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a b s t r a c t

Developing efficient and stable electrocatalyst to hydrogen evolution reaction adaptable for electrolytes

with different pH is a big challenge. In this work, a hierarchically structured ternary nanohybrid com-

posed of flower-like Ru nanoparticles, rigid macrocyclic cucurbit[6]uril (CB[6]) and carboxylated multi-

walled carbon nanotubes (MWCNTs) was successfully prepared by chemical wet method. Benefited by

the structural merits of flower-like Ru nanoparticles exposed abundant active sites supported by the

MWCNTs holding superior mass transport and electrons transfer ability as well as the existence of CB[6],

the obtained catalyst exhibited outstanding HER activities with overpotentials of 27, 37 and 70mV at

−10mA/cm2 in alkaline, acidic, and neutral electrolytes, respectively. Under the same electrocatalytic op-

eration conditions, the HER performance is comparable or superior to commercial Pt/C catalyst (47, 27

and 49mV). Besides, chronopotentiometric and accelerated stability test also revealed its extraordinary

stability, which could be further employed for electrocatalytic procedure in a broad pH range.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen, an alternative fuel for fossil fuels, has been identified

as the clean energy source that could realize net-zero emissions

in the future [1–3]. Among existing hydrogen production technolo-

gies, electrochemical hydrogen evolution reaction (HER) is an envi-

ronmentally friendly and sustainable approach for high-purity hy-

drogen production [4–6]. Pt-based electrocatalysts are the state-of-

the-art electrocatalysts with excellent HER activity in a wide pH

ranges, but the large-scale commercialization is limited by its high

price and scarcity [7]. Although great efforts have been devoted to

developing non-noble metal materials for HER, such as transition

metal carbides [8], transition metal phosphides [9] and single-atom

catalysts [10], the activity and stability of non-noble metal catalysts

are still far from satisfactory compared with Pt-based catalysts [11],

because of the high energy barrier of water dissociation and the

difficulty of desorption hydrogen in alkaline media [12]. Therefore,

the development of efficient and stable HER catalysts under pH-
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universal conditions is still a significant challenge, especially for

industrial alkaline conditions.

Ru is one of the preferred alternatives to Pt and has attracted

much attention in the field of electrocatalytic hydrolysis for its

similar hydrogen bond energy to Pt [13], a cheap price (only 1/5

of Pt) and high HER activity for wide pH ranges [14]. Although

great efforts have been made, the activity and stability of Ru-based

nanomaterials need to be optimized for practical application. An

efficient and typical method is rational structure design. Three-

dimensional (3D) structures with a high surface-to-volume ratio

and abundant active sites can greatly promote the reaction kinet-

ics and facilitate the mass transport [15–17]. However, the atomic

utilization efficiency of nanomaterials is generally heavily reduced

for the irreversible agglomeration during the catalytic performance,

which leads to the serious loss of activity and thus decreased

durability [18,19]. Previous studies have shown metal nanoparticles

(NPs) can be stabilized by the carbonyl groups (C=O) of cucur-

bit[6]uril (CB[6]) [20–22]. CB[6] is a rigid pumpkin-shaped macro-

cyclic molecule with two identical hydrophilic carbonyl-lined por-

tals and a central hydrophobic cavity [23]. The special steric effect

provided by macrocyclic molecule CB[6] can be utilized to suppress

the overgrowth of Ru nanostructure during the reduction process

https://doi.org/10.1016/j.cclet.2022.07.060
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Scheme 1. Illustration of the synthetic process of Ru-CB[6]/MWCNTs.

[24]. Besides, suitable conductive support with excellent electron

transport and mass transfer properties also plays a role in fabricat-

ing Ru-based HER catalysts [25,26].

Herein, we reported a hierarchically structured nanohybrid

composed of well-dispersed flower-like Ru NPs, rigid macrocyclic

CB[6] and carboxylated multi-walled carbon nanotubes (MWCNTs)

(denoted as Ru-CB[6]/MWCNTs). Taking advantage of the hierarchi-

cal structure and the interaction between Ru and CB[6], the as-

prepared Ru-CB[6]/MWCNTs catalyst displayed excellent electrocat-

alytic performance toward HER in a broad pH range. It showed

ultra-low overpotential and high electrochemical stability owing to

the effective protection of CB[6], which are superior to commercial

Pt/C and other HER catalysts.

As illustrated in Scheme 1, Ru-CB[6]/MWCNTs were synthe-

sized via a facile wet chemistry approach. Typically, the mixture

of RuCl3·3H2O, CB[6] and MWCNT in benzyl alcohol was heated

at 160 °C for 8h in oil after sonication. As the scanning electron

microscopy (SEM) image shown in Fig. 1a, well-defined flower-

like Ru NPs uniformly dispersed on interlaced carbon nanotubes

porous networks. The transmission electron microscopy (TEM) im-

age and size distribution analysis showed that the obtained Ru

nanoflowers were evenly distributed with an average size of 50nm

(Fig. 1b and Fig. S1 in Supporting information). The image of sin-

gle Ru nanoflowers (inset of Fig. 1b) proved that such flowers

consist of a vast quantity of nanoparticles which were in clus-

ter form creating the mentioned Ru nanoflowers. Some accessible

channels can also be observed, which were conducive to the en-

Fig. 1. (a) SEM image, (b) TEM and high-magnification TEM image (inset), (c)

HRTEM image and corresponding FFT pattern (inset), (d) HAADF-STEM image and

EDX elemental mapping of C, N and Ru of Ru-CB[6]/MWCNTs.

Fig. 2. (a) X-ray diffraction (XRD) pattern of Ru/MWCNTs and Ru-CB[6]/MWCNTs.

(b) FT-IR patterns of Ru-CB[6]/MWCNTs and CB[6]. (c) Raman patterns and (d) Ru

3p XPS spectra of Ru-CB[6]/MWCNTs and Ru/MWCNTs.

hancement of the electrochemical performance by increasing sur-

face area [27]. High-resolution TEM (HRTEM, Fig. 1c) images of

Ru-CB[6]/MWCNTs showed clear lattice fringes with D-spacing of

0.205nm and 0.235nm, corresponding to Ru (101) plane and (100)

plane, respectively [28]. And the corresponding fast Fourier trans-

form (FFT, inset of Fig. 1c) pattern matched the electron diffraction

pattern of a hexagonal-closed packed Ru [29]. Fig. 1d showed the

high-angle annular dark-field scanning TEM (HAADF-STEM) im-

age and corresponding energy-dispersive X-ray spectroscopy (EDX)

elemental mapping images, which confirmed that C, N and Ru

were distributed on the Ru-CB[6]/MWCNTs surface, consistent with

the EDX spectrum (Fig. S2 in Supporting information). These re-

sults confirmed the successful synthesis of the Ru-CB[6]/MWCNTs

nanocomposite.

For comparison, the nanohybrid Ru/MWCNTs and pure Ru

NPs were also prepared through a similar synthesis procedure.

Pure Ru NPs confronted serious issues of irreversible restacking

and severe aggregation (Fig. S3 in Supporting information). How-

ever, Ru/MWCNTs showed the same flower-like structure as Ru-

CB[6]/MWCNTs (Fig. S4a and b in Supporting information). The

presence of carbon nanostructures in Ru/MWCNTs facilitated the

formation of nanoflowers in the final structures compared to pure

Ru NPs. Different from Ru-CB[6]/MWCNTs, Ru/MWCNTs tended

to overgrowth during the synthesis process to form large Ru

nanoflowers with diameters of 30–340nm (Fig. S5 in Supporting

information). By comparison of EDX spectrum (Fig. S6 in Support-

ing information), the N element was derived from the macrocyclic

molecule CB[6]. These results confirmed that the presence of CB[6]

played a vital role in the preparation of highly dispersed flower-

like Ru NPs. The volume of 3D structured macrocyclic molecule

CB[6] provides a steric effect, which can be utilized to suppress

the overgrowth of Ru nanoflowers during the reduction process

[30,31].

As the XRD patterns shown in Fig. 2a, the broad diffraction peak

at ∼25° can be indexed to the (002) plane of MWCNTs [32], while

the characteristic peaks located at around 38.4°, 44.0°, 58.3°, 69.4°
and 78.4° can be ascribed to the (100), (101), (102), (110) and (103)

planes of hcp Ru (PDF#06–0663), respectively. Fourier transform

infrared spectroscopy (FT-IR) was used to study the interaction be-

tween components. As presented in Fig. 2b, there was a redshift

(∼7 cm−1) of the C=O peak in Ru-CB[6]/MWCNTs compared to

CB[6], indicating the existence of the interaction between the CB[6]
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Fig. 3. HER performance of Ru-CB[6]/MWCNTs, Ru/MWCNTs and commercial Pt/C

in 1.0mol/L KOH electrolyte. (a) Polarization curves, (b) Tafel slopes, (c) exchange

current density and TOF at the overpotential of 30mV, (d) the Cdl, (e) EIS Nyquist

plots at an HER overpotential of 50mV, and (f) chronopotentiometry curves at the

HER current of −10mA/cm2.

and Ru [31]. Besides, the ratio of the D and G band intensities

(ID/IG) usually was employed to analyze the defective structures

of the carbon matrix through Raman spectroscopy (Fig. 2c) [32].

The ID/IG of Ru-CB[6]/MWCNTs (0.78) was higher than Ru/MWCNTs

(0.67), implying that more defects formed on the MWCNTs after

introducing CB[6], thus favoring the exposure of more active sites

and improving the electrocatalytic performance.

X-ray photoelectron spectroscopy (XPS) analyses of Ru-based

catalysts were carried out to explore their compositions and

valence states. As observed, the XPS survey spectrum of Ru-

CB[6]/MWCNTs (Fig. S7a in Supporting information) indicated the

presence of C, O, N and Ru in the catalyst. As shown in Fig. S7b

(Supporting information), the peaks at 283.5, 284.8, 286.2, 287.4

and 288.9 eV correspond to C-H, C=C, C=O, C-N and O-C=O, re-

spectively [33]. While the peaks at 280.5 and 284.7 eV belong to

metal Ru, corresponding to Ru 3d5/2 and Ru 3d3/2, respectively.

From the high-resolution spectrum of Ru 3p XPS (Fig. 2d), the Ru0

3p3/2 peak of Ru-CB[6]/MWCNTs showed a shift (0.23 eV) to high

binding energy in contrast to that of Ru/MWCNTs, verifying the ex-

istence of the electronic interaction between Ru and CB[6]. In addi-

tion, the XPS analysis indicated that the percentage of Ru0 content

in Ru-CB[6]/MWCNTs (71.5%) was higher than that of Ru/MWCNTs

(67.5%). The high Ru0 ratio could facilitate H∗ adsorption to pro-

duce Ru-H∗, which was beneficial for high electrocatalytic HER ac-

tivity [34].

The HER performance of Ru-CB[6]/MWCNTs, Ru/MWCNTs and

commercial Pt/C (20 wt%) was assessed by a standard three-

electrode system. Fig. 3a showed the linear sweep voltammetry

(LSV) curves of different catalysts in 1.0mol/L KOH electrolyte.

Ru-CB[6]/MWCNTs required the smallest overpotential (η10) of

27mV at −10mA/cm2, lower than that of Ru/MWCNTs (37mV)

and the Pt/C (47mV). This result demonstrated that the incor-

poration of CB[6] into the hierarchically structured catalyst was

beneficial to promoting the HER activity. Then the Tafel slope

Table 1

Comparison of HER activities for different electrocatalysts in 1.0mol/L KOH.

Catalyst Loading

(μg/cm2)

η10

(mV)

Tafel slope

(mV/dec)

Refs.

Ru-CB[6]/MWCNTs 20 (Ru) 27 20.4 This work

Ru-CB[6]/rGO 20 (Ru) 48 46.4 [22]

Ru-Mo2C@CNT 140 15 26 [33]

Ru-OCNT 710 34 27.8 [25]

RuRh2 283 24 31 [36]

Ru/MoO2 250 16 32 [37]

RuP2@NPC/CNT 200 (Ru) 12 30 [38]

Ru NCs/BNG 707 14 28.9 [39]

Ru@MWCNT 160 17 27 [28]

Ru-NC-700 200 12 14 [40]

RuCu NDs 35.4 (Ru) 43.4 49 [41]

was extracted from LSV curves to study the HER reaction kinet-

ics of the above catalysts. Ru-CB[6]/MWCNTs had the smallest Tafel

slope of 20.4mV/dec, which was lower than Pt/C (30.1mV/dec) and

Ru/MWCNTs (24.3mV/dec) (Fig. 3b). Such results suggested a faster

HER pathway for Ru-CB[6]/MWCNTs than Pt/C and Ru/MWCNTs,

which verified that the hybridization of CB[6] into the composite

catalyst promoted the HER activity. According to previous reports,

CB[6] could interact with small molecules (such as H2O and CO2)

through hydrogen-bonding, which is helpful for substrates adsorp-

tion and thus improved catalytic activities. Furthermore, exchange

current density (j0) and turnover frequency (TOF) were calculated

to reflect the intrinsic catalytic activity of the above catalysts. Ru-

CB[6]/MWCNTs had the largest j0 (3.44mA/cm2) compared to Pt/C

(1.9mA/cm2) and Ru/MWCTs (1.77mA/cm2), indicating the supe-

rior charge transfer ability between the electrode and the cata-

lyst surface (Fig. 3c, left side). Likewise, Ru-CB[6]/MWCNTs had

the largest TOF (0.32 s−1) under an overpotential of 30mV, which

was about 1.39 times Pt/C (0.23 s−1) and 1.78 times Ru/MWCNTs

(0.18 s−1), demonstrating the outstanding inherent electrocatalytic

efficiency (Fig. 3c, right side). The low overpotential, small Tafel

slope, larger j0 and better TOF of Ru-CB[6]/MWCNTs proved the

outstanding HER activity, outperforming commercial benchmark

Pt/C catalyst and most recently reported HER catalysts in alka-

line conditions (Table 1). To access the electrochemical surface

area (ECSA) of the obtained Ru-based catalysts, the cyclic voltam-

metry (CV) method was carried out to calculate the double-layer

capacitance (Cdl), which was proportional to the ECSA (Fig. S8

in Supporting information). As shown in Fig. 3d, the Cdl of Ru-

CB[6]/MWCNTs, Ru/MWCNTs and Pt/C are 17.46, 4.85 and 4.45

mF/cm2, respectively. This result indicated that introducing CB[6]

into the hierarchical composite system generated more active sites,

and thus enhanced catalytic activity [35]. Besides, the electro-

chemical impedance spectra (EIS) was employed to further ana-

lyze the HER kinetics. The charge-transfer resistance (Rct) of Ru-

CB[6]/MWCNTs, Ru/MWCNTs and Pt/C were 5.7, 8.13 and 43.76 �

(Fig. 3e, Fig. S9 and Table S1 in Supporting information), respec-

tively. The smallest Rct indicated that Ru-CB[6]/MWCNTs exhibited

faster charge transfer owing to the synergistic effect between CB[6]

and MWCNTs.

Electrochemical stability is another crucial point for the practi-

cal commercialization of catalysts. Chronopotentiometric (CP) tests

were carried out to study the durability of the as-prepared Ru cat-

alysts, as well as commercial Pt/C catalyst in 1.0mol/L KOH elec-

trolyte. As shown in Fig. 3f, Ru-CB[6]/MWCNTs kept 20h dura-

bility test at −10mA/cm2 with a slightly increased overpoten-

tial. In contrast, the potential dropped 69mV after the 12h test

for Ru/MWCNTs and 150mV only after the 7h test for com-

mercial Pt/C catalyst, respectively. In addition, the LSV curves

of Ru-CB[6]/MWCNTs before and after 4000 cycles toward HER

were almost overlapped, indicating the superior stability for HER
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Fig. 4. HER performance of Ru-CB[6]/MWCNTs, Ru/MWCNTs and commercial Pt/C

in 0.5mol/L H2SO4 electrolyte. (a) Polarization curves, (b) Tafel slopes, (c) exchange

current density and TOF at the overpotential of 30mV, (d) EIS Nyquist plots at an

HER overpotential of 50mV, (e) the Cdl, and (f) chronopotentiometry curves at the

HER current of −10mA/cm2.

in alkaline electrolyte (Fig. S10a in Supporting information). For

commercial Pt/C, the overpotential (at −10mA/cm2) dramatically

increased from 47mV at the first cycle to 83mV at the 4000th

cycle (Fig. S10b in Supporting information) due to the weak in-

teraction between Pt and C substrate. Furthermore, TEM image of

Ru/MWCNTs after durability test showed severe aggregation (Fig.

S11 in Supporting information), while the structure and size of Ru-

CB[6]/MWCNTs were well maintained after 20h test (Fig. S12 in

Supporting information), which confirmed the good protection ef-

fect for the flower-like Ru NPs of CB[6].

The HER performance of Ru-CB[6]/MWCNTs was also investi-

gated in 0.5mol/L H2SO4 electrolyte. Ru-CB[6]/MWCNTs showed an

overpotential of only 37mV at −10mA/cm2 and a small Tafel slope

of 27.2mV/dec, which is lower than that of Ru/MWCNTs (57mV,

40.1mV/dec) and comparable to that of commercial Pt/C (27mV,

16.4mV/dec) (Figs. 4a and b). This result also suggested that the

introduction of CB[6] was beneficial to the HER kinetic for Ru-

based electrocatalysts. Moreover, the large j0 of Ru-CB[6]/MWCNTs

suggested the high intrinsic HER activity, which was also demon-

strated by the TOF of Ru-CB[6]/MWCNTs at the overpotential of

30mV (Fig. 4c). As conducted in Fig. 4d and Table S2 (Supporting

information), the Rct of Ru-CB[6]/MWCNTs was much lower than

that of Ru/MWCNTs, indicating a faster electron transfer at the in-

terface of Ru-CB[6]/MWCNTs electrode and electrolyte due to the

introduction of CB[6]. The Cdl of Ru-CB[6]/MWCNTs, Ru/MWCNTs

and commercial Pt/C were 25.03, 5.89 and 1.81 mF/cm2 (Fig. 4e

and Fig. S13 in Supporting information), respectively, suggesting

the most abundant active sites on Ru-CB[6]/MWCNTs. As shown

in Fig. 4f, Ru-CB[6]/MWCNTs exhibited enhanced stability with a

slight overpotential increase after 10h test at −10mA/cm2 com-

pared with Ru/MWCNTs, while Pt/C exhibited much poorer stabil-

Table 2

Comparison of HER activities for different electrocatalysts in 0.5mol/L H2SO4.

Catalyst Loading

(μg/cm2)

η10

(mV)

Tafel slope

(mV/dec)

Refs.

Ru-CB[6]/MWCNTs 20 (Ru) 37 27.2 This work

RuRh2 283 34 17 [36]

RuNi/CQDs-600 5.94 (Ru) 58 55 [42]

Ru@MWCNT 81.2 (Ru) 13 27 [28]

Ru-RuO2/CNT 800 63 31 [43]

Ru2P/graphene 1×103 18 32 [44]

Ru SAs@PN 3.3 (Ru) 24 38 [45]

RuCoP 53.1 (Ru) 11 31 [46]

C3N4-Ru-F 153 140 57 [47]

ity after 8 h test. The TEM image of Ru-CB[6]/MWCNTs after the

10 h stability test showed no change in the morphology (Fig. S14

in Supporting information). These results demonstrated that Ru-

CB[6]/MWCNTs exhibited favorable electrochemical performance as

a highly active and stable catalyst for acidic HER, which also out-

performed many other HER catalysts reported previously in acidic

media (Table 2). Given the price is far lower for Ru compared to Pt,

Ru-CB[6]/MWCNTs is a promising alternative to commercial Pt/C

for HER in acidic electrolyte.

Ru-CB[6]/MWCNTs catalyst also exhibited a comparable electro-

chemical performance in 1.0mol/L PBS electrolyte. In Figs. S15a and

b (Supporting information), Ru-CB[6]/MWCNTs showed an overpo-

tential of only 70mV at a current density of −10mA/cm2 and a

small Tafel slope of 57.1mV/dec, which were comparable to Pt/C

(49mV, 46.8mV/dec) and surpassed most of the recently reported

materials (Table S3 in Supporting information). The catalyst stabil-

ity was examined and the potential at −10mA/cm2 was recorded

for 12h by the chronopotentiometry test, showing the superior

long-term stability of Ru-CB[6]/MWCNTs for HER in 1.0mol/L PBS

electrolyte (Fig. S15c in Supporting information).

In summary, a hierarchically structured Ru nanocomposite was

successfully synthesized by a simple wet chemical method for HER.

A variety of characterization and tests showed that the unique

hierarchical structure and the interaction between Ru nanoparti-

cles and CB[6] of Ru-CB[6]/MWCNTs composite led to good elec-

tronic conductivity and abundant active sites, which boosted its

electrocatalytic HER activity and stability. Ru-CB[6]/MWCNTs re-

quired overpotentials of 27, 37 and 70mV at −10mA/cm2 in alka-

line, acid, and neutral electrolytes, respectively. Therefore, the as-

prepared Ru-CB[6]/MWCNTs electrocatalyst can be regarded as a

cheaper and more promising alternative to Pt-based catalysts for

further electrocatalytic HER.
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