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Pt-based materials are the benchmarked catalysts in the
cathodic hydrogen evolution reaction (HER) of water
splitting; the prohibitive cost and scarcity of Pt immensely
impede the commercialization of hydrogen energy. Ru has
aroused significant concern because of its Pt-like activity
and much lower price. However, it’s still a top priority to
minimize the Ru loading and pursue the most superior cost
performance. Herein, N-rich covalent organic framework
(COF) was employed to assist the preparation of ultrafine
Ru, including nanoclusters and single atoms loaded onto
porous N-doped carbon by a simple impregnation-pyrolysis
process with a low Ru content of 6.60 wt%, exhibiting
superior HER activity with mass activity of 21.86 and
11.52 A~mg_1Rll (@100 mV) in alkaline and acidic con-
ditions, separately 14.7 and 2.12 times higher than that of
commercial Pt/C. Both alkaline and acidic HERs proceed
via the Volmer—Tafel route with the Tafel step as the rate-
determining step (RDS), and the alkaline HER contains the
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water dissociation on Ru single atoms and H desorption on
Ru nanoclusters accompanied by H transfer between the
two. The simple synthesis, low-content Ru and exceptional
activity render our catalyst greatly promising as an alter-
native to commercial Pt/C in the advancement of hydrogen
economy.

The overconsumption of fossil fuels arouses mounting
anxiety about the global energy dilemma and the green-
house effect. Hydrogen, as an energy vector, can be greenly
converted from renewable electricity by water splitting and
is an ideal substitute for carbon-based fuels [1, 2]. Nowa-
days, noble-metal Pt-based electrocatalysts are identified as
the most powerful catalysts for hydrogen evolution reac-
tion (HER) [3]. However, the inherent drawbacks of Pt,
such as high cost and rare sources, seriously restrict its
scalable application [4, 5]. The development of low-price
catalysts is thus important to advance the sustainable
hydrogen generation. Due to the similar binding energy
between Ru—H and Pt—H and the fact that Ru costs only 1/3
of Pt metal [6], Ru-based electrocatalysts have alterna-
tively been considered the most viable contenders for Pt-
based catalysts [7-11]. Nonetheless, to further improve the
cost performance of noble-metal Ru-based catalysts, the
atom utilization efficiency of Ru should be maximized
[12-14], which necessitates the high dispersity of metal in
combination with a large specific surface area, assuring the
adequate exposure of the active sites and thus the high
apparent performance [15, 16].

Recently, covalent organic frameworks (COFs) have
prevailed as a unique type of functional material with
multiple merits, including tailored pore structure, highly
accessible surface area and versatile heteroatoms [17].
Thereinto, Schiff-base chemistry-based N-rich COFs have
been profusely explored due to the abundant molecular
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precursors, uncomplicated experimental conditions and
enhanced stability [18]. In this case, the N-rich COFs could
robustly anchor metals through abundant N heteroatoms for
the high dispersity of metal and also furnish high porosity
to expose metal sites, thus highly promising to effectively
improve atom utilization efficiency. Additionally, pyroly-
sis-free COFs have been directly employed as electrocat-
alysts or supports for electrocatalytic applications, but with
the average performance [19-22], primarily limited by the
intrinsically undistinguished electrical conductivity of
COFs. Thus, thermal annealing is still one valid approach
to substantially enhance the conductivity and the catalytic
activity of COFs-based materials [23-25].

The imine-linked COFs have been widely studied and
show satisfactory performance in adsorption, catalysis,
energy storage, etc. [18]. Herein, we employed an imine-
linked stomatal N-rich COF to effectively absorb Ru’™
through the direct impregnation method, which conse-
quently produced ultrafine Ru species embedded in COF-
derived nitrogen-doped carbons (Ru/NC) after pyrolysis.
The robust confinement of N-rich COF can facilitate the
formation of ultrafine Ru with low content of 6.60 wt%,
including 1.3-nm nanoclusters and single atoms together
with large surface area, rich pores and abundant N dopants,
thus collectively resulting in excellent alkaline and acidic
HER activity, with mass activity of 21.86 and 11.52
A'mg71Ru (@100 mV), 14.7 and 2.12 times higher than
that of commercial Pt/C, respectively. The in-depth
experiments reveal the synergistic mechanism in alkaline
HER involving the water dissociation on Ru single atoms
and the generated hydrogen transfer onto Ru nanoclusters
accompanied by the subsequent H desorption. This work
not only provides a promising strategy for a highly cost-
effective Ru-based HER electrocatalyst but also promotes
the advancement of COF-based materials in practical
applications.

Scheme 1 Schematic illustration of synthesis of Ru/NC
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The preparative routes of N-rich COF and Ru/NC are
illustrated in Fig. S1 and Scheme 1 [26, 27]. Fourier
transform infrared spectroscopy (FTIR) spectra were firstly
measured as shown in Fig. S2a; the signal intensity of the
aldehyde groups from tri-(4-formacylphenoxy)-1,3,5-tri-
azine (TFPTA) and NH, group from 2,4,6-trihydrazino-
1,3,5-triazine (THTA) separately centered at 1701 and
3312 cm™' is significantly lowered, implying the success-
ful formation of COF [26]. Additionally, X-ray diffrac-
tometer (XRD) pattern of N-rich COF shows two distinct
peaks at 3.4° and 6.0° (Fig. S2b), which confirms the
presence of a highly ordered hexagonal structure, also
consistent with the reported result previously [26]. After
the introduction of Ru®", followed by high-temperature
pyrolysis, the COFs were carbonized into an N-doped
carbon (NC) loaded with Ru. The morphology and struc-
ture of Ru/NC were first characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). SEM image reveals the two-dimensional lamellar
morphology with the size of a dozen micrometers of Ru/
NC (Fig. S3). The images of high-angle annular dark-field
scanning TEM (HAADF-STEM) show the honeycomb-like
carbon structure loaded with ultrafine Ru nanoclusters with
a mean diameter of only 1.3 nm (Fig. 1a, b) and the lattice
fringe of 0.214 nm correlates well to the (002) plane of Ru
with a hexagonal close-packed crystal structure (Fig. 1c).
Meanwhile, the single atoms of Ru can also be observed
which are abundantly dispersed around Ru nanoclusters
(Fig. 1c). The formation of ultrasmall Ru species can be
attributed to the robust confinement of N-rich COF [28].
The images of TEM elemental mapping prove that the N, O
and Ru elements are evenly distributed on Ru/NC
(Fig. 1d). As the control samples, COF-derived NC shows
the flake morphology with homogeneous distribution of N
and O dopants (Fig. S4), while for Ru nanoparticles on
carbon black (Ru/C), the small Ru particles of several
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Fig. 1 a—c HAADF-TEM images of Ru/NC at different magnifications with size distribution histogram (inset in b); d TEM elemental

mappings of Ru/NC catalyst

nanometres were loaded on the sphere surfaces of carbon
black (Fig. S5) [29].

Furthermore, the textural properties of the obtained mate-
rials were examined by the N, adsorption—desorption iso-
therms. As depicted in Fig. 2a, the isotherms of type IV for NC
and Ru/NC indicate the presence of mesopores; the surface
areas of NC and Ru/NC can reach up to 485.6 and
496.9 m>-g~" together with the average pore sizes of 5.95 and
5.26 nm, respectively, proving the excellent surface proper-
ties obviously derived from N-rich COF [30, 31], which would
be greatly beneficial in the catalytical applications. Addi-
tionally, Raman spectra reveal the D band at 1350 cm ™' and G
band at 1590 cm ™' (Fig. 2b), suggesting the existence of both
graphitic carbon and extrinsic defects, and the intensity ratio
of D band and G band (Ip/Ig) of Ru/NC (0.87) was somewhat
lower than that of NC (0.90), implying a high degree of
graphitization due to the presence of metal Ru, which would
provide the favorable electroconductivity for electrocatalysis
[30, 32]. Powder X-ray diffraction (PXRD) of samples was
also measured, as shown in Fig. 2c. The patterns of the three
samples all show similar broad diffraction peaks at 23.8° and
43.1°, associated with graphitic carbon [33]. None of the
samples shows diffraction peaks of elemental or oxidic Ru
species, suggesting the absence of larger Ru species, in line
with the prior TEM analyses [34].

Surface X-ray photoelectron spectroscopy (XPS) was
performed to examine the chemical components of sam-
ples. The survey scan (Fig. 2d) shows the existence of Ru

aQ

(1.18 at%), C (81.51 at%), N (6.7 at%) and O (6.39 at%) on
the surface of Ru/NC (Table S1). Firstly, in the Ru 3p
spectra of Ru/NC (Fig. 2e), it is clear that the peak at the
binding energy centered at 461.6 and 484.0 eV matching
with 3p;/, and 3p;,, of Ru®, while the signals at 464.8 and
487.2 eV belong to the 3ps, and 3p,,, of Ru™" probably
originated from Ru-N and Ru-O bonds [35, 36]. Note-
worthily, the Ru® peak of Ru/NC has a shift of about
0.42 eV to lower energy than Ru/C, demonstrating an
electron donation from N to Ru [36]. Additionally, the
fitting four peaks of N 1s spectra (Fig. 2f) separately cor-
respond to graphitic N (400.6 eV), pyrrolic N (399.9 eV),
Ru-N (399.2 V) and pyridinic N (397.7 eV) species
[37, 38]. Collectively, XPS analyses verify the abundant N
dopants in Ru/NC together with the formation of Ru-N
bonds, arising from the strong metal-support interaction
between N-doped carbon and Ru species, including Ru
nanoclusters and single atoms, which can modulate the
electronic property of Ru and thus improve the electro-
catalytic activity [39]. For O 1s spectra (Fig. S6), the peaks
centered at 529.3, 530.3, 532.1 and 534.3 eV are associated
with Ru-O, C=0, C-O-C and adsorbed O species,
respectively [40]. The presence of O can endow the cata-
lyst with benign hydrophilicity, thus facilitating the elec-
trode/electrolyte interfacial contact and gas evolution.
Furthermore, the inductively coupled plasma optical
emission spectrometry (ICP-OES) result manifests the
content of Ru in Ru/NC is only 6.60 wt%.

Rare Met. (2025) 44(3):2094-2102
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Fig. 2 a Pore size distribution plot and (inset) N, adsorption—desorption isotherm and b Raman spectrum of Ru/NC and NC; ¢ XRD
patterns and d XPS survey spectra of Ru/NC, Ru/C and NC, respectively; e Ru 3p XPS spectra of Ru/NC and Ru/C; f N 1s XPS

spectra of Ru/NC and NC

The HER activity of Ru/NC was first investigated in a
1.0 M KOH electrolyte. Prominently, the linear scan
voltammetry (LSV) curves show that Ru/NC only demands
anultrasmall potential of 10.0 mV toreach 10 mA-cm_z, the
lowest value among different samples, while the overpo-
tentials for the other samples were substantially higher.
Moreover, the Ru/NC catalyst demonstrates exceptional
performance at large current density, and only needs a low
overpotentials of 70.2 mV to achieve 100 mA-cm™?, sig-
nificantly lower than those of Ru/C (161.8 mV) and com-
mercial Pt/C (146.7 mV) (Fig. 3a). Meanwhile, Ru/NC
shows a Tafel slope of 33.9 mV-dec™' (Fig. 3b), much
smaller than those of Pt/C (63.2 mV~dec_1) and Ru/C
(65.3 mV-dec™ ). As known, the HER mechanism involves
the Volmer-Heyrovsky or Volmer-Tafel pathway. The pos-
sible pathway and rate-determining step (RDS) can be sim-
ply discerned from the Tafel slope, considering the Volmer,
Heyrovsky and Tafel reactions have theoretical Tafel slope
values of 120, 40 and 30 mV~dec71, respectively [41].
Therefore, the Volmer-Tafel route occurs on Ru/NC with the
Tafel step as the RDS, while the Volmer-Heyrovsky route on
Pt/C with the water dissociation as the RDS. Additionally, an
ultralow charge-transfer resistance (R.) of 1.11 Q was
observed on Ru/NC (Fig. 3c), suggesting the greatly bene-
ficial HER kinetics.

Rare Met. (2025) 44(3):2094-2102

The underpotential deposition of copper (Cu-UPD) was
then measured to determine the electrochemical surface
area (ECSA) and the number of active sites (n) of samples
(Fig. S7 and Table S2) [42—44]. Specifically, Ru/NC has
the largest ECSA of 247.0 m*g 'g,, in comparison to
commercial Pt/C (48.43 m?*g 'p) and Ru/C (30.02
m2~g_1Ru) [45]. Thus, the calculated turnover frequency
(TOF) value of Ru/NC is 20.66 H,s™' at 100 mV
(Fig. 3d), much higher than those of Pt/C (7.22 H2~sfl) and
Ru/C (8.89 H2~sfl). Moreover, Ru/NC demonstrates an
exceptional mass activity of 21.86 A-mg™ ', at the over-
potential of 100 mV (Fig. 3e), surpassing that of Ru/C
(1.14 A-mg_lRu @ 100 mV) and commercial Pt/C (1.49
A-mg~'p @ 100 mV) by 19.2 and 14.7 times, respectively.
Obviously, Ru/NC shows an outstanding intrinsic activity
for alkaline HER, greatly exceeding Pt/C.

For the acidic HER, Fig. 3f reveals a small overpotential
of 41.8 mV at 10 mA-cm ™2 on Ru/N C, matchable with that
of Pt/C (43.6 mV) and better than that of Ru/C (50.1 mV).
Additionally, the Tafel slope of Ru/NC (29.3 mV-dec™!,
Fig. 3g) is close to that of Pt/C (27.5 mV-dec™ ") and lower
than that of Ru/C (43.6 mV-dec™'), explaining the same
Volmer-Tafel mechanism on Ru/NC and Pt/C [44, 46]. Ru/
NC exhibits a smaller R, value of 1.95 Q (Fig. 3h) than
those of Pt/C (0.44 Q) and Ru/C (4.22 Q), suggesting the

a
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Fig. 3 a HER LSV curves in 1.0 M KOH; b corresponding HER Tafel slopes; ¢ EIS of HER in 1.0 M KOH; d calculated TOF and
e calculated mass activity values for alkaline HER on Ru/NC, Pt/C and Ru/C; f HER LSV curves in 0.5 M H,SOy,; g corresponding
HER Tafel slopes; h EIS of HER in 0.5 M H,SOQy; i calculated mass activity values for acidic HER on Ru/NC, Pt/C and Ru/C

efficient HER kinetics at the interface of Ru/NC and the
electrolyte. Furthermore, in an acidic environment, the
calculated TOF value of Ru/NC is 10.02 Hy-s ' @100 mV
(Fig. S8), inferior to that of Pt/C (26.68 H,-s~') and better
than that of Ru/C (9.02 H2~s_1). However, Ru/NC can
achieve a mass activity of 11.52 A-mg~'g, at the overpo-
tential of 100 mV (Fig. 3i), much better than those of Pt/C
(5.44 A-mg~'p) and Ru/C (1.11 A-mg™~'ry). Moreover, the
LSV curves after successive 3000 cyclic voltammetry (CV)
cycles show only a very small degradation, and the current
density also remains almost constant in the continuous
30 h’s chronoamperometric test under both alkaline and
acidic conditions (Figs. S9, S10). The samples collected

Q

after stability tests in two electrolytes retain the original
microstructure as well. Additionally, Fig. S11 manifests
nearly 100% Faradaic efficiency on Ru/NC with almost
identical hydrogen production rate to the theoretical value
for alkaline and acidic HER. Therefore, Ru/NC has a large
advantage over Pt/C for both alkaline and acidic HER with
regard to its excellent apparent activity, robust stability and
low Ru content.

The alkaline HER includes the initial water dissociation
and subsequent H absorption/desorption, which was thus
put emphasis on discussing here. To further understand the
origin of electrocatalytic activity from two types of Ru
sites, the poison test was conducted with EDTA?™ and

Rare Met. (2025) 44(3):2094-2102
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SCN™. It is recognized that EDTA®~ can passivate single-
atom metal, while SCN™ can block all the metal sites [47].
Figures 4a, S12a reveal that the addition of EDTA’™ can
only lead to a small loss of activity, while SCN™ can
suppress the most part of activity. For example, the over-
potential at 100 mA-cm ™2 only has a small increase from
70.2 to 99.5 mV with EDTA?", but sharply rises to
276 mV with SCN™, manifesting Ru nanoclusters play
more important roles than single-atom Ru. In addition,
based on the Tafel slope analyses, the alkaline HER of Ru/
NC obeys the Volmer—Tafel route with the Tafel step, i.e.,
H desorption, as the RDS. Consequently, H desorption very
likely occurs on Ru nanoclusters.

Furthermore, the kinetic isotope effect (KIE) experiment
was conducted in 1.0 M KOH/D,O electrolyte to obtain
insight into the role of hydrogen transfer during the alka-
line HER [48, 49]. The KIE values were extracted through
the current density ratios from H,O and D,0O electrolytes
(Ju/Jp), and if the KIE value is larger than 1.5, the presence
of hydrogen transfer can be evidenced. As shown in
Figs. 4b, S12b, at the current density of 200, 300, 400 and
500 mA-cm 2 for Ju, the needed overpotentials are 110.0,
134.4, 150.7 and 169.6 mV, respectively. At the aforesaid
overpotentials, the values of Jp are 50.9, 71.9, 89.1 and
108.7 mA-cm™2, respectively, which are quite lower.
Accordingly, the calculated KIEs values range from 3.93 to
4.60 (larger than 1.5), manifesting the hydrogen transfer
takes place during the alkaline HER process. Therefore, the
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possible routes of alkaline HER on Ru/NC may consist of
the water dissociation on Ru single atoms, and the hydro-
gen transfer from Ru single atoms to Ru nanoclusters, and
H desorption on Ru nanoclusters (Fig. 4c), which is also
accordant with the previous reports [35, 45, 50, 51].

The superior electrocatalytic performance of Ru/NC
may benefit from the manifold advantages of COF. Firstly,
the employed COF owns a large number of N heteroatoms,
which can strongly anchor metals and thus facilitate the
formation of ultrafine Ru clusters and single atoms,
endowing the maximized atom utilization efficiency of
noble metal Ru [17]. Secondly, the formed Ru-N bonds
between Ru species and carbon substrate not only can
stabilize the Ru species but more importantly, can regulate
the electronic structure of Ru active sites, therefore
enhancing the unit activity [7, 45]. Thirdly, the derived
doped carbon inherits the large surface area and abundant
pores from COF, ensuring full exposure of active sites as
well as smooth mass transfer during HER [52].

In summary, by taking advantage of one N-rich COF,
ultrafine Ru, including 1.3-nm nanoclusters and single
atoms embedded into porous N-doped carbon, was simply
synthesized as a high-efficiency and durable electrocatalyst
for alkaline and acidic HER, with much better mass
activity than commercial Pt/C. The abundant heteroatoms,
Ru-N metal-substrate interaction and large surface area
with rich pores can collectively endow low-content Ru
(6.60 wt%) with superior HER performance. Further
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Fig. 4 a Required overpotentials of Ru/NC at a certain current density with and without SCN~ and EDTA?~ for alkaline HER;
b calculated KIE values from J,/Jp at different potentials on Ru/NC; ¢ corresponding mechanism of alkaline HER on Ru/NC
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experiments verify Ru single atoms and nanoclusters sep-
arately responsible for water dissociation and H desorption
accompanied by H transfer between the two. The combi-
nation of the simple preparation method, the ultralow
content of Ru and the absence of template agents make the
newly prepared catalyst highly cost-effective and thus great
potential for commercialization.
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