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a b s t r a c t

Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are pivotal electrochemical reac
tions in water splitting and require efficient and durable electrocatalysts. Developing carbon-supported 
ultrafine nanocrystals embracing rich active sites serves an effective strategy to produce efficient electro
catalysts. Herein, we report a facile flash joule heating technology to prepare bifunctional electrocatalyst 
toward HER and OER, in which ultrafine Cu and Ru metallic heterostructures confined within carbon matrix 
are directly coated on the conductive carbon cloth (Ru-Cu@CM/CC). Benefiting from the homogeneously 
dispersed nanoclusters with rich active sites, Ru-Cu@CM/CC shows remarkable performance for HER and 
OER in both alkaline and acid solution, outperforming Pt/C and RuO2, respectively. Remarkably, the two- 
electrode electrolyzers using Ru-Cu@CM/CC display low voltages in alkaline and acid electrolyte. The ex
emplified Ru-Cu@CM/CC illustrates the effectiveness of flash joule heating strategy in preparing metallic 
heterostructures. The satisfactory electrocatalytic performance also inspires the construction of hetero
structures for overall water splitting.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

Hydrogen, as clean and sustainable energy carrier, has been 
emerged as the best answer for the increasingly serious energy crisis 
and environment problems [1–4]. Electrochemical water electrolysis 
is a clean, sustainable and effective way to produce hydrogen 
without any carbon footprint. Hydrogen evolution reaction (HER) 
and oxygen evolution reaction (OER) occurred on the cathode and 
anode of electrolyzer are of central importance in water electrolysis 
[5–8]. Nevertheless, practical application of water electrolysis is 
significantly hampered by sluggish kinetics of HER and OER, which 
induce large energy loss of the electrolyzer [9–11]. Therefore, de
veloping efficient electrocatalysts for HER and OER is desirable and 
in urgent need. Specifically, bifunctional electrocatalysts, which are 
capable of catalyzing HER and OER effectively with low over
potentials, are of great importance as the bifunctional electro
catalysts inherit the merits of simplifying the fabrication procedure 
and reducing the price of electrolyzer [7,12–18]. Thus, exploring 

rational strategy to produce efficient bifunctional catalysts for HER 
and OER is fascinating for the practical application of electrolyzer.

Ultrafine nanoparticles with rich accessible active sites and ex
cellent electrocatalytic performance have been investigated as po
tential electrocatalysts.[19–23] Despite the great progress in 
preparing those well-dispersed nanoparticles, it still faces some 
hurdles to be surmounted eagerly. Firstly, ultrafine nanoparticles are 
easy to agglomerate into the large ones during the long-term testing 
[24]. Secondly, nanoparticles suffer from dissolution under harsh 
acidic solutions. Recently, supporting the ultrafine nanoparticles 
onto the carbon matrix deserves special attention to impede the 
agglomeration and dissolution of nanoparticles [25]. Amongst, as a 
classic and promising porous crystalline material, MOFs with high 
surface area can be converted to the metal nanoparticles confined in 
carbon shell, and are thus under intensive investigations and are 
promising to obtain bifunctional electrocatalysts [26–29]. Further
more, the electrocatalytic reactions always involve the adsorption 
and desorption of the reaction intermediates, and the bindings of 
those intermediates determine the electrocatalytic activity.[30–34]
In this regard, heterostructures are built to modulate the binding 
energies of those intermediates and have been demonstrated to be 
applicable to enhance electrocatalytic activity towards various re
actions including HER and OER [35–37]. For instance, Ru species 
typically show satisfactory water dissociation kinetics in alkaline 
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solution and are intensively used as excellent electrocatalysts for 
water splitting [38]. However, the binding of H atoms on Ru is too 
strong, and the desorption of H atoms hinders the enhancement of 
catalytic performance. Considering the weak Cu-H interaction be
tween Cu and H, integrating Ru and Cu is proposed to facilitate the 
adsorption of reaction intermediates and enhance both HER and OER 
[39,40]. Thus, exploring facile strategy to construct rational hetero
structure is challenging and rewarding. Additionally, in the typical 
electrocatalysts ink preparation procedure, the electrocatalysts with 
powder form that are directly loaded on the surface of glassy carbon 
electrode or conductive substrates can be easily peeled off from the 
working electrodes [23]. Also, the application of nonconductive 
polymer binders can impede the charge transport and impair the 
catalytic properties [23,41]. Therefore, rational strategy to fabricate 
the bifunctional electrocatalyst, in which carbon supported ultrafine 
heterostructure nanocrystals are immobilized on conductive sub
strates, is particularly auspicious to obtain efficient and durable 
electrolyzer for overall water splitting.

Here, we offer an exciting flash joule heating strategy to fabricate 
carbon-coated ultrafine metallic heterostructures of Cu and Ru na
nocrystals on the conductive carbon cloth (Ru-Cu@CM/CC). During 
the flash joule heating process, the Cu species in Cu-MOFs are car
bothermal reduced to metallic Cu nanocrystals, which are simulta
neously encapsulated by the MOFs-derived carbon with the 
originally embedded Ru nanocrystals. The heterostructures embra
cing Cu and Ru nanocrystals with sterling dispersion inside carbon 
matrix give rise to the enhanced utilization of active sites. Notably, 
metallic heterostructures are also expected to optimize the ad
sorption and desorption behavior of intermediates, and render sa
tisfactory electrocatalytic activity. Thus, Ru-Cu@CM/CC displays 
small overpotentials for HER and OER in 1.0 M KOH and 0.5 M H2SO4 

electrolyte. The electrolyser using Ru-Cu@CM/CC needs low cell 
voltages of only 1.57 V and 1.60 V to deliver 10 mA cm−2 in alkaline 
and acidic electrolytes, respectively. The exemplified flash joule 
heating strategy holds great promises in producing prudent metallic 
heterostructures, which can be used to efficiently catalyze other 
electrocatalytic reaction, such as oxygen reduction reaction and 
carbon dioxide reduction.

2. Experimental Section

2.1. Materials

Copper acetate (Cu(CH3COO)2), 1,3,5-Benzenetricarboxylic acid 
(C9H6O6), ruthenium chloride (RuCl3), and ethanol (C2H5OH) were 
obtained from Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of Ru-Cu@CM/CC electrocatalyst

The carbon cloth was soaked in ethanol solution containing 
1.0 mM 1,3,5-Benzenetricarboxylic acid for 40 min. After that it was 
placed in ethanol solution containing 1.0 mM copper acetate for 
20 min. Carbon cloth with repeating four times of above steps was 
dried at 50 °C for 6 h. The obtained sample was then put into the 
Teflon lined autoclave containing the mixed solution of 1,3,5- 
Benzenetricarboxylic acid, Cu(NO3)2 (7.5 mL, 0.05 M) and RuCl3 

(7.5 mL, 0.01 M), and the reactor was heated in the oven for 12 h at 
150 °C. Afterwards, the obtained products was pyrolyzed in a Joule 
furnace under the protection of nitrogen at 1000 °C for only 0.5 s, to 
yield Ru-Cu@CM/CC.

2.3. Synthesis of Cu@CM/CC reference

Cu@CM/CC was fabricated by using the similar synthetic method 
without the addition of RuCl3.

2.4. Characterizations

X-ray diffraction (XRD) patterns and X-ray photoelectron spec
troscopy (XPS) spectra were tested by Philips PANalytical X′Pert Pro 
with Cu Kα radiation (λ = 1.5418 Å) and ESCALab MKII XPS system, 
respectively. Metal contents of as-developed Ru-Cu@CM/CC were 
measured by inductively coupled plasma mass spectrometry (ICP- 
MS, Thermo iCAP RQ). Scanning electron microscope (SEM), and 
transmission electron microscopy (TEM) were conducted on Zeiss 
sigma 500, and JEOL-2100 to detect the morphology and energy- 
dispersive X-ray spectroscopy (EDX) mapping, respectively.

2.5. Electrochemical characterization

Hydrogen evolution reaction (HER) and oxygen evolution reac
tion (OER) measurements were conducted in a three-electrode 
electrochemical cell at room temperature. The as-developed samples 
were served as working electrode. 1.0 M KOH and 0.5 M H2SO4 were 
served as the electrolytes to evaluate HER and OER activities. For the 
electrochemical test in 1.0 M KOH, Hg/HgO electrode was used as 
reference electrode, and graphite rod was applied as counter elec
trode. In 0.5 M H2SO4, Ag/AgCl reference electrode and graphite rod 
were served as reference electrode and counter electrode, respec
tively. For the Pt/C or RuO2 electrocatalyst ink, 5 mg of Pt/C or RuO2 

was dispersed in a mixed solution of 720.0 μL isopropyl alcohol, 
240.0 μL deionized water, and 40.0 μL Nafion solution. The electro
catalyst loading capacity for Pt/C or RuO2 benchmarks was 
0.255 mg cm−2. The stability of as-developed electrocatalyst were 
evaluated by the accelerated degradation test and current density 
(j)-time (t) chronoamperometric response. All the obtained elec
trode potentials were calibrated to reversible hydrogen electrode 
(RHE) with 95% iR compensation.

3. Results and discussion

Typically, the size and composition of bimetal nanoclusters show 
significant influence in the electronic structures, which determines 
the electrocatalytic performance for HER and OER. Thus, unique 
heterostructures of metallic Ru and Cu embedded in carbon matrix 
was prepared on carbon cloth (Ru-Cu@CM/CC) by a facile two-step 
process as illustrated by Scheme 1. Firstly, Cu-MOFs supported Ru 
nanocrystals was fabricated on a conductive carbon cloth (Ru@Cu- 
MOFs/CC) by a solvothermal approach using Cu(NO3)2∙6 H2O as 
metal precursor and benzene tricarboxylic acid as the organic ligand. 
Secondly, Ru@Cu-MOFs/CC was carbothermal reduced by the flash 
joule heating strategy under N2 atmosphere. The ultrahigh tem
perature can drive the “fission” and “fusion” for Cu and Ru species 
and form uniform mixtures of both elements. Then, by controlling 
the rapid cooling process, phase-separated CuRu heterostructures 
were obtained.[42] Finally, metallic Cu was generated and MOFs 
skeleton was carbonized to form conductive carbon matrix. Together 
with the originally supported Ru nanocrystals, heterostructure Ru 
and Cu nanocrystals in carbon matrix (Ru-Cu@CM/CC) were ob
tained after flash joule heating.

Scheme 1. Schematic illustration for the synthesis of Ru-Cu@CM/CC. 
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X-ray diffraction (XRD), scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM) were applied to char
acterize the structure of Ru@Cu-MOFs/CC. XRD pattern (Fig. 1a) 
displays that the diffraction peaks at 25.0° and 43.1° are assigned to 
the crystalline planes of carbon cloth. Similar to the XRD pattern of 
the pure Cu-MOFs/CC (Fig. S1), the diffraction peaks assigning to Cu- 
MOFs cannot be observed, ambiguously revealing the formation of 
low-crystalized MOFs. SEM and TEM were then conducted to detect 
the morphology and spatial position of Cu-MOFs and Ru nanocrys
tals in Ru@Cu-MOFs/CC. The representative SEM images of Ru@Cu- 
MOFs/CC show well-defined small Ru@Cu-MOFs nanoparticles, 
which are uniformly coated on carbon cloth, though a certain 
number of aggregated nanoparticles are observed. (Figs. 1b, 1c, and 
Fig. S2). Notably, Cu-MOFs/CC possess an analogous morphology as 
Ru@Cu-MOFs, demonstrating that the introduction of Ru element 
did not affect the growth of Cu-MOFs (Fig. S3). TEM image of Ru@Cu- 
MOFs/CC (Fig. 1d) reaffirms that it is the assembly of small Cu-MOFs 
on the surface of carbon cloth. Fig. 1e further reveals that there are 
well-dispersed Ru nanoparticles supported in the Cu-MOFs without 
aggregation. As shown in Fig. S4, the average particle size of Ru 
nanocrystals is approximately 5.28 nm with encouraging crystal
linity. The high-resolution TEM (HR-TEM) in Fig. 1f exhibits lattice 
fringes with distance of 2.05 Å, which is the (101) plane of metallic 
Ru. Thus, the Ru cations were reduced by the ethanol in the solution 
and metallic Ru nanocrystals formed during solvothermal process. In 
contrast, there is no nanocrystals can be distinguished in pure Cu- 
MOFs (Fig. S5), which reveal that Ru nanocrystals are successfully 
embedded in Cu-MOFs for Ru@Cu-MOFs/CC. The above results de
monstrate that Ru species transformed into ultrafine metallic Ru 
nanocrystals and uniformly embed in the simultaneously generated 
small Cu-MOFs nanoparticles during the solvothermal reaction 
process.

To determine the surface chemical composition of Ru@Cu-MOFs/ 
CC, X-ray photoelectron spectroscopy (XPS) was performed. From 
the XPS survey image of Ru@Cu-MOFs/CC, peaks assigned to Cu, O, 
Ru, and C signals can be obviously distinguished (Fig. S6), supporting 
the formation of composite. The O1s is attributed to the terephthalic 
acid, which is the organic ligand of Cu-MOFs. The high-resolution Ru 
3p and Cu 2p XPS spectra were then carefully analyzed to identify 

the chemical state of both elements in Ru@Cu-MOFs/CC. For the Ru 
3p XPS spectrum (Fig. S7), the main peaks at 485.0 eV and 462.6 eV 
are indexed to the 3p3/2 and 3p1/2 peak for oxidized Ru [43,44]. It 
should be noted that the XPS is a surface-sensitive technique. 
Therefore, oxidized Ru atoms on the surface of metallic nanocrystals 
are proposed to be coordinated with O atoms of Cu-MOFs, and the 
transfer of electrons from Ru to Cu-MOFs support contributes to the 
positive shift of binding energy comparing to metallic Ru [45]. Ad
ditionally, the Cu 2p1/2 peak at 954.8 eV, and Cu 2p3/2 peak at 
934.9 eV are observed clearly (Fig. S8), illustrating the oxidation 
state of Cu is + 2 as pure Cu-MOFs/CC (Fig. S9) [46,47]. The above XPS 
analysis results reveal that metallic Ru nanocrystals are immobilized 
in Cu-MOFs via binding with the rich oxygen-containing functional 
groups in Cu-MOFs after the solvothermal process.

Ru@Cu-MOFs nanoparticles tightly coated on carbon cloth were 
then treated via the flash carbothermal reduction process for 0.5 s at 
1000 °C in joule furnace under the protection of N2 atmosphere. For 
comparison, Cu-MOFs/CC was also processed following the same 
procedures. XRD is performed to obtain the detailed information 
relating to the phase structure, and to investigate the conversion of 
Ru@Cu-MOFs/CC after the flash joule heating. Fig. 2a displays the 
XRD pattern of Ru-Cu@CM/CC, where the diffraction peaks at 43.3°, 
50.5° and 74° demonstrate the existence of Cu nanocrystals. The 
representative diffraction peaks at 38.4°, 42.1°, 44° and 58.3° can be 
indexed to the metal Ru (PDF No. 06–0663). Therefore, the original 
crystallized Ru nanocrystals retained, and Cu species in Cu-MOFs 
were reduced to metallic Cu during the carbothermal reduction 
process. The morphological change during the flash joule heating 
process were then explored using SEM and TEM technique. As 
shown by the SEM images in Figs. 2b, 2c, Ru-Cu@CM/CC inherits the 
original morphology of Ru@Cu-MOFs/CC, which endows uniformly 
dispersed nanoparticles coated on carbon cloth. Thus, the flash joule 
heating strategy is effective to maintain the original morphology of 
the precursor, which is also evidenced by the SEM images of Cu@CM/ 
CC (Fig. S10). Specifically, in shown Fig. 2c, those nanoparticles are 
well dispersed as Ru@Cu-MOFs/CC, indicating the morphological 
structure can be retained after flash joule heating. Furthermore, 
abundant highly dispersed Cu and Ru nanocrystals, which are con
fined within the carbon matrix, could be obviously discovered by 

Fig. 1. (a) XRD pattern of Ru@Cu-MOFs/CC. (b, c) SEM images of Ru@Cu-MOFs/CC. (d) TEM image of Ru@Cu-MOFs/CC and (e) corresponding size distribution of the supported Ru 
nanocrystals. (f) HR-TEM image of Ru@Cu-MOFs/CC.
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TEM image (Figs. 2d, 2e, and Fig. S11). The HR-TEM image displayed 
in Fig. 2f and Fig. S12 clearly exhibit that ultrafine Cu and Ru na
nocrystals dispersed on carbon matrix show high crystallinity, and 
well-defined lattice fringes. The distinct interplanar distances can be 
well indexed to the crystallized Cu and Ru metals, consisting with 
above XRD result. Meanwhile, only uniformly dispersed metallic Cu 
nanocrystals can be observed in Cu@CM/CC (Fig. S13), supporting 
the conversion of Cu species into metallic Cu nanocrystals during the 
joule heating process. The high-angle annular dark-field scanning 
TEM (HAADF-STEM) further displays the highly dispersed Ru nano
crystals (Fig. 2g), as the brighter spots can be assigned to Ru and Cu 
elements with higher atomic numbers than C. The energy-dispersive 
spectroscopic (EDS) mappings render the existence of Cu and Ru 
elementals, demonstrating the retain of Cu and Ru nanocrystals by 
the flash joule heating approach through the rapid carbothermal 
reduction reaction. The above results demonstrate that the mor
phology of small nanoparticles is well inherited from the Cu-MOFs, 
and intimate interaction between those assembled nanoparticles 
and carbon cloth rendering a fast mass and electron transfer be
tween reactant and conductive support, which could boost the 
electrocatalytic reaction. Notably, the well dispersed hetero
structures generated during the joule flash heating process are ex
pected to enhance the exposure of active species for electrocatalytic 
HER and OER.

The specific composition change during the flash joule heating 
process are then investigated using XPS. Cu 2p XPS spectrum can be 
divided into peaks at 952.5 eV and 932.6 eV, which are indexed to 
the metallic Cu (Fig. 2h) [46,48]. The above results demonstrate the 
reduction of Cu species in Cu-MOFs to metallic Cu nanocrystals after 
flash joule heating. In the Ru 3p XPS spectrum of Ru-Cu@CM/CC 
(Fig. 2i), the typical peaks presented at 483.4 eV and 461.4 eV are 
attributed to the metallic Ru [49]. Together with the originally em
bedded Ru nanocrystals, the metallic heterostructure are produced. 
The Ru and Cu contents over Ru-Cu@CM/CC is 0.024 wt%, and 
1.811 wt%, respectively, based on inductively coupled plasma mass 
spectrometry (ICP-MS) analysis. The demonstrated heterostructure 
of Cu and Ru nanocrystals embedded in carbon matrix, which are 
firmly coated on carbon support, are expected to promote the ad
sorption/desorption of reaction intermediates and boost HER and 
OER activity.

Electrocatalytic performance towards HER of the electrocatalysts 
was firstly assessed in N2 saturated 1.0 M KOH. Fig. 3a displays the 
linear sweep voltammetry (LSV) plots of HER for Ru-Cu@CM/CC, 
Cu@CM/CC, and Pt/C benchmark. Ru-Cu@CM/CC shows small over
potential in the potential range of 0–0.2 V comparing to Cu@CM/CC, 
Pt/C and other samples [50–52]. To achieve the current density of 
10 mA cm−2 and 100 mA cm−2, Ru-Cu@CM/CC requires the potential 
of only 25 mV and 94 mV, respectively, which are much smaller than 

Fig. 2. (a) XRD pattern, (b, c) typical SEM images, (d-e) TEM images, and (f) HR-TEM image of Ru-Cu@CM/CC. (g) HAADF-STAM image and corresponding EDS mappings of Ru- 
Cu@CM/CC. High-resolution XPS spectra of Cu 2p (h), and Ru 3p (i) for Ru-Cu@CM/CC.
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that for Pt/C benchmark (Fig. 3b). This indicates that Ru-Cu@CM/CC 
is an excellent catalyst for HER, outperforming Pt/C benchmark. Tafel 
slope, the indicator of rate-limiting step, is analysed to evaluate the 
reaction kinetics [53]. As displayed by the Tafel plots in Fig. 3c, the 
Tafel slopes of Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C benchmark are 
49 mV dec−1, 61 mV dec−1, and 218 mV dec−1 respectively. In com
parison with Ru-Cu@CM/CC, Cu@CM/CC yields a negligible HER ac
tivity. The electrical impedance spectroscopy (EIS) was conducted to 
study the charge-transfer resistance (Rct) of Ru-Cu@CM/CC, Cu@CM/ 
CC, and Pt/C benchmark, respectively. As shown in Fig. S14, the Rct 
value of Ru-Cu@CM/CC (5 Ω) is similar to that of Cu@CM/CC (7 Ω), 
and smaller than Pt/C benchmark (12 Ω). This is attributed to the fact 
that the direct growth of electrocatalysts shows better electrical 
contact to conductive carbon cloth than coating the electrocatalysts 
with polymer binders. Thus, the faster charge transfer rate of Ru- 
Cu@CM/CC contributes to better performance under high current 
density than Pt/C. Additionally, the electrochemically active surface 
areas (ECSAs), was measured by calculating the double layer capa
citance values (Cdl). From the Fig. S15, it is determined that the Cdl 

value of Ru-Cu@CM/CC is 10.3 mF cm–2, which is similar to those of 
Cu@CM/CC (7.3 mF cm–2) and Pt/C benchmark (8.6 mF cm–2), testi
fying the metallic heterostructures with high intrinsic 

electrocatalytic activity in Ru-Cu@CM/CC predominately contributed 
to the enhanced performance.

We also found that the low content of Ru can significantly boost 
HER property. The metallic Ru have a small kinetic barrier for H2O 
dissociation into intermediate OHads and Hads, which boost the initial 
Volmer process for HER.[54,55] Meanwhile, the electron density of 
Ru nanocrystals could be tuned as electron transfer from Ru to Cu 
after the incorporation of Ru nanocrystals into the Cu matrix, which 
are supposed to optimize the adsorption/desorption of inter
mediates of OHads and Hads [56,57]. Thus, the metallic hetero
structures embracing Ru and Cu nanocrystals are proposed to 
accelerate dissociation process, and facilitate the adsorption and 
desorption of OHads and Hads during HER. The remarkable synergistic 
effect between optimizing adsorption of hydrogen and accelerating 
water dissociation process contributes significantly to the boosted 
electrocatalytic performance [57–59]. Additionally, the directly fab
ricated electrode on conductive support of carbon cloth also con
tributes to the efficient electron transfer and promote the electrolyte 
infiltration and accessibility of active sites du ring the catalytic re
action process [1,23,60]. As a result, Ru-Cu@CM/CC with small 
amount of Ru nanocrystals exhibits s excellent HER performance in 
alkaline medium.

Fig. 3. (a) HER polarization curves for Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C in 1.0 M KOH. (b) Comparison of overpotentials for Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C at different 
current densities of 10 and 100 mA cm−2. (c) The corresponding Tafel plots. (d) Polarization curves of Ru-Cu@CM/CC at the first cycle and after 5000 CV cycles. (e) 
Chronoamperometry test for Ru-Cu@CM/CC at − 25 mV. (f) OER polarization curves of Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C in 1.0 M KOH. (g) Comparison of overpotentials for Ru- 
Cu@CM/CC, Cu@CM/CC, and RuO2 at different current densities of 10 and 20 mA cm−2. (h) The corresponding Tafel plots. (i) Chronoamperometry test for Ru-Cu@CM/CC at the 
potential of 290 mV.
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The accelerated degradation tests of Ru-Cu@CM/CC for HER 
under the harsh electrolyte is conducted to demonstrate the po
tential practical applications. It is encouraged that negligible shift of 
polarization curves can be observed after 5000 sweeps under the 
scan rate of 50 mV s−1 (Fig. 3d). The LSV result confirms that the 
overpotential at j = 10 mA cm−2 displays a shift of only 7 mV after the 
accelerated durability testing. The chronoamperometry (i-t) test also 
shows that Ru-Cu@CM/CC can keep operating continuously 180 h 
without current density attenuation (Fig. 3e), highlighting the en
couraging robustness of Ru-Cu@CM/CC. To determine the stability of 
as-developed Ru-Cu@CM/CC, the sample after long-term HER test 
were characterized by XRD, XPS and TEM. As shown in Fig. S16, the 
maintained metal composition and morphological structures de
monstrate the robustness of the fabricated electrocatalyst. Such an 
excellent long-term stability feature can be attributed to the tight 
adherence of Cu, Ru nanocrystals on conductive substrate which is 
hardly peeled off from substrate.

OER activity was then evaluated in 1.0 M KOH. As shown in 
Fig. 3 f, the overpotential at the current density of 10 mA cm−2 and 
20 mA cm−2 of Ru-Cu@CM/CC is 290 mV and 320 mV (Fig. 3 g), out
performing those for Cu@CM/CC (380 mV and 449 mV), and RuO2 

(340 mV and 408 mV). The excellent ORR performance of Ru- 

Cu@CM/CC is also reflected by its small Tafel slope of 78 mV dec−1 

compared with Cu@CM/CC (206 mV dec−1), and RuO2 (87 mV dec−1 

Fig. 3 h). As shown in Fig. 3i, Ru-Cu@CM/CC displays a remarkable 
long-term durability with no distinct current density deterioration 
under operation for 120 h at a constant overpotential of 260 mV. We 
emphasize that the Ru-Cu@CM/CC exhibits satisfactory morphology 
and metal species stability, as shown in Fig. S17. The satisfactory OER 
performance of Ru-Cu@CM/CC is thus reasonably attributed to the 
existent of abundant Ru nanocrystals, the strong interaction be
tween Cu and Ru metallic heterostructures and conductive sub
strate.[47].

The HER performance is also evaluated under acid solution of 
0.5 M H2SO4. Fig. 4a displays the LSV polarization of HER for Ru- 
Cu@CM/CC, Cu@CM/CC, and Pt/C. The overpotentials for provoking 
j = 10 mA cm−2 are 85 mV, 44 mV, and 355 mV, respectively (Fig. 4b). 
Ru-Cu@CM/CC displays an overpotential of 178 mV to attain 
j = 100 mA cm−2, which is comparable to that of Pt/C (113 mV) and 
implies the exceptional activity of Ru-Cu@CM/CC. As displayed in 
Fig. 4c, Ru-Cu@CM/CC shows a small Tafel slope for 50 mV dec−1, 
elucidating the decent HER kinetic in Ru-Cu@CM/CC. Next, con
tinuous CV scanning cycles were performed with the scan rate of 
50 mV s−1 to evaluate the stability of as-developed catalyst. As 

Fig. 4. (a) HER polarization curves for Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C in 0.5 M H2SO4. (b) Comparison of overpotentials for Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C at different 
current densities of 10 and 100 mA cm−2. (c) The corresponding Tafel plots. (d) Polarization curves of Ru-Cu@CM/CC at the first cycle and after 5000 CV cycles. (e) 
Chronoamperometry test for Ru-Cu@CM/CC at − 85 mV. (f) OER polarization curves of Ru-Cu@CM/CC, Cu@CM/CC, and Pt/C in 0.5 M H2SO4. (g) Comparison of overpotentials for 
Ru-Cu@CM/CC, Cu@CM/CC, and RuO2 at different current densities of 10 mA cm−2. (h) The corresponding Tafel plots. (i) Chronoamperometry test for Ru-Cu@CM/CC at fixed 
potential of 229 mV.
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shown in Fig. 4d, negligible difference of LSV plots could be observed 
after 5000 cycles testing. The current density-time responses at the 
potential of 85 mV with no obvious attenuation of current density 
after 140 h continuous working (Fig. 4e). XRD pattern and TEM 
image of Ru-Cu@CM/CC after HER stability test under acid condition 
behave the well-maintained crystal structure and morphology (Fig. 
S18), confirming the robustness of Ru-Cu@CM/CC.

Impressively, Ru-Cu@CM/CC also shows excellent OER perfor
mance in harsh acid solution, which meets the requirement of 
practical polymer electrolyte membrane water electrolyzer. Fig. 4 f 
displays the electrocatalytic LSV curves of OER for Ru-Cu@CM/CC, 
Cu@CM/CC, and RuO2 benchmark in 0.5 M H2SO4. A sharp current 
density increase is observed for Ru-Cu@CM/CC at an onset potential 
of 1.42 V. For Ru-Cu@CM/CC, the overpotential are found to be 
229 mV, which are much lower than RuO2 (289 mV, and 680 mV), for 
obtaining the current density of 10 mA cm−2 (Fig. 4 g) in 0.5 M H2SO4 

solution. Cu@CM/CC has nearly zero electrocatalytic OER perfor
mances under acid conditions when compared with Ru-Cu@CM/CC, 
suggesting the key role in generating excellent OER performance. It 
is also noteworthy that Ru-Cu@CM/CC delivers a Tafel slope of 66 mV 
dec−1, which exceeds commercial RuO2 (106 mV dec−1) and Ru free 
Cu@CM/CC (265 mV dec−1), indicating the remarkably improved 
reaction kinetics for Ru-Cu@CM/CC (Fig. 4 h). Ru doping can boost 
the H2O dissociation and optimize the binding energy with inter
mediates, and stimulate OER activity.[61] Fig. 4i displays the 
chronoamperometry response of best performing Ru-Cu@CM/CC at 
the constant OER overpotential of 229 mV, which shows a faint 
current density attenuation throughout the continuous operation for 

140 h. The OER polarization plots of Ru-Cu@CM/CC before and after 
10,000 cyclic voltammetry (CV) cycle tests in 0.5 M H2SO4 solution 
were shown in Fig. S19. The polarization curve of Ru-Cu@CM/CC 
displays a slightly positive shift after OER stability test, indicating 
the satisfactory stability of Ru-Cu@CM/CC. In addition, Ru-Cu@CM/ 
CC after cyclic stability test in 0.5 M H2SO4 solution was character
ized using XRD, XPS analysis and TEM techniques. The XRD pattern 
(Fig. S20) is analogous to Ru-Cu@CM/CC before cyclic stability test, 
indicating no large crystals formed during OER. Cu 2p and Ru 3p XPS 
spectra reveal positive shifts of characteristic peaks, demonstrating 
that Cu and Ru were oxidized during OER (Fig. S21). This is in good 
accordance with the fact that the metals will be converted to the 
corresponding metal (hydro)oxide during OER. Notably, TEM images 
of Ru-Cu@CM/CC after OER cyclic stability test in Fig. S22 reveal the 
retained morphology structure, in which the nanocrystals were well- 
distributed on carbon support. These results suggest that Ru- 
Cu@CM/CC with high stability for OER is primarily due to the ro
bustness of morphological structure.

To signify the advantages of the specific carbon matrix supported 
heterostructures obtained using Joule heating strategy, the catalytic 
activities of Ru@Cu-MOFs/CC were evaluated and compared to Ru- 
Cu@CM/CC. The HER and OER performance of Ru-Cu@CM/CC and 
Ru@Cu-MOFs/CC in various electrolytes were shown in Fig. S23. As 
illustrated, Ru-Cu@CM/CC shows better HER activities with smaller 
overpotentials than Ru@Cu-MOFs/CC. Besides, OER polarization 
curves for both samples show that Ru-Cu@CM/CC exhibits better 
OER activity than Ru@Cu-MOFs/CC. The above results demonstrate 
excellent electrocatalytic activity for Ru-Cu@CM/CC, and highlight 

Fig. 5. LSV polarization plots of overall water splitting using Ru-Cu@CM/CC, and Pt/C + RuO2 for both electrode catalysts respectively in (a) 1.0 M KOH, and (b) 0.5 M H2SO4. 
Chronoamperometry curves of continuous water electrolysis of Ru-Cu@CM/CC and Pt/C + RuO2 based two electrode electrolyzer respectively at 1.57 V and 1.60 V in (c) 1.0 M KOH 
and (d) 0.5 M H2SO4.

P. Li, W. Wei, J. Li et al. Journal of Alloys and Compounds 947 (2023) 169630

7



the effectiveness of Joule heating strategy in synthesizing catalytic- 
active electrocatalysts. Specifically, the heterostructures are capable 
to modulate the adsorption and desorption of intermediates, and the 
ultrafine nanoparticles renders significantly amount of exposed ac
tive sites. Thus, the accelerated reaction kinetics contribute to the 
enhanced electrocatalytic activity. Furthermore, the carbon matrix 
could alleviate the agglomeration of these nanoparticle and metallic 
heterostructures, which contribute to the robustness of electro
catalyst and remarkable stability of performance.

The performance of as-developed catalyst in neutral solution is 
also an important indicator, so HER and OER was tested in the 
neutral solution. As exhibited, HER LSV curves reveal that Ru- 
Cu@CM/CC possesses small overpotential of 34 mV in 1.0 M PBS 
neutral electrolyte at the current density of 10 mA cm−2, which is 69 
and 295 mV lower than Cu@CM/CC and Pt/C, respectively (Fig. S24). 
Remarkably, Ru-Cu@CM/CC also displays excellent long-term dur
ability which can operate stably for 27 h in neutral electrolyte (Fig. 
S25). In compare with Cu@CM/CC and RuO2, Ru-Cu@CM/CC exhibits 
an obvious enhancement of OER, and the overpotential to reach 
10 mA cm−2 is only 360 mV in neutral electrolyte (Fig. S26). Clearly, 
Ru-Cu@CM/CC exhibits better OER activity than RuO2, mainly be
cause of the Ru and Cu synergistic effect.

Finally, we evaluate the overall water splitting performance of 
the two-electrode electrolyzer with Ru-Cu@CM/CC as both anode 
and cathode electrocatalyst in 1.0 M KOH, 0.5 M H2SO4, and 1.0 M 
PBS neutral electrolytes. The electrolyzer using Pt/C and RuO2 as 
cathode and anode electrocatalysts, respectively, was also evaluated 
for comparison. The polarization curve of water splitting in a two- 
electrode cell is displayed in Figs. 5a and 5b. Remarkably, the LSV 
plots verify that Ru-Cu@CM/CC requires a low voltage of only 1.57 V 
and 1.6 V to obtain the current density 10 mA cm−2 in 1.0 M KOH and 
0.5 M H2SO4, respectively, which is 370 mV and 410 mV lower than 
Pt/C+RuO2 and most of developed electrocatalysts, respectively 
(Table S1 and Table S2). Additionally, the chronoamperometry plots 
of Ru-Cu@CM/CC-based alkali and acid electrolyzers render ex
tremely high stability with negligible activity damping after the 
uninterrupted electrolysis for 11 and 18 h at the potential of 1.57 V, 
and 1.6 V (Figs. 5c and 5d), demonstrating the high efficiency of Ru- 
Cu@CM/CC for water splitting behaviors. In the two-electrode cell 
with neutral electrolyte, Ru-Cu@CM/CC has boosted water splitting 
performance compared with Pt/C+RuO2 benchmarks. Specifically, 
Ru-Cu@CM/CC only need a low cell voltage of 1.8 V to 10 mA cm−2, 
which is better than Pt/C+RuO2 benchmarks (Fig. S27). The above 
results highlight the great potential of the developed bifunctional 
electrocatalysts with ultrafine metallic heterostructures embedded 
in carbon matrix in the industrialized application for water elec
trolysis.

4. Conclusions

In summary, we have demonstrated a facile synthesis of metallic 
heterostructures with ultrafine Cu and Ru nanocrystals confined in 
carbon matrix directly coating on carbon cloth using a flash joule 
heating strategy. Remarkably, Ru-Cu@CM/CC delivers impressive 
reaction kinetics, low overpotentials and long-term stability for HER 
and OER in both of alkaline acidic, and neutral electrolytes. The as- 
developed Ru-Cu@CM/CC possesses not only ultrafine Ru and Cu 
metallic heterostructure active sites but also the synergistic effect of 
Cu and Ru, which accounts for the encouraging HER and OER per
formance. The strong adherence of Cu and Ru metallic hetero
structures without any binders also plays important role in 
improving the high stability. Moreover, the electrolyzer utilized Ru- 
Cu@CM/CC as both anode and cathode catalysts deliver superior 
performance to noble metals for overall water splitting, affording 
low cell voltage (of 1.57 and 1.60 V) to attain 10 mA cm−2 and dur
ability in alkaline and acidic media.
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