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combining components with different
properties and functionalities.[6–10] Up to
date, various vdW heterostructures have
been demonstrated to exhibit significantly
improved electrocatalytic activities, such as
graphene/TMD for HER,[7,11–13] graphene/
NiFe LDHs for OER,[14,15] Ti3C2/g-C3N4 for
ORR/OER,[16] etc.
It is notable that for the gas-involved
heterogeneous
electrocatalysis,
both
the intrinsic electrocatalytic activity and
extrinsic physicochemical characters are
crucial for the apparent activities.[17] The
vdW-bonded hybridization is able to compensate the individual weakness,[8] endow
charge transfer between layers,[10] and
decrease the interfacial contact resistance,[14,18] thereby leading to enhanced
inherent activities.[7,9,14,18] Nevertheless,
these vdW heterostructures are mainly constructed through layer-by-layer assembly
in liquid or direct growth by chemical vapor deposition (CVD)
on lamellar substrates, which lack capability to regulate the asobtained physicochemical characters, such as the hierarchical
porosity and nanostructures. Therefore, smart design and
versatile techniques are urgently required for the controllable construction of advanced vdW heterostructures, aiming at a comprehensive optimization of both intrinsic electrocatalytic activity and
extrinsic physicochemical characters for enhanced performances.
In this contribution, we designed a 3D mesoporous graphene/
nitrogen-doped MoS2 vdW heterostructure (G@N-MoS2) and
devised a two-step sequential CVD method to facilely synthesize
such vdW solid materials (Figure 1a). A mesoporous graphene
framework was grown via templated CVD in advance, and
then nanosized N-MoS2 was uniformly deposited over it with
the formation of a vertical vdW heterostructure (Figure 1b).
The as-proposed strategy is demonstrated to effectively modify
the physical and electronic structure of both components, and
the integrated morphology and interfacial coupling as well.
Consequently, the construction of G@N-MoS2 offers a versatile platform for the all-round engineering of nanomaterials
toward significantly enhanced electrocatalytic performances.
It is revealed that the HER activity is significantly enhanced
on the N-MoS2 side with a low overpotential of 243 mV
for 10 mA cm−2, while the ORR and OER activities are substantially improved on the graphene side with a potential gap
around 0.90 V, suggesting promising activities for trifunctional
electrocatalysis. The material design and synthetic strategy are
believed to afford emerging opportunities and inspiration for
the research of 2D materials and energy electrocatalysis.

The emergence of van der Waals (vdW) heterostructures of 2D materials has
opened new avenues for fundamental scientific research and technological
applications. However, the current concepts and strategies of material
engineering lack feasibilities to comprehensively regulate the as-obtained
extrinsic physicochemical characters together with intrinsic properties and
activities for optimal performances. A 3D mesoporous vdW heterostructure
of graphene and nitrogen-doped MoS2 via a two-step sequential chemical
vapor deposition method is constructed. Such strategy is demonstrated to
offer an all-round engineering of 2D materials including the morphology, edge,
defect, interface, and electronic structure, thereby leading to robustly modified properties and greatly enhanced electrochemical activities. The hydrogen
evolution is substantially accelerated on MoS2, while the oxygen reduction
and evolution are significantly improved on graphene. This work provides a
powerful overall engineering strategy of 2D materials for electrocatalysis, which
is also enlightening for other nanomaterials and energy-related applications.

Since the first isolation of graphene in 2004,[1] the flourish of 2D
materials not only provides versatile platforms for fundamental
scientific research, but also opens new avenues for technological applications, which is attributed to their unique structure
and impressive properties. Particularly, massive efforts have
been devoted to explore the possibilities of 2D materials (graphene, transition-metal dichalcogenide (TMD), layered double
hydroxides (LDHs), etc.) in energy electrocatalysis in the last
couple of years, including hydrogen evolution reaction (HER),[2]
oxygen reduction reaction (ORR),[3] and oxygen evolution reaction (OER),[4,5] aiming at cost-efficient and highly effective
technologies for the future energy scenario. Furthermore, the
emergence of van der Waals (vdW) heterostructures invokes
new feasibilities to achieve full potential of 2D materials by
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Figure 1. Schematic illustration of the synthesis of 3D mesoporous G@N-MoS2 heterostructures. a) The two-step sequential CVD method, including
CVD growth of mesoporous graphene on porous MgO templates at a high temperature, and then the in situ deposition of N-MoS2 at a low temperature.
b) Schematic representation of G@N-MoS2 exhibiting the vdW heterostructure with nitrogen doping and topological curvature. C atoms are indicated
in gray, while Mo atoms in green, S atoms in yellow, and N atoms in red.

The 3D mesoporous G@N-MoS2 heterostructure was fabricated under the synthetic procedure as illustrated in Figure 1.
First, Mg(OH)2-derived MgO was synthesized and adopted as
mesoporous template for the two-step sequential CVD growth
of graphene and N-MoS2. Then, a thin layer of graphene was
deposited on MgO using CH4 as carbon source at 950 °C,[19]
followed by the in situ deposition of N-MoS2 using MoCl5,
sulfur, and NH3 as precursor materials at 800 °C.[20] Finally, the
3D mesoporous G@N-MoS2 can be achieved after the removal
of MgO templates with HCl etching. Other counterparts, such
as undoped hybrid (G@MoS2) and individual components
(G, MoS2, N-MoS2) were also fabricated to probe the growth
behavior and activity mechanism (see details in Supporting
Information).
Scanning electron microscopy (SEM) combined with
high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) images reveal that the assynthesized G@N-MoS2 exhibits a hexagonal appearance
replicated from MgO (Figure 2a), with a mesoporous graphene
framework as the scaffold and nanosized N-MoS2 uniformly
distributed over it (Figure 2b, Figure S1, Supporting Information). Notably, the as-deposited graphene on MgO (sample G)
is dominantly monolayer or bilayer with a specific surface area
as high as 2211 m2 g−1 (Figure S2, Supporting Information)
and regularly constructs into a mesoporous framework with
interconnected mesopores (Figure S3, Supporting Information). After the growth of N-MoS2, the mesoporous structure
is retained; however, the wall of the mesopores is obviously
thicker, indicating the addition of a thin layer of N-MoS2 on
the surface of graphene and thereby the formation of G@NMoS2 vdW heterostructure (Figure 2c, Figure S3a, Supporting
Information). The high-resolution transmission electron micro
scopy (HRTEM) image clearly proves the presence of N-MoS2
with an interlayer distance of 0.62 nm, which is curved along
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the mesoporous wall (Figure 2d) and tiled on the underneath
graphene (Figure 2e), forming a layer-by-layer stacking. The
N-MoS2 nanosheets dominantly exhibit a lateral size smaller
than 20 nm and a thin thickness within three layers (Figure S4,
Supporting Information). Due to the remarkable resemblance
of the ultrathin 2D layered structure, it is technically difficult
to distinguish graphene from N-MoS2 in such 3D mesoporous
scaffold as shown in Figure 2d. Fortunately, assisted by a
thicker graphene sheet in few cases, the interface between graphene and N-MoS2 can be clearly observed, which no doubt
confirms the characteristic layer-by-layer stacking (with different interlayer distance) in vdW heterostructures (Figure 2f,
Figure S5, Supporting Information). The fast Fourier transform of the HRTEM image delivers two sets of diffraction spots
assigned to (103) and (006) crystal planes of 2H MoS2 (JCPDF
No. 77–1716), respectively (Figure S6, Supporting Information). The imperfection in typical hexagonal diffraction spots is
ascribed to the 3D mesoporous structure with abundant topological and basal defects (Figure 2g). The electron energy loss
spectroscopy (EELS) confirms the existence of C, Mo, S, and
N (Figure S7, Supporting Information). All these elements are
uniformly distributed in the 3D mesoporous framework, indicating a homogeneous incorporation of N into MoS2 planes
and uniform dispersion of N-MoS2 on graphene (Figure 2h).
The G@N-MoS2 vdW heterostructure was further investigated by X-ray diffraction (XRD) patterns, X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy. All diffraction
peaks in the XRD patterns (Figure 3a) and the high-resolution
Mo 3d /S 2p XPS spectra (Figurse S8 and S9, Supporting Information) for G@N-MoS2 are consistent with hexagonal 2H MoS2
crystal,[7,21,22] indicating that the hybridization with graphene
and incorporation of nitrogen do not influence the crystal structure. The characteristic Raman peaks centered at 1360 and
1560 cm−1 recorded using 633 nm line are assigned to the
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Figure 2. Morphological and structural characterizations of 3D mesoporous G@N-MoS2 heterostructures. a) SEM image, b) HAADF-STEM image,
and c–g) HRTEM images of G@N-MoS2. Panels (e) and (f) confirm the vdW heterostructure of graphene (pseudocolored in yellow) and N-MoS2
(pseudocolored in red) from two modes, which are schematically shown in Figure S5 (Supporting Information) with the primary images. Panel
(g) shows the edges and defects in N-MoS2. h) Elemental mappings of G@N-MoS2 for C, Mo, S, and N.

so-called D and G peaks for graphene (Figure S10, Supporting
Information), and the peaks around 382, 404 cm−1 recorded
using 532 nm line correspond to the in-plane E12g and outof-plane A1g vibration modes of 2H MoS2 phase, respectively
(Figure 3b).[23,24] The obviously smaller frequency difference
(Δ = 22.3 cm−1) value for G@N-MoS2 indicates the decrease of
MoS2 thickness (corresponding to bilayer)[24,25] compared with
G@MoS2, in consistence with the HRTEM images (Figure 2d,
Figures S4 and S11, Supporting Information). Besides, the
intensity ratio of A1g/E12g is increased for G@N-MoS2, which

can be attributed to the stretching vibrational modes of additional MoN bonds around 404 cm−1.[23] The successful incorporation of N atoms into the MoS2 matrix by substituting the
basal S atoms is further supported by the obvious hump generated at 398 eV in the Mo 3p XPS spectrum.[23,26]
Based on above results, a 3D mesoporous vdW heterostructure of graphene and N-MoS2 was successfully synthesized
with a thin layer thickness, hierarchical porosity, tunable electronic structures, and exquisite hybridization of 2D materials. It
is attributed to the proposed two-step sequential CVD method

Figure 3. Chemical composition of 3D mesoporous G@(N-)MoS2 heterostructures. a) XRD patterns of G@N-MoS2 in comparison with G@MoS2.
b) Raman spectra obtained using 532 nm lines. c) XPS spectra covering N 1s and Mo 3p3/2 orbitals.
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on mesoporous MgO templates. First, the MgO not only serves
as a favorable 3D template for the morphology replication,
but also exhibits beneficial catalytic activity to manipulate the
growth of graphene and N-MoS2.[19] Second, the mesoporous
MgO@G scaffolds spatially confine the subsequent growth of
nanosized N-MoS2 with local curvatures. Besides, the previous
deposition of graphene on MgO is critical to modify the interaction between N-MoS2 and substrate, therefore providing a more
desirable surface for the self-limiting precipitation of N-MoS2
species.[20] Furthermore, the introduction of NH3 gas during
the deposition of N-MoS2 is supposed to reduce the partial
pressure of gaseous N-MoS2 species and give rise to a thinner
N-MoS2 nanosheets.[20] Eventually, the as-obtained heterostructure exhibits 3D interconnected pathway, intimate interfacial interaction, enriched edge sites, and abundant in-plane
defects, which is beneficial for gas-involved heterogeneous
electrocatalysis.
To investigate the impact of as-demonstrated all-round engineering strategy and 3D mesoporous vdW heterostructure on
electrocatalytic activities, we first studied the HER performance
for G@N-MoS2 and other control samples. Figure 4a presents
the linear sweep voltammetry (LSV) polarization curves for
HER obtained in N2-saturated 0.50 m H2SO4 with a catalyst
loading of ≈0.25 mg cm−2. It reveals that the hybridization with
graphene can substantially improve the activity of (N-)MoS2,
with the overpotential required for a current density of
10 mA cm−2 (η10) reduced by 302 mV for MoS2 and 87 mV for
N-MoS2. Besides, the nitrogen doping in MoS2 is demonstrated

to further increase the HER activity, with decreased η10 by
260 mV for MoS2 and 45 mV for G@MoS2. As a result, the
G@N-MoS2 catalyst exhibits the best HER activity with a low
η10 of 243 mV, which is comparable with previously reported
MoS2 catalysts[25,27] and some vdW heterostructures.[12,13,28]
Furthermore, the Tafel slopes derived at low overpotentials
were used to analyze the HER kinetics (Figure 4b). Although
the Tafel slope can be decreased after the sole graphene hybridization (G@MoS2) or nitrogen incorporation (N-MoS2), the
values are yet close to 120 mV dec−1, indicating that the ratelimiting step is still the Volmer reaction (hydrogen adsorption,
120 mV dec−1). For G@N-MoS2, however, the Tafel slope is
significantly decreased to 82.5 mV dec−1, which falls between
the Volmer mechanism (120 mV dec−1) and Heyrovsky mechanism (electrochemical desorption, 40 mV dec−1). The hydrogen
binding on N-MoS2 is supposed to be modified by the strong
interaction between the mesoporous graphene substrate and
N-MoS2,[29] leading to favorable adsorption energies and accelerated HER kinetics. Moreover, the G@N-MoS2 exhibits excellent
long-term durability, with a nearly overlapped LSV curves after
1000 cyclic voltammetry (CV) cycles (Figure 4c), suggesting the
G@N-MoS2 heterostructure as a promising candidate for HER
electrocatalysis (Table S1, Supporting Information).
Electrochemical impedance spectroscopy (EIS) and electrochemical active surface area (ECSA) were further measured to
investigate the electrode kinetics and elucidate the performance
enhancement. After the hybridization with conductive graphene
framework, the charge-transfer resistance (Rct) for G@MoS2

Figure 4. Electrocatalytic HER performance of 3D mesoporous G@N-MoS2 heterostructures. a) HER polarization curves for different electrocatalysts.
b) Tafel plots corresponding to the tests in panel (a). c) Polarization curves recorded for G@N-MoS2 before and after 1000 cycles of CV scan. d) EIS
Nyquist plots collected under overpotential of 200 mV. e) Calculated Cdl for different samples, equivalent to the half of the slope. f) The correlation
between activity (Tafel slope and overpotential for 10 mA cm−2) and property (double-layer capacitance and charge transfer resistance). All measurements were conducted in N2-saturated 0.50 m H2SO4 solution at 25 °C, with a catalyst loading of ≈0.25 mg cm−2.
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is nearly decreased to one-tenth of that for MoS2 (Figure 4d),
which suggests a significantly improved electron transfer and
thus a good HER activity as shown in Figure 4a. In addition,
the nitrogen doping is revealed to be able to further reduce the
Rct and improve the electrocatalytic activity.[23] Furthermore, the
double-layer capacitance (Cdl) values of as-obtained vdW heterostructures are one or two orders of magnitude larger than
their counterparts without graphene, and can be substantially
increased by the nitrogen doping in MoS2 (Figure 4e). On one
hand, the 3D mesoporous graphene framework not only compensates the poor electrical conductivity of 2H MoS2 phase and
facilitates the mass transport for a higher accessibility of active
sites, but also manipulates the morphology of the subsequent
N-MoS2 nanosheets with fully exposed active edges and strainderived active sites.[25,30] On the other hand, the N dopants in
MoS2 can decrease the bandgap and spread conducting charges
over the basal plane, thus further increasing the conductivity
and facilitating charge transfer.[23] The substitution of S by
N atoms is demonstrated to induce p-type doping of MoS2 with
compressive strains[31] and sulfur vacancies,[23] which can activate the S atoms at edge[23] or adjacent to N dopants[22] and benefit the Mo edges as well.[23]
Consequently, the G@N-MoS2 yields the lowest Rct (99 Ω)
and highest Cdl (11.4 mF cm−2) values attributed to the synergistic effect of graphene hybridization and nitrogen doping,
thereby resulting in the best HER activity. To advance the elucidation, the properties and activities of the physical mixture of
G and N-MoS2 samples (G+N-MoS2) were further investigated.
Despite a large Cdl (10.1 mF cm−2) approaching that for G@NMoS2 (Figure S12, Supporting Information), the calculated
Rct value for G+N-MoS2 is more than twice and even larger
than that for G@MoS2 (Figure S13, Supporting Information).
Accordingly, the HER activity of G+N-MoS2 is just comparable
with G@MoS2, but considerably inferior to G@N-MoS2, with
the η10 increased by 40 mV (Figure S14, Supporting Information). It can be rationalized by the strongly coupled interfaces in
addition to the individual graphene hybridization and nitrogen
doping in such vertical vdW heterostructure, which will be
discussed below. Figure 4f visualizes the relationship between
properties (Cdl and Rct) and activities (η10 and Tafel slope) for
all samples, vividly revealing that the 3D mesoporous G@NMoS2 vdW heterostructure can effectively provide an all-round
engineering of 2D materials toward optimized electrocatalytic
performance.
Encouraged by the significantly improved electrocatalytic
activities for HER in acid, we continued to evaluate the activity
of 3D mesoporous G@N-MoS2 vdW heterostructures for HER,
ORR, and OER in alkaline. The efficient catalysis for HER
coupled with OER is of paramount importance to the clean
hydrogen production by electrochemical water splitting; meanwhile, the ORR and OER electrocatalysis is crucial for some
renewable energy technologies, such as fuel cells and metal–air
batteries.[32,33] In contrast to the tremendous research of MoS2
for HER, there are only few reports considering their applications for ORR[34–36] or OER.[5,37] The abundant Mo edge sites
in MoS2 nanoparticles[5,34,37] and the spin densities altered by
heteroatom doping (such as N and P)[35,36] are revealed to be
responsible for the ORR/OER activity of MoS2-based electrocatalysts. Most recently, the topological defects in porous graphene
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are also believed to be a kind of effective active centers toward
ORR, OER, and HER.[33,38] Therefore, G@N-MoS2 is expected
to provide abundant active sites for multifunctional electrocatalysis attributed to the unique structure and properties as discussed in the case of HER.
As shown in Figure 5a–c, G@N-MoS2 exhibits the best trifunctional electrocatalytic activities for ORR/OER/HER in
0.10 m KOH among all samples. In the HER experiment, the
onset potential for G@N-MoS2 is positively shifted by more
than 100 mV compared with other counterparts (Figure 5a)
and even better than that in acid (Figure 4a). The difference of
η10 between G@N-MoS2 and Pt/C is shown to be prominently
reduced by 60 mV, further indicating the remarkable HER
activity in alkaline. Besides, the ORR limiting current density
for G@N-MoS2 approaches that of Pt/C, and the half-wave
potential difference between them is 83 mV, much smaller
than those for G (110 mV), N-MoS2 (495 mV), and G@MoS2
(177 mV) (Figure 5b). Moreover, the OER activity of G@NMoS2 is revealed to be competitive with the precious Ir/C catalyst, even with a lower η10 decreased by 20 mV (Figure 5c). The
potential gap (ΔE) between the potential required for a current
density of 10 mA cm−2 for OER and half-wave potential for ORR
is determined to be ≈0.90 V for G@N-MoS2 and superior to the
precious metal-based catalysts (e.g., Ir/C: ≈1.05 V), implying the
promising multifunctional electrocatalytic activities (Table S2,
Supporting Information).
It should be pointed out, however, the ORR activities for
G@MoS2 and G+N-MoS2 are demonstrated to be inferior to
the pristine G sample, with more negative onset potential
and higher overpotential (Figure S15, Supporting Information). The OER activity of G+N-MoS2 is also significantly
poorer than G with much higher overpotential (Figure S16,
Supporting Information). These unexpected results strongly
indicate that the (N-)MoS2 may not exhibit good activities for
ORR and OER, which is at least inferior to the mesoporous
graphene framework. Inevitably, the high ORR/OER activity of
G@N-MoS2 should be attributed to some particular strengthening effects originated from the novel 3D mesoporous vdW
heterostructure.
It has been reported that in the G/MoS2 vertical heterostructure, electrons will transfer from MoS2 to graphene due to their
different work functions as illustrated in Figure 5d.[18] The
electron transfer can form a built-in electric field and induce
excessive negative charge density on MoS2,[18] and decrease
the bandgap at MoS2 edges[12] to enhance the corresponding
electrocatalysis. Moreover, the nitrogen doping can effectively
modulate the electronic properties of MoS2 with higher spin
densities[35] and decreased bandgap,[23] which is expected to
further strengthen the interfacial charge transfer. Therefore, in
addition to the graphene hybridization and nitrogen doping, the
strongly coupled interface in G@N-MoS2 can effectively induce
the charge redistribution and modify the electronic properties,
leading to optimized adsorption energies. Consequently, the
electrocatalytic activity of each component is expected to be
improved, and thereby enabling promising trifunctional electrocatalysis.[14] Based on the above discussion, the enhanced
HER is supposed to conduct on N-MoS2, while the ORR and
OER activities are improved on graphene (Figure 5d). The clear
mechanism of the trifunctional activity enhancement in such
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Figure 5. Trifunctional energy electrocatalytic activity of 3D mesoporous G@N-MoS2 heterostructures. a) HER polarization curves obtained in
N2-saturated 0.10 m KOH solution. b) ORR and c) OER polarization curves obtained in O2-saturated 0.10 m KOH solution. d) Schematic representation
of the electron transfer effects in G@N-MoS2 heterostructures toward improved electrocatalytic activities for ORR, OER, and HER.

3D mesoporous vdW heterostructure still requires investigation
by first-principles calculations.
In summary, we have constructed a 3D mesoporous vdW
heterostructure of graphene and N-MoS2 via a two-step sequential CVD method. Ultrathin N-MoS2 nanosheets are locally
curved and intimately merged with the previously deposited graphene to form a vertical vdW heterostructure and 3D
mesoporous framework, which is demonstrated to afford multifunctional modifications of 2D materials: (1) morphology
engineering: the 3D mesoporous structure facilitates mass
transport of reactants and accessibility of active sites; (2) edge
engineering: the nanosized and ultrathin N-MoS2 exposes more
active edge sites; (3) defect engineering: the topological curvature and nitrogen doping induce abundant strains and defects
with new active centers; (4) interface engineering: the interfacial charge redistribution in the vdW heterostructure facilitates
the electron transfer and modifies the adsorption energies of
intermediates; (5) electronic engineering: the strong coupling
with graphene and nitrogen doping enhance the electrical
conductivity and electrocatalytic activity of 2H N-MoS2 basal
planes. Consequently, remarkably enhanced electrocatalytic
activities are achieved attributed to the 3D vdW heterostructure
and N doping, with accelerated HER on MoS2 and improved
ORR/OER on graphene. The performance is believed to be further promoted by the optimization of each components and the
3D nanostructure. This work provides fresh concepts for the
development of advanced nanomaterials and paves new ways
to comprehensively engineer and optimize the properties of
various 2D materials, aiming at highly effective energy electrocatalysis and other applications.
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Experimental Section
Materials Synthesis: The mesoporous MgO template was prepared by
surfactant-assisted hydrothermal reaction. Typically, 2.12 g polyethylene
glycol-2000 was dispersed in 200 mL deionized water, then 1.0 g
commercial MgO powders (99.5%) were added slowly under continuous
stirring and the whole mixture was further stirred overnight, followed by
the hydrothermal reaction at 180 °C for 48.0 h in a 250 mL Teflon-lined
stainless steel autoclave. The MgO templates were obtained after the
product was filtered, washed, freeze dried, and calcined at 650 °C for
5.0 h under air.
The 3D mesoporous G@N-MoS2 heterostructure was synthesized
by two-step sequential CVD growth in a double temperature-zone
furnace. First, sulfur (≈300 mg, 99.999%), MoCl5 (≈150 mg, 99.99%),
and as-obtained MgO powders (≈500 mg) were sprayed in separate
ceramic boats, which were placed at the entry of first-zone, the center
of first-zone, and the center of second-zone. Then, the second-zone
was heated to 950 °C without heating the first-zone under flowing Ar
(≈100 mL min−1), followed by the introduction of CH4 (≈70 mL min−1)
for 5.0 min to deposit graphene. After that, the second-zone was cooled
to 800 °C, while the first-zone was heated up. When the temperature
reached 400 °C, NH3 (≈50 mL min−1) was introduced into the reactor.
Then the first-zone was continuously heated to 800 °C and maintained
for 30 min for the deposition of N-MoS2. The final product was purified
by hydrochloric acid (1.0 mol L−1) at 80 °C for 24.0 h to remove the
MgO templates. After washing, filtering, and freeze-drying, G@N-MoS2
was obtained.
G@MoS2 was prepared under otherwise identical conditions without
NH3 introduction. G was prepared without the subsequent deposition
of N-MoS2, while N-MoS2 was prepared without the previous growth of
graphene. G+N-MoS2 was prepared simply by mixing N-MoS2 and G.
Characterization: The morphology and structure of the samples
were characterized using a JSM 7401F (JEOL Ltd., Tokyo, Japan) SEM
operated at 3.0 kV and a JEM 2010 (JEOL Ltd., Tokyo, Japan) TEM
operated at 120.0 kV. HAADF-STEM was collected on an FEI Tecnai G2
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F20TEM. The EELS data were recorded on an FEI Tecnai G 2 F20 TEM
equipped with Gatan Image Filter. XRD patterns were recorded
on a Bruker D8 Advance diffractometer at 40.0 kV and 120 mA
with Cu Kα radiation. XPS tests were carried out by ESCALAB 250xi.
The N2 adsorption–desorption isotherm was collected using an
Autosorb-IQ2-MP-C system. The specific surface area was calculated
by the multipoint Brunauer–Emmett–Teller method. Raman spectra
were obtained using a Horiba Jobin Yvon LabRAM HR800 Raman
spectrophotometer.
Electrocatalytic
Performance
Measurements:
Electrochemical
measurements were performed on a rotating disk electrode (RDE)
(Pine Research Instrument, USA) in a three-electrode electrochemical
setup using a computer-controlled electrochemistry workstation (CHI
760D, CH Instrument, USA). A graphite rod electrode and a saturated
calomel electrode (SCE) served as the counter and reference electrodes,
respectively.
The working electrode was fabricated by the drop casting method.
5.0 mg of specific catalysts was first dispersed in 0.95 mL ethanol and
0.05 mL Nafion solution (5.0 wt%), followed by 1.0 h sonication to form
a relatively homogeneous suspension. Then 10.0 µL of the suspension
was pipetted onto the glass carbon (GC) electrode (0.196 cm2) via
a controlled drop casting approach. After solvent evaporation for
10.0 min in air, the catalyst clung to the GC electrode to serve as the
working electrode.
The HER activity was tested both in N2-saturated 0.50 m H2SO4
solution and N2-saturated 0.10 m KOH solution, and OER/ORR
activities were tested in O2-saturated 0.10 m KOH. The RDE rotated
at 1600 rpm for all tests. The working electrodes were cycled several
times by CV before other measurements. LSV curves were tested at
a scan rate of 10.0 mV s−1 with 95% iR-compensation. The potential
(E) versus reversible hydrogen electrode (RHE) was calculated by the
following equation: E versus RHE = E versus SCE (measured value) +
0.0592 pH + 0.241.
The HER durability in N2-saturated 0.50 m H2SO4 solution was tested
by LSV after 1000 cycles of CV (0 to −0.25 V vs RHE). The ECSA was
determined by measuring the capacitive current associated with doublelayer charging from the scan-rate dependence of CV. This measurement
was performed on the same working electrode in a potential window of
0.02–0.10 V versus RHE with scan rates ranging from 10 to 50 mV s−1.
Then linear fitting of the charging current density differences (Δ j = ja − jc
at a potential of 0.06 V vs RHE) against the scan rate was done. The
slope is twice the Cdl, which is used to represent ECSA. The EIS test was
carried out on the working electrodes at a potential of −0.20 V versus
RHE. The spectra were collected in a frequency range of 10−2–106 Hz
with an amplitude of 5.0 mV.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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