based catalysts [15].

So far, various conductive substrates have been combined with Ru

to achieve efficient electrocatalytic hydrogen evolution. For exam-
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Fig. 1. Schematic illustration of the synthesis of Ti3C2Tx MXene and TNCR.

ple, nanoporous carbon [16], graphene [17], MoS2 [18], Mo2C [19],

carbon nanotubes [20], WOx [21], MXene [22]. Among them, MX-

ene materials possess large specific surface areas, abundant surface

functional groups, high electronic conductivity, excellent surface

activity, good hydrophilicity, and ease of handling, making them

attractive for electrocatalytic hydrogen evolution [23–27].

As the alkaline HER involves two fundamental steps: water dis-

sociation to produce adsorbed H and subsequent desorption of H2

molecules [28], the utilization of a single active site to simulta-

neously execute these multi-step complex reactions often presents

certain limitations. Ideally, an outstanding alkaline hydrogen evolu-

tion catalyst should simultaneously overcome the dissociation en-

ergy barrier of H2O and have a low hydrogen adsorption energy to

achieve overall high catalytic efficiency [29]. The coexistence of Ru

NPs and Ru single-atom (Ru SA) is believed to synergistically cat-

alyze the alkaline water electrolysis process for hydrogen produc-

tion via accelerating water dissociation and H2 desorption [30–32].

Herein, we report a facile approach to rationally controlling the

Ru species on MXene surfaces for the optimization of HER per-

formance. The Ti3C2Tx MXene-based electrocatalyst with a highly

dispersed Ru active phase (denoted as Ti3C2Tx-N/C-Ru, TNCR) was

prepared by thermal cracking after the coordination of RuCl3 with

melamine and formaldehyde (MF) resin on the Ti3C2Tx surface

(Fig. 1). Importantly, the calcination temperature directly governed

the size of Ru NPs and the proportion of Ru SA, thereby influ-

encing the electronic valence distribution of Ru. Remarkably, the

catalyst synthesized at a calcination temperature of 600 ◦C, de-

noted as TNCR-600, exhibited exceptional hydrogen evolution ac-

tivity (η10 = 17 mV) and outstanding stability (160 h) under alka-

line conditions. Toxicity experiments involving the treatment with

either potassium thiocyanate (KSCN) or ethylenediaminetetraacetic

acid (EDTA) further corroborated the prominence of Ru NPs as

the primary active centers, working synergistically with Ru SA to

achieve efficient electrocatalytic hydrogen evolution [31,33]. This

study showcases a straightforward engineering strategy for com-

posite material synthesis, offering novel insights into the effective

design and fine-tuning of Ru-based efficient hydrogen evolution

catalysts.

The TNCR was prepared through a facile two-step method

(Fig. 1). Initially, Ru was anchored onto Ti3C2Tx MXene via the

chelation with the preloaded MF resin to form an intermediate

product, TMFR, under a temperature of 80 °C in an oil bath. Sub-

sequently, the Ru-anchored MF resin on Ti3C2Tx MXene was ther-

mally treated to result in N-doped carbon at different tempera-

tures, yielding the target two-dimensional (2D) MXene-based elec-

trocatalyst with a highly dispersed Ru phase (TNCR). The prepara-

tion of Ti3C2Tx was a prerequisite for the synthesis of the TNCR.

To synthesize ultrathin Ti3C2Tx nanosheets, a mild etching and de-

lamination method was employed on the Ti3AlC2 precursor. Scan-

ning electron microscope (SEM) images showed that the unetched

Ti3AlC2 exhibited large and thick block-like structures with closely-

stacked layers (Fig. 2a). Elemental distribution mapping revealed

an Al content of 6.08% (Fig. S1 in Supporting information). Follow-

ing the LiF/HCl treatment and ultrasonication, the Al atomic layers

were etched away from the Ti3AlC2, resulting in ultrathin Ti3C2Tx.

Transmission electron microscope (TEM) images displayed trans-

parent and highly dispersed Ti3C2Tx nanosheets with a typical 2D

layered topology (Fig. 2b). The lattice spacing corresponding to the

(011̄0) plane of MXene was measured as 0.265 nm, and the diffrac-

tion pattern exhibited hexagonal symmetry (Fig. S2 in Support-

ing information). Energy dispersive X-ray (EDX) spectroscopy ele-

mental mapping analysis of the etched Ti3C2Tx nanosheets showed

uniform distribution of Ti and C elements without any signal of

Al (Fig. S3 in Supporting information). The X-ray diffraction (XRD)

spectrum of the MAX Ti3AlC2 powder matched well with the stan-

dard card JCPDS No. 52-0875, with the strongest diffraction peak

at 2θ ≈ 39° corresponding to the (104) plane (Fig. S4 in Support-

ing information). After etching, the strong diffraction peak at 39.0°
completely disappeared, and the (002) diffraction peak leftward

shifted to 6.9° from 9.9° accompanied by an increased peak width

[34], indicating the effective etching of the Al layers in MAX. These

characterizations collectively demonstrate the successful prepara-

tion of ultrathin Ti3C2Tx.

The TNCR maintained the characteristic morphology of 2D

flakes as observed of Ti3C2Tx MXene (Fig. 2c and Fig. S5 in Sup-

porting information), and no other impurity was found. Further-

more, high resolution transmission electron microscope (HRTEM)

images provided evidence that the Ru NPs were evenly distributed

on the Ti3C2Tx-N/C substrate (Figs. 2d-f). And the size of the Ru

NPs exhibited a positive correlation with the temperature, indicat-

ing an increase in size as the temperature rises. Statistical anal-

ysis indicated that the average particle diameters of Ru NPs are

1.55, 1.96, and 3.14 nm in the TNCR-500, TNCR-600, and TNCR-700

samples obtained by calcination at 500, 600, and 700 °C, respec-
tively. In addition to the Ru NPs, there were numerous isolated

white dots presented in the high-angle annular dark field-scanning

transmission electron microscopy (HAADF-STEM) images, suggest-

ing the existence of Ru SA in TNCR (Figs. 2g and h). While Ru SA

was presented in all TNCR samples calcined at the three different

temperatures of 500–700 °C, the highest proportion of Ru SA was

observed in TNCR-500, with the content significantly decreasing in

TNCR-700 (Fig. S6 in Supporting information). This indicated that

with increasing calcination temperature, Ru SA tended to aggregate

and form Ru particles. EDX elemental mapping analysis confirmed

the uniform distribution of Ru on the nanosheets (Fig. 2i, Figs. S7

and S8 in Supporting information).
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Fig. 2. Electron microscopy photographs of samples. (a) SEM image of Ti3AlC2. TEM images of (b) Ti3C2Tx, (c, e) TNCR-600, (d) TNCR-500, and (f) TNCR-700. The inset in (d,

e, f) showed the statistical distribution of Ru particle sizes. (g, h) HAADF-STEM images and (i) EDX elemental mapping analysis of TNCR-600. The bright dots highlighted by

the red circles in (h) were the Ru SA.

The MF resin played a crucial role in preserving the mor-

phology of the 2D sheets and high dispersion of Ru species dur-

ing the synthesis of TNCR. To compare, we synthesized a sam-

ple Ti3C2Tx-Ru (TR) without adding melamine and formaldehyde.

In the absence of resin protection, the Ti3C2Tx sheet experienced

severe self-oxidation during the synthesis process, leading to the

destruction of the 2D morphology and the formation of substan-

tial amount of large TiO2 particles in the TR sample (Fig. S9 in

Supporting information). Meanwhile, owing to the absence of com-

plexation with MF resins, the Ru species in TR samples presented a

widen size distribution. Fig. S9c clearly displayed the lattice spac-

ing of 0.352 nm corresponding to the (101) crystal plane of anatase

TiO2 [35,36], and 0.206 nm corresponding to the (101) crystal

plane of Ru [37,38]. EDX elemental mapping analysis on TR sam-

ples disclosed that Ti and O regions significant overlapped each

other while Ti and C exhibited less overlap, signifying substan-

tial oxidation of the MXene material to generate TiO2 (Fig. S10 in

Supporting information). To further prove the importance of MF

resins on the synthesis, a control sample (denoted as TNCR-600-

c) was synthesized by the same process as TNCR-600, except no

formaldehyde was added. As shown in Fig. S11 (Supporting in-

formation), the Ti3C2Tx MXene substrate was also severely dam-

aged, resulting in the formation of TiO2 particles. In the EDX el-

emental mapping analysis, the Ti and O regions exhibited signifi-

cant overlap as well (Fig. S12 in Supporting information). These re-

sults illustrated the necessity of MF on the preparation of 2D com-

posite catalyst of highly dispersed-Ru on N-doped Carbon/MXene

nanosheets.

XRD analysis can elucidate alterations in the phase structure

and composition of materials. Different from that of TR sample

(Fig. S13 in Supporting information) and TNCR-600-c (Fig. S14

in Supporting information) where displayed the pattern of well

crystallized anatase TiO2 (JCPDS No. 21-1272), the XRD patterns

of TNCR samples exhibited subtle anatase TiO2 peaks at around

25.3° (Fig. 3a), and a faint peak of rutile TiO2 (JCPDS No. 21-

1276) emerged near 27.4° in that of TNCR-700. These results clearly

proved the protective role of MF resin in the formation of TNCR

electrocatalysts. Additionally, TNCR-500, TNCR-600, and TNCR-700

displayed a weakening and broadening of the XRD diffraction peak

Fig. 3. Characterization of TNCR samples. (a) XRD patterns, (b) N2 adsorption-

desorption isotherms, (c) XPS patterns, and (d) Raman spectroscopy of TNCR sam-

ples.

in the range of 38°−45° (JCPDS No. 65-1863) corresponding to the

highly dispersed Ru nanocrystals. Concurrently, the strongest peak

at 6.9° of the (002) crystal plane of Ti3C2Tx shifted to the left in

the XRD pattern of TNCRs, signifying that the introduction of N/C

and Ru disturbed and expanded the interlayer spacing of Ti3C2Tx
in the c-axis direction. This further confirmed that the synthe-

sis method of composite materials effectively mitigated the stack-

ing of Ti3C2Tx nanosheets. N2-sorption experiments revealed that

the specific surface area of Ti3C2Tx was 16.4 m2/g, while those of

TNCR-500, TNCR-600, and TNCR-700 were measured as 117.4, 132.4

and 96.1 m2/g, respectively (Fig. 3b). The large hysteresis loop at

high relative pressure indicated that TNCR samples exhibited large

3
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meso/macroporosity arising from the introduction of Ru species

and N/C contributions, which would facilitate the electrolyte in-

filtration and enhance the exposure of active sites, consequently

improving the HER performance.

The valence state of Ru in the TNCR material significantly im-

pacted its HER performance. XPS analysis revealed that the bind-

ing energy of the Ru 3d orbital overlaps with that of the C 1s or-

bital. Fortunately, the binding energies of C 1s and Ru 3d5/2 do

not completely overlap, allowing Ru 3d5/2 to be uniquely iden-

tified and differentiated [39]. The XPS spectrum of Ru 3d5/2 in

the TNCR exhibited two distinct peaks: Ru0 3d5/2 and Ruδ+ 3d5/2,

confirming that the valence state of Ru primarily included both

zero-valent Ru0 (Ru0
5/2: 280.4 eV) from Ru NPs and positive Ruδ+

(Ruδ+
5/2: 281.4 eV) from the coexisting Ru SA (Fig. 3c) [30], which

coincided with the TEM results from Fig. 2h and Fig. S6. The

Ruδ+/(Ruδ++Ru0) ratios were determined to be 32.74%, 24.84%,

and 19.14% for TNCR-500, TNCR-600, and TNCR-700, respectively,

signifying an increased tendency of Ru SA to aggregate into Ru NPs

as the annealing temperature rises. Furthermore, the N 1s spec-

trum was subjected to peak deconvolution, revealing five distinct

peaks corresponding to Ti-N (396.3 eV), pyridinic N (397.9 eV), Ru-

N (399.3 eV), pyrrolic N (400.2 eV), and graphitic N (401.6 eV) (Fig.

S15 in the Supporting information). With the annealing temper-

ature increasing, there is an increase in the content of Ti-N and

graphitic N, while the content of pyridinic N, Ru-N, and pyrrolic N

decreases. This observation suggests that higher temperatures lead

to a greater degree of graphitization of nitrogen, concomitant with

a decrease in the content of the Ru SA, corresponding to Ru-N. The

Raman characteristic peaks of Ti3C2Tx MXene correspond to the

in-plane shear modes (Eg) of Ti, C, and surface functional group

atoms at positions of 286 (ω5), 395 (ω5), and 625 cm−1 (ω4), re-

spectively. A1g symmetric vibrations of Ti and C atoms occur at 201

(ω2) and 716 cm−1 (ω3), as shown in Fig. S16 (Supporting informa-

tion) [40]. In the TNCR series samples, the peaks within the 400–

600 cm−1 range exhibit distinct differences from those in Ti3C2Tx,

featuring an additional peak near 503 cm−1. This peak is absent

in the Raman spectrum of Ti3C2Tx and could be assigned to the

stretching vibrations of Ru-N/Ru-C bonds [41]. Furthermore, the

presence of distinct D and G bands at wavenumbers 1380 and 1557

cm−1 were attributed to the carbonaceous matrix formed during

the reaction process. The calculated ID/IG ratios were found to be

1.0, 0.95, and 0.94 for TNCR-500, TNCR-600, and TNCR-700, respec-

tively, suggesting a progressive increase in the relative intensity of

the IG band and enhanced carbon graphitization as the tempera-

ture rises [42]. The ID/IG ratio can also be indicative of the defect

content in graphite carbon, with a higher ID/IG ratio indicating a

greater number of defects. The highest defect density in TNCR-500

is likely caused by the lowest annealing temperature in this sam-

ple preparation. This agrees well with the literature report that the

elevated temperature favors the crystallization of graphitic carbon,

leading to a reduction in defect density [43–45].

The HER performances of TNCR as well as carbon paper (CP),

Ti3C2Tx, TNC (Ti3C2Tx-NC), commercial Ru/C, and Pt/C were inves-

tigated in 1.0mol/L KOH using a three-electrode system (Fig. 4a).

The comparative evaluation of various samples revealed that CP,

Ti3C2Tx, and TNC displayed negligible HER activity. Fig. 4b depicted

the overpotential at 10 mA/cm2 and 100 mA/cm2 (η10 and η100) of

TNCR samples as well as those of commercial Ru/C and Pt/C. TNCR-

600 exhibited the highest catalytic activity, necessitating a signif-

icantly lower overpotential of 17 mV to achieve a current den-

sity of 10 mA/cm2. In contrast, TNCR-500 required an overpotential

of 50 mV at 10 mA/cm2, TNCR-700 required 36 mV, commercial

Ru/C needed 42 mV, and commercial Pt/C necessitated 24 mV. The

corresponding overpotential of each sample at η100 had the same

trend, and the overpotential of TNCR-600 was only 62 mV. These

results indicated that TNCR-600 indeed possessed satisfactory basic

HER performance and was comparable to or even better than some

recently reported Ru-based electrocatalysts (Fig. 4e and Table S1 in

Supporting information).

Mass activity was a crucial parameter for evaluating the HER

performance, defined as the current normalized to the mass load-

ing of the catalyst [46]. According to the inductively coupled

plasma atomic emission spectroscopy (ICP-AES) results, the Ru

contents in TNCR-500, TNCR-600, TNCR-700 were measured as

7.38, 7.52, and 8.32 wt%, respectively. The calculated mass activities

at 100 mV for TNCR-500, TNCR-600, TNCR-700 were 0.56, 2.84 and

0.95 A/mgRu, respectively. The mass activity of TNCR-600 demon-

strated exceptional performance, even at 3.4 times that of commer-

cial Ru/C (0.84 A/mgRu) and 3.1 times that of commercial Pt/C (0.93

A/mgPt). Assuming that all the Ru atoms in the catalyst are active

sites participating in the HER, the calculated TOF values for TNCR-

500, TNCR-600, TNCR-700, Ru/C, and Pt/C at 100 mV overpotential

are 0.29, 1.49, 0.50, 0.44, and 0.49 s−1, respectively. For TNCR-600

exhibiting the highest TOF value, we also calculated TOF values for

the sample at overpotentials of 10, 20, 30, 70, and 150 mV, result-

ing in values of 0.02, 0.1, 0.21, 0.86, and 2.47 s−1, respectively. As

summarized in Table S1, the TOF values for the TNCR-600 sample

are at a favorable level when compared to the literature-reported

TOF values calculated by the same method, in which all Ru atoms

in the sample were assumed to participate in the reaction.

The Tafel slope was further calculated to reveal the HER ki-

netics. In general, the Tafel slope correlated with the polarization

curve, where a smaller Tafel slope indicated a faster hydrogen gen-

eration rate achieved by applying an overpotential. The Tafel slope

was indicative of the material’s kinetic behavior during the elec-

trode reaction process [47]. The alkaline HER encompassed two

pivotal processes: (1) The adsorption and dissociation of H2O on

the catalyst’s surface (Volmer step: H2O + ∗ + e– → H∗ + OH–);

and (2) the desorption of hydrogen (H∗) (Tafel step: 2H∗ → H2;

Heyrovsky step: H2O + H∗ + e– → H2 + OH–) [48,49]. Specifically,

the Tafel slope of TNCR-600 was 28.3 mV/dec, which was lower

than that of TNCR-500 (69.2 mV/dec), TNCR-700 (49.8 mV/dec),

commercial Ru/C (60.3 mV/dec) and commercial Pt/C (31.6 mV/dec)

(Fig. 4c). These results suggested TNCR-600 and commercial Pt/C

follow the Volmer-Tafel step, whereas TNCR-500, TNCR-700, and

commercial Ru/C conformed to the Volmer-Heyrovsky step [50,51].

The rate-determining step for these samples involved the desorp-

tion of the hydrogen intermediate H∗, leading to the formation of

H2. In the case of TNCR-600, the optimized electronic structure of

Ru enabled a more favorable balance between the dissociation of

H2O and H2 desorption, thereby facilitating the kinetics of HER.

These results indicated that the overall performance of TNCR-600

was superior to that of the commercial Ru/C and Pt/C catalysts.

The electrochemically active surface area (ECSA) of the sam-

ples was evaluated by the double layer capacitance (Cdl), which

was tested using a typical cyclic voltammetry (CV) method (Fig.

S17 in Supporting information). As shown in Fig. 4d, the Cdl value

of TNCR-600 was 38.9 mF/cm2, significantly larger than the 6.75

mF/cm2 of TNCR-500 and the 14.9 mF/cm2 of TNCR-700. A higher

Cdl meant a larger active surface area of the electrocatalyst, which

could increase the contact of the electrolyte with the exposed ac-

tive sites of the catalyst, thereafter enhancing the electrocatalytic

activity [52]. In addition, electrochemical impedance spectroscopy

(EIS) was also performed to study the electrode kinetics of the

samples (Fig. S18 in Supporting information). The charge trans-

fer resistance (Rct) values for TNCR-600, TNCR-700, the reference

commercial Ru/C and Pt/C were measured to be 1.6, 1.8, 1.5 and

1.7 �, respectively. The observed differences in Rct values among

these samples were relatively small. However, TNCR-500, due to its

lower calcination temperature, exhibited a lower carbonization de-

gree compared to the other samples, resulting in a higher Rct value

of 4.8 �.
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Fig. 4. Alkaline HER performance test of various samples. (a) HER polarization curves. (b) The corresponding overpotentials of different samples at 10 mA/cm2 and

100 mA/cm2. (c) Tafel plots for the corresponding materials. (d) Calculated double-layer capacitance (Cdl) was used to estimate the electrochemically active surface area

of the different samples. (e) Comparison of η10 values for TNCR-600 and other recently reported Ru-based HER electrocatalysts in alkaline media (Information for the

referenced samples was summarized in Table S1).

These results revealed that TNCR-600 displayed the highest HER

activity among the tested samples. This was primarily attributed

to the enhanced conductivity achieved through the optimal cal-

cined temperature of TNCR-600. As reported in the leading results

of recent literatures on Ru-based electrocatalysts for alkaline hy-

drogen evolution, the coexistence of Ru NPs and Ru SA could im-

prove the hydride coupling and water dissociation kinetics, thus

synergistically enhancing alkaline hydrogen evolution performance

[30,31,42,46,49,53] although the viewpoint for the role of each

component remained controversial [41]. The well-balanced distri-

bution ratio of Ru SA and Ru NPs in TNCR-600 might contribute to

its highest HER activity among the tested samples.

The HER performance of TNCR-600 was also evaluated in acidic

(0.5 mol/L H2SO4) and neutral (1 mol/L PBS) solutions. The LSV

test results (Fig. 5a) revealed that TNCR-600 exhibits overpotentials

(η10) of 49 and 63 mV in acidic and neutral environments, respec-

tively. As shown in Fig. 5b, the corresponding Tafel slopes were

measured to be 53.1 and 97.1 mV/dec. Furthermore, the EIS mea-

surements for TNCR-600 yielded values of 7.6 � in H2SO4 and 8.1

� in PBS, as illustrated in Fig. 5c. The Cdl values were determined

to be 34.5 and 31.4 mF/cm2 under acidic and neutral conditions,

respectively (Fig. 5d and Fig. S19 in Supporting information). These

comprehensive tests collectively confirmed the excellent HER ac-

tivity of TNCR-600 across the entire pH range.

To gain deeper insights into the roles of ultrafine Ru NPs and Ru

SA in TNCR-600, relevant poisoning experiments were conducted

to probe the impact of each active site. EDTA and KSCN were used

as ligands for the poisoning experiments, enabling a direct compar-

ison of the contributions of Ru NPs and Ru SA in TNCR-600. Given

that EDTA primarily coordinates with Ru SA, while KSCN could in-

teract with both Ru NPs and Ru SA, EDTA inhibited the activity of

a single Ru SA, while KSCN leaded to the deactivation of all Ru

species [33,42,54]. As shown in Fig. 6a, TNCR-600 exhibited par-

tial deactivation under EDTA induction, with an increase in over-

potential (η10) from 17 mV to 23 mV. However, the introduction

of KSCN significantly deteriorated the HER performance of TNCR-

600 with η10 overpotential increasing to 137 mV, indicating the

Fig. 5. HER performance testing across the entire pH range. (a) HER polarization

curves, (b) Tafel plots, (c) impedance, and (d) calculated double-layer capacitance

of TNCR-600 at different pH values.

near-complete deactivation of Ru species. The substantial disparity

in electrocatalytic performance observed between EDTA and KSCN-

poisoned TNCR-600 underscores the dominance of Ru nanoparti-

cles as the primary active sites for HER, as opposed to the Ru sin-

gle atoms.

Long-term electrocatalytic stability was a crucial parameter for

assessing the performance of electrocatalysts. As illustrated in

Fig. 6b, the HER activity of TNCR-600 remained stable even af-

ter undergoing 20,000 cycles of CV testing. To simulate real-world

industrial applications, we further evaluated the durability of the

electrocatalyst under a high current density of 400 mA/cm2 in

5
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Fig. 6. Toxicity test and stability of TNCR-600. (a) The HER polarization curves of TNCR-600 poisoned by EDTA (10 mmol/L) and KSCN (10 mmol/L), respectively. (b) Durability

measurements for TNCR-600 at the initial, 1000th, 2000th, 5000th, 10000th, and 20000th cycles. (c) Chronopotentiometric (CP) curve recorded at a constant current density

of 400 mA/cm2 (without iR correction).

1 mol/L KOH. TNCR-600 demonstrated remarkable stability, main-

taining a consistent potential over a 160-h period during the alka-

line HER process (Fig. 6c). Furthermore, TNCR-600 showed stability

for over 120 h in 0.5 mol/L H2SO4 and in 1.0 mol/L PBS (Fig. S20

in Supporting information). These results affirmed the robust and

reliable performance of TNCR-600 as a promising HER catalyst.

To comprehensively grasp the catalytic implications of active

sites and establish a unified framework, we conducted density

functional theory (DFT) calculations to explore the respective en-

ergies associated with RuSA+RuNP-N/C-MXene, RuSA-N/C-MXene,

RuNP-N/C-MXene, and RuSA+RuNP-N/C. The outcomes of these cal-

culations, concerning hydrogen (∗H) binding energy and hydrogen

adsorption free energy (�GH∗ ), are presented in Figs. S21 and S22

(Supporting information). From the depicted data, it is evident that

RuSA+RuNP-N/C-MXene exhibits the most favorable H∗ binding en-

ergy and the lowest �GH∗ , indicative of a synergistic effect be-

tween the RuSA and RuNP in diminishing �GH∗ . Additionally, we

computed the corresponding energies for the RuSA+RuNP-N/C sam-

ple in the absence of MXene. The results revealed that in the ab-

sence of MXene, RuSA+RuNP-N/C has the highest H∗ binding energy

and �GH∗ , thereby impeding hydrogen desorption and negatively

impacting HER activity. This underscores the role of the MXene

in facilitating electron transfer within the TNCR electrocatalysts,

thereby reducing �GH∗ and enhancing the electrocatalytic hydro-

gen evolution activity.

In summary, this work employed a facile and practical method

to load highly dispersed Ru with rationally controllable species on

N-doped C-modified Ti3C2Tx surface through a coordination reac-

tion between the MF resin and RuCl3, followed by thermal decom-

position. Ti3C2Tx provided a large specific surface area and good

conductivity. The strategy of using MF resin effectively prevented

Ru aggregation to maintain the monodisperse distribution of ultra-

small Ru nanoparticles, and effectively prevented the oxidation of

Ti3C2Tx. By tuning the calcination temperature, the size of Ru NPs

and the appropriate proportion of Ru SA can be controlled, thereby

readily tailoring the HER performance. The sample annealed at 600
◦C (TNCR-600) exhibited exceptional HER activity (η10 = 17 mV)

and stability (160 h) under alkaline conditions. The poisoning ex-

periments confirmed that Ru NPs served as the primary active

centers. This study demonstrates a facile strategy for synthesizing

composite materials, providing new insights into the design and

modulation of efficient Ru-based HER catalysts for advancing the

industrialization and sustainable development of hydrogen energy.
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