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The design and controlled synthesis of high-performance alloy nanoparticles as bifunctional electro-
catalysts towards hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) is of great in-
dustrial importance, but remains a great challenge. However, most of the prepared bimetallic alloys display
unsatisfactory catalytic activity. Herein, NiRu alloy nanoparticles well-dispersed on N-rich carbon nano-
tubes (NiRu-CNTs) with a strong metal-support interaction (SMSI) are prepared through a flash Joule
heating method in 0.5 s. Impressively, NiRu-CNTs exhibit remarkable HER activity under 1.0 M KOH solution
with quite a small overpotential of 5.1 mV to reach the current density of 10 mA cm™2. In addition, superior
HER stability up to 10 h with no noticeable current density degradation is realized. As expected, NiRu-CNTs
exhibits excellent OER performance with a small overpotential of 270 mV at 10 mA cm™2, small Tafel slope of
54.1 mV dec™', and long-term durability over 5000 CV cycles. When used in two-electrode electrolyzer for
overall water splitting, NiRu-CNTs displays a low voltage of 1.85 V at 100 mA cm™2. This eco-friendly and
cost-effective synthesis approach can be extended to the rational synthesis of various alloy catalysts with
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different metal species.
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1. Introduction

Electrochemical water splitting including cathodic hydrogen
evolution reaction (HER), and anodic oxygen evolution reaction
(OER), which can obtain sustainable hydrogen and oxygen from
water, is considered as a very promising method to reach zero
carbon emission [1-4|. However, both HER and OER require high
overpotentials to overcome the large kinetic barriers [5-7]. Conse-
quently, active electrocatalysts are needed to reduce the reaction
energy barrier, improve the reaction kinetics and achieve high cat-
alytic efficiency. Currently, Pt and RuO, benchmarks are considered
to be the optimal electrocatalysts for HER and OER, respectively, but
their expensive nature and scarcity remain major challenges for the
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large-scale applications [8,9]. Therefore, it is imperative to minimize
the usage of those noble metals when developing highly active bi-
functional HER and OER electrocatalysts.

Ru, as a member of platinum group metals, has attracted great
attention with excellent activity and superior stability in electro-
chemical N, reduction reaction, oxygen reduction reaction, and
coupling of amines and alcohols [10-14]. Ru-based materials are
virtually promising candidates for HER and OER [ 15-18]. Considering
the high cost and scarcity, the wide application of Ru is hampered.
Fortunately, alloying Ru with earth abundant 3d-transition metals is
an effective strategy to reduce the usage of Ru and improve the HER
and OER activity [19-21]. For example, RuCu nanotubes were pre-
pared for water splitting, which can reduce the free energy of ad-
sorption hydrogen (AGy*) and largely decrease the free energy
change (for rate-determining step) of OER [22]. In addition, Liu et al.
synthesized RuNi nanosheets with optimized water dissociation
capacity and good HER performance [23]. Despite those progress, the
methods of preparing alloys mainly focus on the time-consuming
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high temperature pyrolysis and solvothermal reactions. Therefore,
the development of Ru-based catalysts via ultrafast, facile and low-
cost strategy is still a significant issue.

Carbon-based materials with good electron transfer capacity and
corrosion resistance are ideal supports for metal nanoparticles. The
strong metal-support interaction (SMSI) can not only prevent the
agglomeration of nanoparticles but also effectively boost the an-
choring ability for nanoparticles [24]. This suggests that SMSI can
greatly promote the activity and stability of the catalysts [25-27].
Thus, anchoring Ru-based alloys stably on carbon support is highly
desired to achieve superior HER, OER, and overall water splitting
activity. Joule heating strategy, which possesses flash heating and
cooling process, has been reported as a facile method to load na-
noparticles on carbon support. During the flash heating process, the
ultrahigh temperature can actuate the “fission” and “fusion” of metal
precursors, which lead to the homogeneous mixing of elements.
Afterwards, the flash cooling rate can promote the production of
crystalline nanoparticles [28,29]. Hence, Joule heating technique
with flash ramp rates can effectively regulate the particle size,
crystalline structure and dispersibility [30,31]. Notably, Ni-based
materials have become promising electrocatalysts due to their
abundant earth reserves, low cost, and similar electronic properties
to Pt [32-34]. In these regards, exploring facile Joule heating strategy
to alloy Ni with Ru, which are expected to achieve fine electronic of
catalysts [21,35,36], on carbon supports are fascinating to construct
efficient bifunctional electrocatalysts.

Herein, we developed an eco-friendly, cost-effective and ultrafast
synthesis method for the construction of ultrafine and active NiRu
alloy nanoparticles, which are well-dispersed on N-rich carbon na-
notubes (NiRu-CNTs) by Joule heating strategy in 0.5 s. Specifically,
this flash heating and cooling process induces the explosive nu-
cleation and restricts the grain growth, resulting in the uniform
distribution of ultrafine NiRu alloy nanoparticles on N-rich carbon
nanotubes [37,38]. As expected, NiRu-CNTs displays superior cata-
lytic activities and cycling stabilities. For HER in 1.0 M KOH, NiRu-
CNTs show drastically small overpotential of 5.1 mV at the current
density of 10 mA cm™2, low Tafel slopes of 31.3 mV dec”?, and stable
cycling stability even after 5000 cycles. Specifically, NiRu-CNTs ex-
hibits remarkable activity at the large current density of
100 mA cm2, and it needs an overpotential of only 42.6 mV. In
addition, NiRu-CNTs can attain satisfying OER performance with low
overpotential of 270 mV at 10 mA cm™2, small Tafel slope of 54.1 mV
dec™’. NiRu-CNTs exhibit superior OER stability without obvious
voltage increase at the large current density of 100 mA cm™2 for least
5000 cycles. Importantly, the optimized two-electrode electrolyzer
with NiRu-CNTs displays low cell voltages of 1.59 V at 10 mA cm 2 in
1.0 M KOH solution, much lower than Pt/C + RuO,. The two-electrode
water-splitting device also displays superior stability up to 12 h.

2. Experimental section
2.1. Chemicals

NiCl,-6 H,0 (Sinopharm, analytical purity), NH3-H,O (Sinopharm,
28%), cetyltrimethylammonium bromide (CTAB, Aladdin, >98%),
RuCl; (Aladdin, 45%-55%) were used to synthesize the required
catalysts.

2.2. Synthesis of [Ni(NH4)s]Cl>

The NiCl,-6 H,0 was dissolved in 10 mL deionized water, and
then, the solution was slowly added to 40 mL concentrated ammonia
in ice water, and stirred in an ice water bath for 15 min. The obtained
precipitate was dried in air after extraction and washed with
ethanol. After drying, purple crystals of [Ni(NH4)s]Cl, were obtained.
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2.3. Synthesis of NiRu-CNTs

The CNTs were firstly modified using 0.8 mM CTAB solution.
Specifically, 29 mg of CTAB was dispersed in 100 mL of deionized
water, and CTAB was fully dissolved by multiple sonication treat-
ment. Then, 50 mg of CNTs were dispersed in 50 mL of CTAB solution
by continuous ultrasonication for 3 h and stirring for 24 h. After
centrifugation and drying, 30 mg CTAB decorated CNTs (CNTs@CTAB)
were sufficiently ground with 30 mg RuCls and 7.5 mg [Ni(NH4)s]Cls.
Finally, the mixture was pyrolyzed under the protection of N, at-
mosphere at 1200 °C via Joule heating in 0.5 s. The obtained product
was named as NiRu-CNTs.

2.4. Synthesis of Ni-CNTs and Ru-CNTs

In order to investigate the alloying effect, reference samples of
Ni-CNTs and Ru-CNTs were prepared using the same synthetic
method as NiRu-CNTs without the addition of RuCl; and [Ni
(NH4)6]Cl,, respectively.

2.5. Characterization

The crystalline phase structures of the synthesized materials
were studied by X-ray diffraction (XRD, Cu Ka, A = 1.5406 A) in the 20
range of 5°- 85° at a scan rate of 5° min~'. Raman spectroscopy
analysis (inVia, Spectral range: 800-4000 wave number) was used to
characterize the defects of the as-developed -electrocatalysts.
Scanning electron microscope (SEM, regulus 8100) and transmission
electron microscope (TEM, JEM-2100PLUS) were used to investigate
the morphology. X-ray photoelectron spectroscopy (XPS, Thermo
Scientific ESCALAB 250Xi) was used to verify the elemental com-
position and oxidation state. The contents of Ru and Ni in NiRu-CNTs
were tested by inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 730).

2.6. Electrochemical testing

Electrochemical measurements including linear sweep voltam-
metry (LSV) and cyclic voltammetry (CV) were performed using an
electrochemical workstation (CHI 760E) with a three-electrode
configuration. Rotating disk electrode (RDE) coated by the electro-
catalysts were used as working electrode. Carbon rods and Hg/HgO
electrode were used as counter and reference electrodes, respec-
tively. CV was performed at a sweep rate of 100 mV s™' before
electrochemical testing. LSV tests were performed at a sweep rate of
5mV s™! in 1.0 M KOH. All electrochemical impedance spectroscopy
(EIS) tests were performed on electrochemical workstation (Gamry,
Interface 5000E). Stability tests were done by conducting chron-
oamperometry and accelerated cycle testing, respectively. For overall
water splitting test, 1 cm? carbon paper with the electrocatalyst
loading capacity of 0.25 mg cm™2 were used as the working elec-
trodes. All the electrolytes used were freshly prepared 1.0 M KOH
solution.

The double-layer capacitance (Cq4) was obtained by testing the
CV in the range of 0.674-0.774 V. Electrochemical active surface area
(ECSA) was calculated using the following equation [39]:

ECSA = Cya/Cs

where C; is 40 pF cm™.
Here is the formula for Faradaic efficiency:

Faradaic efficiency = (nF x m)/Q

where n =4 for OER (2 for HER), F =96485.3 Cmol™!, m = the moles
number of O, (Hy), Q =It.
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Fig. 1. Synthesis and characterizations of NiRu-CNTs. (a) Schematic diagram of NiRu-CNTs catalyst. (b) SEM, (c) TEM (Inset: Particle size distribution of nanoparticles), (d) HR-TEM,
and (e) SAED images of NiRu-CNTs. (f) HAADF image and (g) EDX elemental mapping images of NiRu-CNTs.

For the electrochemical test in 0.5 M H,SO4 and 1.0 M PBS, same
three-electrode configuration as the test in 1.0 M KOH was used
except that Ag/AgCl electrode was applied as reference electrodes.

The potentials in this work were given with respect to the re-
versible hydrogen electrode (RHE). All directly obtained potentials
versus Hg/HgO were converted to versus RHE according to the fol-
lowing equation:

Eruie = Engingo + 0.059pH + 0.098 — 0.95iR

The obtained potentials versus Ag/AgCl were converted to versus
RHE according to the following equation:

Erue = EAg/AgCI + 0.059}91‘1 + 0.1976 — 0.95iR

3. Results and discussions
3.1. Synthesis and characterizations of NiRu-CNTs

NiRu-CNTs was synthesized via the Joule heating strategy in 0.5 s
as illustrated in Fig. 1a. CTAB, which is an ionic surfactant, is widely
used as a guiding agent to synthesize metal nanoparticles with un-
ique structures for efficient electrocatalysts [40]. Thus, CTAB deco-
rated CNTs (CNTs@CTAB) were used as carbon support for metal

nanoparticles. Meanwhile, transition metal complexes [Ni(NH3)s]Cl,
with good stability under harsh conditions was chosen as Ni source
[41,42]. Subsequently, CNTs@CTAB, RuCl; and [Ni(NH3)g]Cl, were
placed in a mortar and ground thoroughly to ensure the uniform
dispersion of metal species. Finally, NiRu-CNTs was obtained by
calcination of above mixtures at 1200 °C for 0.5 ss via Joule heating
method. The morphology of NiRu-CNTs was investigated by SEM and
TEM. SEM images in Fig. 1b and Fig. S1 display that NiRu-CNTs a
similar tubular morphology as initial CNTs, indicating that Joule
heating cannot damage the morphology and structure of CNTs. TEM
image in Fig. 1c exhibits that ultrafine alloy nanoparticles with a
uniform particle size of 5-10 nm in diameter are well dispersed onto
the CNTs. The detected p-spacings for NiRu-CNTs in Fig. 1d is
0.205 nm, which is in agreement with the plane (101) of hexagonal
close packing (hcp) Ru [43]. The similar result is testified by selected
area electron diffraction (SAED) in Fig. 1e. In the high-angle annular
dark-field scanning TEM (HAADF-STEM) image (Fig. 1f), the bright
ultrafine nanoparticles are identified. As depicted in Fig. 1g, the
energy dispersive X-ray spectroscopy (EDX) elemental mapping
images confirm the coexistence of Ni and Ru elements, and Ni and
Ru share a similar distribution in NiRu-CNTs. Interestingly, the uni-
form dispersion of N element across the CNTs indicates that CNTSs is
an N-rich conductive carrier, which contributes significantly to the
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Fig. 2. XRD and XPS study of NiRu-CNTs. (a) XRD pattern of NiRu-CNTs. High-resolution XPS of (b) N 1's of NiRu-CNTs, (c) Ru 3p of NiRu-CNTs and Ru-CNTs, (d) Ni 2p of NiRu-CNTs

and Ni-CNTs.

improvement of catalytic property. The actual loading of Ni and Ru
for NiRu-CNTs are 2.99 wt% and 15.32 wt%, respectively, detected by
the inductively coupled plasma mass spectrometry (ICP-MS). Thus,
the atomic ratio between Ni and Ru in NiRu alloys is 1:3. To explore
the alloying effect, Ru-CNTs (Fig. S2) and Ni-CNTs (Fig. S3) are syn-
thesized as references, which display the similar morphology
structure with NiRu-CNTs.

Fig. 2a shows the crystalline phase of NiRu-CNTs characterized by
XRD. The diffraction peak located at around 23° can be assigned to
(002) crystal plane of CNTs, and the diffraction peaks appearing at
38.38°% 42.11°, 43.97° are attributed to hcp structure of metal alloys
as hep Ru (PDF: #06-0663) [44]. Notably, there is no other diffraction
peak can be observed, identifying the successful fabrication of NiRu
alloys, which is in good agreement with the above TEM and HAADF-
STEM results. Raman spectrum of NiRu-CNTs shows two peaks of G-
peak at 1450cm™ and p-peak at 1350 cm™! (Fig. S4). The low Ip/Ig
intensity ratio of 0.61 suggests the high graphitization degree and
electrical conductivity [45].

The X-ray photoelectron spectroscopy (XPS) was used to study
the electronic property of NiRu-CNTs. The XPS survey spectrum
confirms the presence of C, N, Ni, and Ru elements on the surface of
NiRu-CNTs (Fig. S5). As shown in Fig. 2b, the high-resolution N 1s
displays three peaks at 401.7 eV, 400.1 eV and 397.8 eV, which can be
attributed to graphitic N, pyrrolic N and pyridinic N, respectively
[46,47]. The existent pyridinic N may be favorable to the improve-
ment of HER and OER process [48]. For the high-resolution Ru 3p
XPS spectrum (Fig. 2¢), the binding energy of Ru 3p in NiRu-CNTs
showed a positive shift after the introduction of Ni element, testi-
fying that the charge transfer between Ni and Ru. Fig. 2d presents
the high-resolution Ni 2p XPS spectra, which suggests the existence
of Ni metallic and Ni?". The remaining peaks are attributed to the
satellite peaks [35]. Apparently, the peaks of Ni 2p XPS spectrum in
NiRu-CNTs shifts slightly towards lower binding energies compared
to those in Ni-CNTs, suggesting efficient electronic coupling effect

between Ru and Ni [49]. The electronic coupling effect is expected to
alter the electronic state of metal alloys and optimize the adsorption
free energy of intermediates for catalytic reaction [35].

3.2. Evaluation of the electrochemical properties for HER

The electrochemical evaluation for HER of NiRu-CNTs was eval-
uated by a three-electrodes configuration in 1.0 M KOH saturated
with Na. The linear sweep voltammetry (LSV) polarization curves of
NiRu-CNTs are shown in Fig. 3a, where 20 wt% Pt/C, Ni-CNTs and Ru-
CNTs are used as reference samples. The overpotentials at the cur-
rent density of 10mAcm™ and 100 mA cm™ are crucial indicators
for HER electrocatalysts. As revealed by Fig. 3b, Ni-CNTs and Ru-CNTs
display poor HER activity with large overpotentials of 329.3 mV and
89.8mV at 10mA cm™, and Ru-CNTs exhibits an overpotential as
large as 249.1 mV at 100 mAcm™. It is worth noting that the re-
quired overpotentials for NiRu-CNTs to attain 10mAcm™? and
100 mAcm™ are only 5.1 mV and 42.6 mV, respectively. Obviously,
these overpotentials are significantly lower than Pt/C (31.6 mV, and
118.7 mV) and previously reported electrocatalysts (Table S1), and
this demonstrates that alloying is an important mean to boost cat-
alytic properties. In addition, excellent HER performance of NiRu-
CNTs in a wide-range of pH is expected. As shown in Fig. S6, NiRu-
CNTs catalysts display extremely low overpotential of 120.3 mV and
57.9mV under the current density of 10 mA cm™2 towards HER in
0.5 M H,SO,4 and 1.0 M PBS, respectively.

In 1.0 M KOH solution, NiRu-CNTs displays a small Tafel slope of
only 31.3 mV dec™!, which is much lower than that of Pt/C (46.3 mV
dec™), Ni-CNTs (164.5mV dec™!) and Ru-CNTs (104.6 mV dec™!),
indicating that NiRu-CNTs has fastest reaction kinetics and the Tafel
step is the rate-determining step in the whole HER process [50].
Electrochemically active surface area (ECSA) is also an important
aspect to evaluate the catalytic performance of HER. Therefore, we
estimated the ECSA of NiRu-CNTs and reference samples based on
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the double-layer capacity (Cq4;) method [51,52]. Fig. S7 shows the CV
curves of NiRu-CNTs, Pt/C, Ni-CNTs and Ru-CNTs at different sweep
rates in the potential window from 0.674 V (vs. RHE) to 0.774 V (vs.
RHE), respectively. As can be seen in Fig. 3d, the value of obtained Cq
for NiRu-CNTs is 10.9 mF cm™2, much higher than Pt/C (9.6 mF cm™2),
Ni-CNTs (6.9 mF cm™2) and Ru-CNTs (10.4 mF cm™). The ECSA of
NiRu-CNTs is determined to be 272.5cm? (Fig. S8), which is much
larger than Pt/C (240 cm?), Ni-CNTs (172.5cm?) and Ru-CNTs
(260 cm?). The largest ECSA of NiRu-CNTs suggests the more exposed
active sites, which may be ascribed to small-size alloy effects. In
addition, electrochemical impedance spectroscopy (EIS) was used to
further explore the charge transfer rates of electrochemical hy-
drogen generation (Fig. 3e). The charge-transfer resistance (Rg)
value for NiRu-CNTs is 29.5Q, which is much smaller than Pt/C
(48.5Q), Ni-CNTs (254.8 Q) and Ru-CNTs (40.2 Q). The EIS results
confirm that NiRu-CNTs has the fastest charge transfer capacity at
the electrode/electrolyte interface. This is attributed to the high
graphitization degree of NiRu-CNTs, which is consistent with the
previous Raman test result.

Accelerated cycling measurements were performed to evaluate
the durability of NiRu-CNTs, as shown in Fig. 3 f, where the potential
decay of only 7mV is observed after 5000 CV cycles. In addition,
chronoamperometry as counterparts was conducted, as shown in
Fig. S9, the current density of NiRu-CNTs maintains almost constant
for 10 h, while Pt/C undergoes a substantial decrease. All the above
results testify that the as-developed NiRu-CNTs via Joule heating
method has remarkable long-term stability. The encouraging HER
activity and durability may be induced by the following effects: The
strong SMSI between NiRu alloy nanoparticles and N-rich CNTs can
prevent the falling off of alloy nanoparticles and boost the stability of

as-developed NiRu-CNTs. The rich active sites of NiRu-CNTs with
excellent electrolyte penetration and mass transport are beneficial
for the superior HER catalytic performance.

3.3. Evaluation of the electrochemical properties for OER

The electrocatalytic OER performance of NiRu-CNTs was then
evaluated in 1.0 M KOH. Ni-CNTs, Ru-CNTs and RuO, were chosen as
control samples. The results of OER LSV curves are shown in Fig. 4a.
At 10mAcm2, NiRu-CNTs presents the smallest overpotential of
only 270 mV in comparison with that of Ni-CNTs (340 mV), Ru-CNTs
(300 mV) and RuO, (330 mV), revealing the excellent OER activity of
NiRu-CNTs (Fig. 4b). Furthermore, the OER overpotential of NiRu-
CNTs required to reach 10mAcm™ are 271mV and 460mV in
0.5MH,S04 and 1.0M PBS solution, respectively, while the over-
potential of RuO, under the corresponding conditions are 272 mV
and 750 mV, respectively (Fig. S10). Meanwhile, NiRu-CNTs has a low
Tafel slope (541mV dec™!), which is much lower than RuO,
(123.9mV dec™), Ni-CNTs (60.4 mV dec™!) and Ru-CNTs (56.6 mV
dec™), indicating that the prepared NiRu-CNTs has fast O, genera-
tion kinetics (Fig. 4c). To evaluate the stability of NiRu-CNTs, ac-
celerated cycling test with a sweep rate of 100mVs™' was
conducted. After 2000 and 5000 CV cycling testing, negligible shift
of potential is observed (Fig. 4d). We further investigated the sta-
bility by chronoamperometry method at a constant potential of
1.50V (Fig. S11). It is worth noting that the current density of NiRu-
CNTs has almost no attenuation after 11 h durability test, which
highlights the excellent stability of NiRu-CNTs. Moreover, NiRu-CNTs
displays no obvious change inn morphology structure after this
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long-term OER testing, confirming that NiRu-CNTs has excellent
structural stability (Fig. S12).

3.4. Electrochemical assessment for overall water splitting

Benefit from the excellent HER and OER activity and stability of
NiRu-CNTs, the overall water splitting performance was examined in
a typical two-electrode electrolyzer in 1.0 M KOH solution (Fig. 5a
and Fig. S13). The cell voltage at the current density of 10 mA cm™2 is
usually considered as indicator to check out the quality of as-de-
veloped electrocatalyst. The electrocatalytic measurement for
overall water splitting was conducted at a scan rate of 5mVs'. As
depicted in Fig. 5b, the cell voltage of NiRu-CNTs is 1.59V at
10 mA cm™2, which is 110 mV lower than that of Pt/C+Ru0,. To be
highlighted, the cell potential of NiRu-CNTs is 1.74V at 50 mA cm 2,
which is 180 mV lower than Pt/C+RuO,, further confirming the ul-
trahigh intrinsic activity of as-constructed NiRu-CNTs. Further, the
chronoamperometric records show that NiRu-CNTs has a minor at-
tenuation of only 20% after 12 h test under a constant potential of
1.60V, while it is 27% for Pt/C+RuO, (Fig. 5¢). Notably, NiRu-CNTs
delivers greatly enhanced stability. Moreover, the morphology
structure of NiRu-CNTs remains practically the same before long-
term stability test (Fig. S14).

To investigate the energy-conversion efficiency of electrocatalytic
reaction on NiRu-CNTs, we calculated the Faradaic efficiency of
NiRu-CNTs for overall water splitting at a constant current density of
50mAcm™ and a constant voltage of 1.75V, respectively (Fig. S15,
Fig. S16, Fig. S17 and Fig. S18). By comparing the experimental
amount of H, and O, measured by the drainage method with the
theoretically calculated values, we found that the amounts of
evolved gases agree well with the theoretically calculated values and
the yield of H, is nearly twice as much as O, Therefore, the Faradaic
efficiency of NiRu-CNTs obtained by both methods is close to 100%,
and no obvious side reactions occurred during HER and OER pro-
cesses. This result further demonstrates that the as-developed NiRu-
CNTs are auspicious electrocatalysts for efficient and economical
water-splitting device.

4. Conclusion

In conclusion, we successfully synthesized ultrafine and active
NiRu alloy nanoparticles well-dispersed on N-rich CNTs via an eco-
friendly and cost-effective flash Joule heating strategy. Owing to the
alloying of Ni and Ru, the strong SMSI between alloy nanoparticles
and N-rich CNTs, and efficient charge/mass transfer, robust HER and
OER catalytic performances for NiRu-CNTs are observed. In 1.0 M
KOH solution, the as-developed NiRu-CNTs displays ultralow HER
overpotentials of 51mV and 426mV at 10mAcm™ and
100 mA cm™, respectively. It also demonstrates an ultralow Tafel
slope of 31.3mV dec”!, and outstanding robustness with negligible
activity loss. In addition, the rather low OER overpotential, good
stability, and fast O, release kinetics are also observed for NiRu-CNTs
in 1.0M KOH. NiRu-CNTs can be directly employed as bifunctional
electrocatalyst for two-electrode electrolyzer with superior robust-
ness and 100% Faradaic yield. This work strongly demonstrates that
Joule heating is an important strategy for the preparation of well-
dispersed alloys with ultrasmall dimension and a wide range of
applications.
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