
Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

Full paper

Universal molecular-confined synthesis of interconnected porous metal
oxides-N-C frameworks for electrocatalytic water splitting

Bo Youa,⁎, Yadong Zhangb, Peiqun Yina, De-en Jiangb,⁎, Yujie Sunc,⁎

a Department of Chemistry, University of Science and Technology of China, Hefei, Anhui 230026, China
bDepartment of Chemistry, University of California, Riverside, CA 92521, United States
c Department of Chemistry and Biochemistry, Utah State University, Logan, UT 84322, United States

A R T I C L E I N F O

Keywords:
Water splitting
Porous frameworks
Electrocatalysis
Nonprecious
Theory modeling

A B S T R A C T

The rational synthesis of high performance electrocatalysts at low cost for water splitting (hydrogen and oxygen
evolution reaction, HER and OER) is highly desirable but remains a key challenge. Herein, we report a versatile
molecular-confining route to construct strongly coupled metal oxides-N-C frameworks with interconnected
configuration. By simply chelating various transition metal ions with ethylenediaminetetraacetic acid disodium
salt (EDTA) in agarose hydrogel and subsequent carbonization, the high specific surface area porous N-C fra-
meworks with strongly coupled metal oxides (e.g., manganese, iron, cobalt, nickel and their mixed oxides) can
be prepared as advanced nonprecious water splitting electrocatalysts. For instance, the resulting Co3O4-N-C
frameworks with the high surface area of 153m2 g−1, and the moderate nitrogen content of 1.23%, require an
overpotential of 324mV to afford a current density of 10mA cm−2 in 0.1M KOH for OER, superior to com-
mercial RuO2 catalysts. Density functional theory (DFT) calculations reveal that the strong coupling between N-C
and Co3O4 tunes the local electronic structure of Co for high-valence active sites and assures optimal adsorption
energies of OER intermediates. Moreover, Co2P-N-C electrocatalysts derived from Co3O4-N-C also exhibit ex-
cellent HER performance under 1.0M KOH with a low overpotential of 139mV to reach 10mA cm−2, a small
Tafel slope of 45mV dec−1 and impressive stability, underscoring the versatility of our synthetic strategy.

1. Introduction

Depletion of fossil fuels and potential climate change resulting from
fossil fuel consumption have triggered a considerable interest in ex-
ploring sustainable energy resources and various energy storage/utili-
zation techniques including metal-air batteries, water splitting devices,
and fuel cells [1–4]. In particular, electrochemical water splitting is a
practical and environmentally friendly approach to generate clean H2

fuel, wherein, electrocatalysts play key roles in both H2 and O2 evolu-
tion reactions (HER and OER) during the overall water splitting [5–13].
It has been a long-standing challenge to develop low-cost, efficient and
durable electrocatalysts for water electrolysis under ambient conditions
[14–19].

Most recent efforts have mainly focused on transition metal-based
compounds owing to their low-cost, diversity, potential stability and
theoretically high catalytic activity [14–19]. To accelerate the catalytic
reaction kinetics and improve the efficiency, an optimal and rationally
designed reaction interface is essential for the intrinsically triphase
reactions of water electrolysis (solid, liquid and gas) [17]. For example,
Shao-Horn et al. suggested that integrating rare earth or alkaline earth

metals with transition metal oxides would optimize the occupancy of 3d
electron with an eg symmetry of surface transition metal cations and
enhance their intrinsic OER activity in alkaline solution (O2-saturated
0.1 M KOH) [20,21]. Sargent's group recently demonstrated that judi-
cious combinations of Co, Fe and non-metal P can beneficially modulate
the electronic structure of Ni sites for the formation of high valence
active sites (Ni4+) and thus significantly improve their OER activity
under pH-neutral media (CO2-saturated 0.5 M KHCO3 aqueous elec-
trolyte) [4]. Moreover, our recent work showed that surface-modified N
atoms are able to significantly improve the HER activity of metallic Ni
under neutral condition (1M pH=7 phosphate buffer) by simulta-
neously favoring the initial water adsorption and facilitating the fol-
lowing dissociation of water on Ni surface, which was also supported by
density functional theory (DFT) calculations [10]. However, these
aforementioned electrocatalysts usually suffer from electrode kinetic
issues due to low specific surface area and/or poor conductivity of
semiconducting metal oxides [17]. Consequently, in order to promote
the accessibility of active sites, multiphase reactants/products trans-
port, and electrons shuttle, great efforts have been directed towards
synthesis of nanocarbon-based hybrids with high specific surface area,
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tailored pore configuration, and superior conductivity [7]. A few suc-
cessful examples are Co3O4/N-rmGO [22], NiO/Ni-CNT [23], Co4N/
CNW/CC [24], S,N-Fe/N/C-CNT [25] and Co-C3N4 [26]. Nevertheless,
the practical application of these catalysts is still hindered by the costly
and tedious multistep preparations and/or micro-structural non-
homogeneity because of their heterogeneous synthetic routes
[25,27,28]. For instance, Zhang and co-workers proposed a strategy for
in-situ coupling of strung Co4N and intertwined N-C fibers by electro-
deposition of polypyrrole nanofibers on carbon cloths, growth of ZIF-67
wrapped on polypyrrole nanofibers, and final carbonization under N2

atmosphere [24]. Wu's group reported the atomically dispersed Fe-Nx

species on N and S co-decorated hierarchically carbon layers (S,N-Fe/
N/C-CNT) as efficient and durable bifunctional electrocatalysts for
oxygen evolution and reduction reactions [25]. The S,N-Fe/N/C-CNT
were prepared by coating CNTs with 2,2-bipyridine and Fe salt pre-
cursor, followed by pyrolysis at 900 °C under N2 atmosphere and te-
dious acid leaching. During these synthetic processes, the insoluble
carbon substrates such as carbon nanotube (CNT), and carbon cloth are
usually employed for heterogeneous anchoring active components and
repetitive rinsing steps are necessary to remove excess precursor solu-
tions.

Herein, we demonstrate a universal, homogeneous and especially
facile molecular-confining route to synthesize strongly coupled transi-
tion metal oxides and N-doped carbon frameworks with interconnected
configuration by simply chelating transition metal ions with ethylene-
diaminetetraacetic acid disodium salt (EDTA) in agarose hydrogel fol-
lowed by carbonization (Scheme 1a, details available in Section 4).
Thanks to the coordination versatility of EDTA, this method is very
general for fabricating multiple hydrogels (Scheme 1b) and thus the
high specific surface area porous nitrogen-doped carbon frameworks
with various strongly coupled metal oxides (e.g., Co3O4, NiOx, MnOx,
NiCoxOy and NiMnxOy, Fig. 1a–c and S1) can be readily obtained.
Specifically, the coordination of EDTA with transition metal ions could
not only suppress their hydrolysis, but also alleviate the agglomeration
of metal oxide nanoparticles during carbonization due to the “mole-
cular confinement effect” [29]. Meanwhile, EDTA can act as green N
and C sources for in-situ incorporation with metal oxides. The agarose
gel offers 3D hierarchically interconnected carbon frameworks to
homogeneously anchor strongly coupled metal oxides in the final pro-
ducts, which promote the accessibility to metal oxide-N-C active sites.
With these tailored nanoarchitecture, the resulting hybrids would ex-
hibit excellent electrocatalytic performance. For example, the as-pre-
pared Co3O4-N-C frameworks with a high surface area of 153m2 g−1

and the moderate nitrogen content of 1.23% possess impressive elec-
trocatalytic activity for OER in 0.1M KOH, superior to commercial
RuO2 catalyst. Density functional theory (DFT) calculations suggest that
the strong coupling between N-C and Co3O4 is able to provide suitable
binding sites for OER intermediates, beneficial to the overall OER.
Furthermore, the Co2P-N-C electrocatalysts prepared by a low-tem-
perature phosphidation of the Co3O4-N-C frameworks exhibit excellent
electrocatalytic activity and impressive stability for HER in 1.0M KOH.

2. Results and discussion

As a proof-of-concept, the Co3O4-N-C frameworks were firstly pre-
pared. Scanning electron microscopy (SEM) reveals interconnected,
porous 3D carbon frameworks with continuous macropores in the mi-
crometer size range (Fig. 1a). A closer inspection of the macropore
walls in a high-magnification SEM image shows a mesoporous structure
composed of stacked carbon nanoparticles (Fig. 1b). Transmission
electron microscopy (TEM) characterization further validates the hier-
archical macropores (Fig. 1c, circle) interconnected with numerous
mesopores (Fig. 1c, square). The absence of morphologically different
particles indicates that all Co3O4 and N-C species are well integrated
with each other, in sharp contrast to the EDTA-free counterpart which
contains severely aggregated or very large Co-based nanoparticles (Fig.
S2). Such a dramatic difference could be related to the molecular
confinement effect of EDTA coordinating Co ions [29]. The high-re-
solution TEM (HR-TEM) image (Fig. 1d) presents apparently different
domains of graphitic carbon and crystalline Co3O4 with clearly identi-
fied lattice fringe distance of 0.35 and 0.20 nm, corresponding to the
(002) plane of graphite and the (400) plane of the cubic spinel Co3O4,
respectively. The high graphitization catalyzed by Co species is ex-
pected to provide excellent conductivity favorable for electrochemical
applications [7]. To further investigate the well-integrated configura-
tion of Co3O4 and N-C species, the Co3O4-N-C was subjected to calci-
nation in air to intentionally remove the N-C species, yielding pure
Co3O4. The morphology of the pure Co3O4, as revealed by SEM (Fig. 1e)
and TEM (Fig. 1f), is analogous to the mother Co3O4-N-C (Fig. 1a–c),
implying the homogeneous incorporation of Co3O4 in the N-C frame-
works.

The XRD pattern of Co3O4-N-C confirms the formation of cubic
spinel Co3O4 and graphitic carbon (Fig. 2a), in consistent with the HR-
TEM results (Fig. 1d). Inductively coupled plasma-atomic emission
spectrometry reveals a Co content of 36.6 wt%. N2 sorption isotherms
(Fig. 2b) show a typical type-IV curve with a distinct hysteresis loop
close to H3 type [17,30–32]. The Brunauer-Emmett-Teller (BET) spe-
cific surface area and pore volume of Co3O4-N-C were calculated to be
153m2 g−1 and 0.26 cm3 g−1, respectively, further confirming the high
porosity of Co3O4-N-C. The corresponding pore size distribution curve
derived from the adsorption branches of the isotherms by using the
Barrett-Joyner-Halenda (BJH) method clearly exhibits a large primary
pore size of about 6.4 nm (Fig. 2b inset). X-ray photoelectron spectro-
scopy (XPS) analysis indicates that Co3O4-N-C contains Co (12.41 at%),
N (2.15 at%), C (56.84 at%), and O (28.6 at%) elements without other
impurities (Fig. 2c). The high-resolution N 1s spectrum (Fig. 2c inset)
could be fitted by three sub-peaks corresponding to pyridinic N
(398.7 eV), pyrrolic N (400.0 eV), and graphitic (quaternary) N

Scheme 1. (a) Schematic illustration for the syntheses of metal oxides-nitrogen-
carbon frameworks. Step (1) and (2) represent the gelation and carbonization,
respectively. (b) Hydrogels with different transition metal ions.

Fig. 1. (a, b) SEM, (c) TEM and (d) HR-TEM images of Co3O4-N-C. (e) SEM and
(f) TEM images of pure Co3O4 prepared by calcination of Co3O4-N-C in air for
removal of N-C species.
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(401.1 eV) [15]. The content of N measured by element analysis is
1.23 wt%. Similarly, the high-resolution Co 2p spectrum (Fig. 2d) was
deconvoluted into two peaks assignable to two pairs of spin-orbit
doublets, indicating the coexistence of Co2+ and Co3+ and their four
shakeup satellites (denoted as “sat” in Fig. 2d) [17]. In comparison to
the XPS peak of Co 2p3/2 in pure Co3O4, the positive shift of the cor-
responding peak of Co3O4-N-C implies the close assembly and strong
interaction between Co3O4 and N-C frameworks, resulting in the altered
electron density of Co atoms with high valence due to the interface
effect and then opening possibilities to tuning catalytic performance
[4,33–36].

The electrocatalytic OER activity of Co3O4-N-C was then in-
vestigated in alkaline solutions (0.1M KOH) using a standard three-
electrode system, in which a glassy carbon rotating disk electrode
(RDE) loaded with different electrocatalysts was used as the working
electrode (see details in the Section 4). As shown in Fig. 3a, the po-
larization curve of Co3O4-N-C shows a much earlier onset potential of ~
1.47 V vs the reversible hydrogen electrode (RHE) and greater catalytic

current than those of pure Co3O4, N-C frameworks, and Co3O4+N-C
(prepared by post-impregnating a hydrogel-derived nanocarbon with
the Co-EDTA complex followed by a similar carbonization process),
highlighting the important role of the tailored nanostructure and the
inherent coupling between Co3O4 and the N-C frameworks in Co3O4-N-
C. The best OER activity among the series of Co3O4-N-C samples was
achieved at pyrolysis temperature of 600 °C and the Co/agarose mass
ratio of 1:1 (Fig. S3, Co3O4-N-C-600-1, denoted as Co3O4-N-C for
brevity). Noticeably, the OER current density of Co3O4-N-C at the high
potential also significantly exceeds those of commercial 20 wt% Pt/C
and RuO2 catalysts, despite its onset potential (~ 1.47 V) is slightly
larger than that of RuO2 (~ 1.46 V vs RHE). More importantly, our
Co3O4-N-C affords a current density of 10mA cm−2 at a small over-
potential (η) of 324mV, even lower than that of RuO2 (344mV, Fig. 3b)
and those of other reported nonprecious catalysts (Table S1)
[19,37–42], such as CoSx @PCN/rGO (340mV) [40], and NiN4C4 single
atom catalysts even in 1.0 M KOH (331mV) [43]. In addition, the
smaller Tafel slope down to 69mV dec−1 compared to those of Pt/C
(115mV dec−1) and RuO2 (80mV dec−1) suggests its more favorable
reaction kinetics (Fig. 3c).

Other than high activity, strong durability of an electrocatalyst is
also of great significance for its practical application. Fig. 3d shows
that, after 1000 potential cycles, the overpotential required to achieve
the current density of 10mA cm−2 for Co3O4-N-C only increases by less
than 9mV, indicating its superior stability. We believe that the unique
properties of the proposed structural design endow Co3O4-N-C with
excellent electrocatalytic OER performance. Firstly, EDTA forms a
stable coordination complex with Co2+, responsible for a suppressed
agglomeration of Co3O4 during high-temperature carbonization. Sec-
ondly, agarose gel offers 3D hierarchically interconnected carbon fra-
meworks with high surface area to homogeneously anchor the Co-EDTA
complex, which promote the accessibility to metal oxide-nitrogen-
carbon active sites and reduce ion transport resistance. Thirdly, the
highly graphitic carbon frameworks formed by Co-catalyzed graphiti-
zation during carbonization facilitate electrons transport. Finally, the
strongly coupling between the in-situ formed N-C frameworks and
Co3O4 (as indicated by the positive shift of the Co 2p3/2 XPS peak in
Co3O4-N-C compared to that of pure Co3O4, Fig. 2d) may favorably
affect the electronic structure of Co3O4 and thus assure optimal ad-
sorption energies for OER intermediates.

In order to better understand this electronic effect on the OER ac-
tivity of Co3O4-N-C, we calculated the energy profiles of several critical
OER intermediates on Co3O4-N-C via DFT. Pure Co3O4 was also in-
cluded for comparison. The preferably exposed Co3O4(311) and N-
substituted Co3O4(311) were modeled for brevity (Fig. 4 inset). Under
an equilibrium potential of 0.402 V vs NHE (normal hydrogen elec-
trode), all reaction steps on Co3O4(311) are thermodynamically uphill
except for the last one (OOH* desorption). The second step, which is
0.47 eV uphill, is considered to be the rate-determining-step (rds) of the
overall OER (Fig. 4a). While for the N-substituted Co3O4(311), the rds is
the third step, which is 0.34 eV uphill, smaller than that on Co3O4(311).
Similarly, at zero potential (U= 0V vs NHE), the rds on N-substituted
Co3O4(311) is 0.74 eV uphill, smaller that on Co3O4(311) (0.86 eV). By
applying an overpotential of 0.46 V (U=0.862 V vs NHE), all of the
free energy steps for OER intermediates become negative and the free
energy change for the fourth step on Co3O4(311) is more negative
(− 1.31 eV vs − 0.68 eV) than that on N-substituted Co3O4(311), im-
plying stronger chemical adsorption of O2. It is well known that the
ideal thermodynamic free energy change of the OER intermediates
should be zero, wherein no energy would be required to drive the re-
action [43]. Thus, our DFT results suggest that the OER activity of
Co3O4 is substantially enhanced by the strongly coupling with N-C
frameworks, in agreement with our electrochemical experiments
(Fig. 3a–c).

As revealed in Scheme 1b and Fig. S1, this molecular-confined ge-
lation method is general to construct highly porous N-C frameworks

Fig. 2. (a) XRD pattern of Co3O4-N-C. (b) N2 sorption isotherms and (inset)
corresponding pore size distribution of Co3O4-N-C. (c) XPS survey spectrum and
(inset) high resolution N 1s spectra of Co3O4-N-C. (d) High resolution Co 2p
spectra and (inset) comparison of Co 2p3/2 spectra for Co3O4-N-C and pure
Co3O4.

Fig. 3. (a) OER polarization curves in 0.1M KOH at a scan rate of 5 mV s−1 and
1600 rpm. (b) Comparison of onset potentials and overpotentials at a current
density of 10mA cm−2. (c) Tafel plots and (d) Stability tests of Co3O4-N-C
electrocatalyst through potential cycling, in which the polarization curves be-
fore and after 1000 potential cycles are displayed. The loading of all the cat-
alysts is 0.4 mg cm−2.
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with various strongly coupled metal oxides (MOx-N-C). Furthermore,
the resulting MOx-N-C frameworks can be used as precursors to prepare
other derivatives for multiple electrocatalysis applications. For in-
stance, the Co2P-N-C and Ni2P-N-C frameworks could be obtained for
electrocatalytic HER via facile low-temperature phosphidation of the
corresponding MOx-N-C (see the Section 4 for details). Although mul-
tiple advanced nonprecious HER electrocatalysts were reported, most of
them operated in strongly acidic media, wherein HER is thermo-
dynamically more favorable [44–50]. However, OER is easier under
basic conditions in view of the thermodynamics. As the overpotential
loss for OER tends to be several-fold higher than that for HER, the ef-
ficiency of overall water splitting should be thermodynamically higher
in basic electrolytes [45]. In addition, most earth-abundant OER cata-
lysts are stable in alkaline electrolytes but vulnerable in acidic media
[45–51]. In this regard, we were motivated to evaluate the HER ac-
tivities of Co2P-N-C and Ni2P-N-C frameworks in alkaline electrolytes.

The XRD pattern and TEM images of Co2P-N-C confirm the forma-
tion of Co2P (JCPDS No. 32-0306) in the hybrids (Fig. 5a and S4). The
HER activity of Co2P-N-C was evaluated in 1.0 M KOH using a standard
three-electrode system. Commercial Pt/C was also investigated side-by-
side under the same condition. All the polarization curves (Fig. 5b) of
two samples were obtained with a rotating disk electrode apparatus at a
scan rate of 5mV s−1 and a rotation speed of 1600 rpm. Co2P-N-C at a
loading amount of 0.4mg cm−2 exhibits excellent catalytic activity,
showing sharp cathodic current density rise with increasing

overpotentials. Specifically, Co2P-N-C requires an overpotential of
139mV to reach a current density of 10mA cm−2, lower than those of
reported nonprecious catalysts including MoCx/C (151mV) [8],
MoS2+x/FTO (310mV) [52], NiFe LDH (> 200mV) [53], CoOx@CN
(232mV) [54], Ni2P NPA/NF (152mV) [55], hp-Ni (181mV) [56] and
Ni2P/Ti (~ 200mV) [57]. A more detailed comparison of various HER
electrocatalytic parameters of Co2P-N-C and other reported catalysts is
included in Table S2. The excellent HER activity of Co2P-N-C is also
supported by its small Tafel slope of 45mV dec−1 (Fig. 5c), which is
among the smallest Tafel slopes obtained for nonprecious HER catalysts
in alkaline media (Table S2) and even lower than that of Pt/C catalysts
(110mV dec−1) despite the latter show the negligible onset potential.
Finally, the polarization curve for Co2P-N-C after 1000 continuous
potential cycles overlay almost exactly with the initial one, implying its
robust durability for long-term H2 evolution (Fig. 5d). Similarly, the
Ni2P-N-C frameworks could be also obtained for electrocatalytic HER
via low-temperature phosphidation of the corresponding precursor. The
TEM images (Fig. S5) and XRD pattern (Fig. S6a) cooperatively corro-
borate the successful realization of Ni2P embedded in porous N-C fra-
meworks. The electrocatalytic measurements for Ni2P-N-C under the
same conditions reveal the high HER activity, small Tafel slop and ro-
bust stability (Fig. S6b–d).

3. Conclusions

In summary, we have developed a versatile, homogeneous, and
especially facile molecular-confining route to construct strongly cou-
pled metal oxides and N-C frameworks with interconnected config-
uration. By simply chelating various 1st-row transition metal ions with
EDTA in agarose hydrogel followed by pyrolysis under inert atmo-
sphere, we successfully synthesized diverse metal oxides-N-C frame-
works featuring high specific surface area (metal oxides include Co3O4,
NiOx, MnOx, NiCoxOy and NiMnxOy) for electrocatalytic water splitting.
As a representative example, Co3O4-N-C shows great OER activity,
rivaling the commercial RuO2 catalysts. DFT calculations reveal that
the strong coupling between N-C and Co3O4 is able to provide suitable
binding sites for OER intermediates, beneficial to the overall O2 evo-
lution. Moreover, Co2P-N-C and Ni2P-N-C derived from the corre-
sponding precursors also exhibit excellent HER performance, further
highlighting the great versatility and broad application of our synthetic
strategy.

Fig. 4. Free energy diagrams of OER on facet (311) of (a) pure Co3O4 and (b) N-
substituted Co3O4 for Co3O4-N-C frameworks obtained at zero potential
(U= 0V vs NHE), equilibrium potential (U= 0.402 V vs NHE), and the applied
potential (U=0.862 V vs NHE) for which all steps proceed downward at 0.1M
KOH and T=298 K. The insets show the models of the Co3O4(311) and N-
substituted Co3O4(311). Colour code: blue, Co; Red, O; green, N.

Fig. 5. (a) XRD pattern of Co2P-N-C, (b) HER polarization curves of Co2P-N-C
and commercial Pt/C in 1.0M KOH at a scan rate of 5mV s−1 and 1600 rpm. (c)
Tafel plots of Co2P-N-C and commercial Pt/C catalysts and (d) stability tests of
Co2P-N-C electrocatalyst through potential cycling, in which the polarization
curves before and after 1000 potential cycles are displayed. The loadings of
Co2P-N-C and commercial Pt/C are 0.4 mg cm−2 and 51 μg cm−2, respectively.
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4. Experimental section

4.1. Materials synthesis

4.1.1. Synthesis of Co3O4-N-C frameworks
The Co3O4-N-C frameworks were prepared by a versatile, homo-

geneous and especially facile molecular-confining route. In a typical
preparation, 1.69 g cobalt (II) acetate tetrahydrate containing 0.4 g
Co2+ was added into 20mL KOH aqueous solution (pH ~ 11) con-
taining 2.53 g EDTA to form the Co2+-EDTA complex before 0.4 g
agarose was added (the molar ratio of metal ions and EDTA was kept at
1:1). Upon heating to boiling within 5min, the agarose was dissolved to
form a viscous and clear solution. This solution was allowed to cool
down to room temperature so that a homogeneous hydrogel containing
all the necessary chemical components was obtained. The agarose-
based hydrogel was then freeze-dried, and the dehydrated monolith
was subjected to a thermal treatment at 600 °C for 3 h in an argon flow.
The as-prepared carbon materials were washed by deionized water and
dried at 80 °C in vacuum to get Co3O4-N-C-600-1 (denoted as Co3O4-N-
C for brevity). “Co3O4-N-C-x-y” denotes cobalt oxide-nitrogen-carbon
frameworks, wherein the x represents the calcination temperature and y
represents the mass ratio of the metal ion (Co2+) and agarose. A series
of cobalt oxide-nitrogen-carbon frameworks, such as Co3O4-N-C-450-1,
Co3O4-N-C-700-1, Co3O4-N-C-600-0.5, Co3O4-N-C-600-2, can be ob-
tained by changing the amount of agarose and the calcination tem-
perature.

4.1.2. Synthesis of N-C frameworks-free counterpart (Co3O4)
To highlight the contribution of the in-situ incorporated N-C fra-

meworks to the OER catalytic activity, the resulting Co3O4-N-C-600-1
was further subjected to calcination in air to eliminate nitrogen and
carbon species, which also exhibited 3D porous nanostructure (Fig. 1e
and f).

4.1.3. Synthesis of Co3O4-free N-C frameworks (N-C) and EDTA-free
counterpart

To show the contribution of Co3O4 to OER catalytic activity and the
molecular confinement of EDTA, the N-C frameworks without Co3O4

and EDTA-free counterpart were prepared. The procedures are similar
to that of Co3O4-N-C-600-1 without cobalt (II) acetate tetrahydrate and
EDTA, respectively.

4.1.4. Synthesis of Co3O4 +N-C sample
To exhibit the contribution of strongly interaction between Co3O4

and N-C frameworks in our Co3O4-N-C catalyst, the Co3O4 +N-C
sample was prepared. The agarose hydrogel was firstly prepared by
adding 0.4 g agarose into 20mL H2O and subsequent gelation. After
drying, the resulting samples were impregnated into 20mL KOH aqu-
eous solution buffer (pH ~ 11) containing the Co2+-EDTA complex, the
amounts of which is same as that of Co3O4-N-C-600-1. Then, the re-
sulting samples was dried again and calcined at 600 °C for 3 h in an
argon flow.

4.1.5. Synthesis of other metal oxide-N-C and their-derived metal
phosphide-N-C frameworks

Owing to the coordination versatility of EDTA with transition metal
ions, this molecular-confined gelation method is very general to con-
struct hydrogels with other metal oxides and/or their mixture (Scheme
1b) as well as the corresponding metal oxides-nitrogen-carbon frame-
works (e.g., MnOx, NiOx, NiCoxOy and NiMnxOy, Fig. S1) by simply
changing the species of metal ions and the corresponding carbonization
temperature for multiple electrocatalysis application. The resulting
metal oxides-N-C samples could be further transferred to the corre-
sponding metal phosphides-N-C frameworks for electrocatalytic HER.
The Co2P-N-C and Ni2P-N-C can be obtained through a low-temperature
phosphidation by using the resulting metal oxides-N-C frameworks as

precursors. For example, Co3O4-N-C and NaH2PO2 were put at two
separate positions in a porcelain boat with NaH2PO2 at the upstream
side of the furnace. The molar ratio for Co to P is 1:10. Subsequently,
the samples were heated at 300 °C for 60min in a static Ar atmosphere,
and then naturally cooled to ambient temperature under Ar. The Ni2P-
N-C can be obtained through the similar low-temperature phosphida-
tion.

4.2. Physical methods

Transmission electron microscopy (TEM) images were taken on a
JEM 2100F microscope (JEOL, Japan) operated at 200 kV. Scanning
electron microscopy (SEM) imaging was carried out on a Sirion 200
microscope (FEI, USA) operated at 5 kV. Nitrogen sorption isotherms
were obtained at 77 K with a Micromertics ASAP 3020 analyzer
(Micromertics, USA). Before each measurement, the sample was de-
gassed in vacuum at 200 °C for at least 5 h. The Brunauer-Emmett-Teller
(BET) method was used to calculate the specific surface area of the
sample. The Barrett-Joyner-Halenda (BJH) model was utilized to ana-
lyze pore size distribution, based on which total pore volumes could be
obtained. Powder X-ray diffraction (XRD) data were collected with a
MiniFlex 600 diffractometer (Rigadu, Japan) using Cu Kα radiation
(40 kV, 15mA). The X-ray photoelectron spectra (XPS) were recorded
on an ESCALab MKII X-ray photo-electron spectrometer using Mg Kα
radiation as an exciting source.

4.3. Electrocatalytic measurements

The catalyst ink was prepared by ultrasonically mixing 4mg of pre-
grounded catalyst powder in 1mL of 0.2% Nafion (Sigma-Aldrich)
aqueous solution for 30min to form a homogeneous suspension of the
catalyst particles. 20 μL of the catalyst ink was pipetted onto a polished
glassy carbon rotational disk electrode (RDE), corresponding to a cat-
alyst loading of ~ 0.40mg cm−2. For comparison purpose, commer-
cially obtained Pt/C catalyst (20 wt%, Johnson Matthey) and RuO2

catalysts were loaded with the same mass loading (~ 0.40mg cm−2) for
OER.

Electrochemical measurements with RDE were carried out with a
conventional three-electrode cell system at room temperature. A com-
puter-controlled electrochemical workstation (CHI760E, Chenhua Inc.,
China) was employed for all electrochemical tests. A glassy carbon RDE
(PINE, 5mm diameter) loaded with different electrocatalysts was used
as the working electrode, an Ag/AgCl electrode as the reference elec-
trode, and a Pt wire as the auxiliary electrode. All potentials reported in
our work were quoted with respect to reversible hydrogen electrode
(RHE) through RHE calibration described in the Supporting informa-
tion. The current density was normalized to the geometrical surface
area and was iR corrected. The impedance measurements were per-
formed in the same configuration at open circuit potential over a fre-
quency range from 100 kHz to 1MHz at the amplitude of the sinusoidal
voltage of 5mV and room temperature.

The OER activities of different catalysts were characterized in an O2

saturated 0.1M KOH electrolyte at room temperature. The flow of O2

was maintained over the electrolyte (0.1M KOH) during electro-
chemical measurements in order to ensure the O2/H2O equilibrium at
1.23 V vs. RHE [17]. The potential was scanned from +0.4 to +0.9 V
vs Ag/AgCl at a scan rate of 5mV s−1 and a rotation speed of 1600 rpm.
Onset potential was determined based on the beginning of linear regime
in the Tafel plot. The accelerated stability tests were performed in O2-
saturated 0.1 M KOH at room temperature by potential cycling at a
sweep rate of 200mV s−1 for given number of cycles. At the end of each
cycling, the resulting electrode was used for polarization and CV curves.

The HER activities of different catalysts were characterized in a H2

saturated 1M KOH electrolyte at room temperature. The high purity H2

was constantly purged into the electrolyte to maintain a constant Nernst
potential for H+/H2 redox couple [58]. The potential was scanned from
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− 0.9 to − 1.4 V vs Ag/AgCl at a scan rate of 5mV s−1 and a rotation
speed of 1600 rpm.

4.4. Theoretical computation methods

Spin-polarized DFT+U calculations were performed through the
projector augmented wave (PAW) method as implemented in the
Vienna ab initio simulation package (VASP). Please see the Supporting
information for more details.
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