
Contents lists available at ScienceDirect

Chemical Engineering Journal

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

Formation of mesoporous Co/CoS/Metal-N-C@S, N-codoped hairy carbon
polyhedrons as an efficient trifunctional electrocatalyst for Zn-air batteries
and water splitting

Lei Yana,1, Haiyan Wanga,1, Junling Shena, Jiqiang Ningb, Yijun Zhonga, Yong Hua,⁎

a Key Laboratory of the Ministry of Education for Advanced Catalysis Materials, Department of Chemistry, Zhejiang Normal University, Jinhua 321004, China
b Vacuum Interconnected Nanotech Workstation, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, China

H I G H L I G H T S

• Co/CoS/Metal-N-C@S, N-codoped
mesoporous carbon polyhedrons are
synthesized.

• The specific roles of Co, CoS and (Co,
Fe)-N-C active species are well re-
cognized.

• An ORR onset potential of 0.971 V and
a half-wave potential of 0.906 V are
achieved.

• The assembled rechargeable Zn-air
battery exhibits a high-power density
of 213 mW cm−2.
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A B S T R A C T

It remains a huge challenge to design and realize trifunctional high-efficiency and low-cost electrocatalysts for
oxygen reduction reaction (ORR), oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).
Herein, with the introduction of CdS and ferrocene, a metal–organic framework (MOF)-induced strategy is re-
ported to synthesize a hierarchical trifunctional electrocatalyst based on Co/CoS nanoparticles and metal (Co,
Fe)-N-C species in a hairy S, N-codoped mesoporous carbon polyhedron interwoven with carbon nanotubes (Co/
CoS/Fe-HSNC). The specific roles of Co, CoS and (Co, Fe)-N-C active species in Co/CoS/Fe-HSNC catalyst for
ORR, OER and HER are also well recognized. Besides, CdS nanoparticles is demonstrated to act as a pore former
and S sources both for reaction and doping, and ferrocene is employed to initiate the in-situ growth of carbon
nanotubes and Fe-N-C active sites which both contribute to superior multifunctional activities. Benefitting from
the rationally designed nanostructures, the ORR half-potential of the Co/CoS/Fe-HSNC electrocatalyst reaches
0.906 V in 0.1 M KOH, about 65 mV larger than commercial Pt/C electrocatalyst, and a low overpotential of
250 mV is achieved for OER and 138 mV for HER at a current density of 10 mA cm−2. Constructed with the Co/
CoS/Fe-HSNC catalyst, a Zn-air battery exhibits a high power density of 213 mW cm−2 and a small charge/
discharge voltage gap of 0.79 V at 2.0 mA cm−2. The presented strategy provides new insight into the con-
struction of MOF-derived hierarchical multifunctional catalysts for Zn-air batteries and water electrolysis.
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1. Introduction

Metal-air batteries and electrochemical water splitting have been
regarded as attractive options for use in the next-generation renewable
energy conversion and storage systems [1–4]. In these energy tech-
nologies, three main electrochemical reactions, including oxygen re-
duction reaction (ORR), oxygen evolution reaction (OER), and hy-
drogen evolution reaction (HER) determine the energy efficiency of the
energy conversion processes [5–10]. High-performance electrocatalysts
thus are essential for overcoming the activation energy barrier of these
reactions [11]. Up to now, most catalysts are designed aiming at a
certain reaction because of the specific interaction of active sites with
reactive intermediates [12,13]. However, a simple exploration of the
single catalyst towards the three different catalytic processes does not
help to understand their real behavior behave in a real system level as
OER, ORR or HER should work in a switchable or tandem manner for
rechargeable metal-air batteries or water splitting [14,15]. For ex-
ample, a physical mixture of two different catalysts is usually needed
for the air electrode preparation, thus leading to poor material com-
patibility [16]. The design of a multifunctional catalyst can simplify the
device construction and also provide a special avenue to rationalize the
interactions between different active species and the reactive inter-
mediates [17,18]. While the realization of multiple active sites in a
system is still more of a challenge and the design principles and the
specific role of the active species for different half-reactions still need to
clarify.

Transition metal-nitrogen-carbon (M−N−C, M=Fe or Co) mate-
rials were regarded as promising candidates toward ORR electro-
catalysts, due to their low-cost and decent electrocatalytic activities
[19]. However, to date, the OER and HER activities of the M−N−C
catalysts are relatively low, which seriously hinders their applications
in metal-air batteries and water splitting [20]. An effective approach to
solve these problems is to introduce different functional active sites
besides M−N−C for enabling the catalyst with multifunctionality for
the ORR, OER and HER [21]. However, the related studies are limited
and the electrocatalytic performance of a few recently reported multi-
functional catalysts based on metal-N-C are still less than satisfactory
[16]. It was reported that bimetal-N-C catalysts such as Fe, Co-N-C have
shown enhanced activity for ORR, OER, or HER [22]. Besides, metallic
Co and transition metal sulfides are highly active for the HER and OER,
respectively [23]. Hence, it can be promising to engineer M−N−C,
metallic Co and transition metal sulfides in one composite for achieving
multifunctional electrocatalytic performance, but how to rational con-
trol these active sites in one system remains a challenge.

Recently, zeolitic imidazolate frameworks (ZIFs) as a subclass of
metal–organic frameworks (MOFs) have been deemed as ideal tem-
plates for the synthesis of M−N−C materials due to the versatile sur-
face structure, large specific surface area, tunable porosity and the
existence of abundant carbon and nitrogen species [24,25]. Also, the
structure adjustability of ZIFs could provide a rich platform for design
of catalysts with multiple active components for ORR, OER and HER
[26]. Unfortunately, most reported catalysts showed a microporous
structure, which limits the ion transport [27]. It was demonstrated that
the introduction of a carbon nanotubes (CNTs) layer not only prevented
the aggregation of metal hosts but also considerably boosted the elec-
tron transfer, therefore driving the electrochemical performance [28].
Therefore, the design of the ZIF-derived hierarchical porous materials,
in particular with a high specific surface area and multiple abundant
accessible active species including M−N−C, metallic Co and transition
metal sulfides is highly attractive for ORR, OER and HER.

Considering these points, with the introduction of CdS and ferro-
cene, we report a MOF-induced strategy approach to construct a hier-
archical trifunctional electrocatalyst with Co/CoS nanoparticles (NPs)
and metal (Co, Fe)-N-C species embedded in a hairy S, N-codoped
porous carbon polyhedral interwoven with CNTs (Co/CoS/Fe-HSNC).
In this design, CdS is introduced in ZIF-67 as a pore former and a sulfur

dopant for the formation of CoS and S, N doped carbon, and ferrocene is
utilized as an initiator of CNTs and Fe-N-C species, which effectively
enhances the catalytic activity and mass transport. Benefiting from
these advantageous features, the Co/CoS/Fe-HSNC heterostructure
shows outstanding ORR, OER and HER activity and durability in al-
kaline media. An ORR onset potential of 0.971 V and a half-wave po-
tential (E1/2) of 0.906 V, 65 mV surpassing the E1/2 of commercial Pt/C
catalyst, are achieved. The assembled rechargeable Zn-air battery with
the catalyst as the air cathode exhibits a high power density of 213 mW
cm−2, and a small charge/discharge voltage gap of 0.79 V at
2.0 mA cm−2, which are superior to the Pt/C catalyst. Additionally, the
Co/CoS/Fe-HSNC-700 catalysts deliver 10 mA cm−2 current density at
low overpotentials of 250 mV and 138 mV for OER and HER, respec-
tively. Besides, the specific roles of Co, CoS and (Co, Fe)-N-C active
species in Co/CoS/Fe-HSNC catalyst for ORR, OER and HER are also
well recognized, which can provide a new idea for design high-per-
formance multifunctional catalysts for energy storage and conversion
fields.

2. Experimental section

2.1. Material preparation

Synthesis of CdS@ZIF-67 nanocomposites: The polyvinyl pyrrolidone
(PVP)-stabilized CdS NPs were first synthesized. Typically, 1.08 g of Cd
(NO3)2·4H2O, 0.27 g of thiourea, 0.39 g of PVP (K30), and 35 mL of
ethylene glycol were mixed and ultrasonicated. Then, the mixture was
transferred to a 45 mL of PTFE-lined stainless-steel autoclave and he-
ated at 120 °C for 4 h. The as-obtained bright yellow CdS mixture
(10 mL) was added to a solution of 2-methylimidazole (2-MIM) in
50 mL methanol (0.8 M). The mixture was further ultrasonicated for
15 min and 50 mL of Co(NO3)2·6H2O in methanol (0.1 M) was then
added, aged for 2 h at room temperature. After collected by cen-
trifugation and washed with ethanol, the CdS@ZIF-67 nanocomposites
were dried in an oven at 70 °C overnight.

Synthesis of Co/CoS/Fe-HSNC: In a typical synthesis, 0.1 g of as-
prepared CdS@ZIF-67 and 0.3 g of ferrocene were mixed homo-
geneously by grinding. Then, the hybrid was poured into a homemade
quartz capsule and heated to 700 °C for 3 h with a ramp rate of 5 °C
min−1 under N2 atmosphere. To investigate the influence of pyrolysis
temperature, the samples obtained at different temperatures (600, 800,
900 °C) were also prepared.

Synthesis of Co/Fe-HNC: The Co/Fe-HNC sample was obtained si-
milar to that of Co/CoS/Fe-HSNC-700 except that CdS@ZIF-67 was
replaced by the ZIF-67.

Synthesis of Co/CoS-SNC and Co/Co-NC: The Co/CoS-SNC and Co/
Co-NC samples were obtained by pyrolysis of CdS@ZIF-67 and ZIF-67
at 700 °C for 3 h with a heating rate of 5 °C min−1 in N2 atmosphere,
respectively.

Synthesis of Co/Fe-SC: The Co/Fe-SC was prepared similar as the Co/
CoS/Fe-HSNC-700 except for the addition of 2-MIM.

2.2. Materials characterizations

Powder X-ray diffraction (XRD) patterns of samples were performed
using a Bruker D8 Advance diffractometer with Cu-Kα radiation. The
threshold is set to 0.214–0.228 during the test. Scanning electron mi-
croscopy (SEM) images and energy dispersive spectrums (EDS) were
conducted on a Hitachi S-4800 scanning electron microanalyzer with an
accelerating voltage of 15 kV. The transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were taken using a JEM-
2100F field emission TEM at 200 kV. X-ray photoelectrically spectro-
scopy (XPS) measurements were carried out by an ESCALab MKII X-ray
photoelectron spectrometer with Mg Kα X-ray as the excitation source.
N2 sorption and desorption isotherms were obtained at 77 K on a
Micrometrics ASAP 2020. Raman spectroscopy of samples was
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investigated by using a Renishaw in Via-Refles and 532 nm laser ex-
citation with working distances on a 50 × lens. Thermogravimetric
analysis (TGA) was conducted on a Netzsch STA 449C thermal analyzer.

2.3. Electrochemical measurements

The ORR performance was performed at room temperature using
WaveDriver 20 bipotentiostat (Pine Instrument Company, USA) with a
three-electrode cell in 0.1 KOH solution. The three-electrode system
contains a saturated calomel electrode (SCE, saturated KCl), a Pt foil
counter electrode and a glassy carbon rotating disk electrode (RDE,
5 mm in diameter) or rotating ring-disk electrode (RRDE, 5 mm in inner
diameter and 8.5 mm in outer diameter) as the working electrode. The
catalysts inks were prepared by mixing 5 mg of the catalyst in 1.0 mL
solution containing 480 µL of deionized water, 480 µL of ethanol and
40 µL of 5% Nafion solution, followed by sonication for 1 h to obtain a
homogeneous catalyst ink that was loaded onto a glassy carbon rotating
disk electrode and dried in air. The catalyst loading was 0.25 mg cm−2

for all samples including commercial Pt/C (20 wt% Pt on carbon black,
Alfa Aesar). The cyclic voltammetry (CV) tests were conducted in O2–
and N2-saturated electrolyte with a scan rate of 20 mV s−1. Linear scan
voltammetry (LSV) measurements were carried out in O2-saturated
electrolyte with a sweep rate of 10 mV s−1. All potentials of the po-
larization curves in our work were adjusted to compensate for the
ohmic potential drop losses that arose from the solution resistance and
calibrated with respect to reversible hydrogen electrode (RHE) [29].

= + ∗ + − ∗E RHE E SCE pH iR( ) ( ) 0.059 0.242 0.9 (1)

The OER and HER performances were evaluated using a three-
electrode system with a saturated calomel electrode and a graphite rod
electrode as reference electrode and counter electrode, respectively.
Catalysts loaded on Ni foam (1 × 2 cm2) are used as the working
electrode. Typically, a homogeneous slurry made of 80 wt% product
powder, 10 wt% polymer binder (polyvinylidene fluoride, PVDF) and
10 wt% carbon black dispersed in N-methyl-pyrrolidone (NMP) solvent
was coated onto the Ni foam and then dried at 80 °C for 12 h under
vacuum. The catalyst mass loading was about 1.2 mg cm−2. The po-
larization curves were recorded with a scan rate of 2 mV s−1 in N2/O2-
saturated 1 M KOH. Before HER (or OER), N2 (or O2) was bubbled into
the electrolyte for at least 30 min. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out on a Zennium electro-
chemical workstation (ZAHNER, Germany) at−0.15 V vs. RHE for HER
and 1.5 V vs. RHE for OER with an amplitude of 10 mV in a frequency
range from 105 Hz to 0.01 Hz.

3. Results and discussion

The synthetic strategy for the trifunctional Co/CoS/Fe-HSNC elec-
trocatalyst is depicted in Fig. 1. CdS NPs with an average size of 75 nm
are first prepared using a facile solvothermal method (Fig. S1), enabling
CdS NPs to be easily encapsulated by ZIF-67 without destroying the
polyhedron morphology (Fig. S2). The size of CdS@ZIF-67 is between 1
and 2 µm, which is larger than the pure ZIF-67 (500–800 nm). The EDS
(Fig. S3) confirms that Cd and S elements exist in the CdS@ZIF-67
sample. The characteristic peaks of ZIF-67 were identified in the XRD
pattern of CdS@ZIF-67 (Fig. S4), revealing that the structure of the host
frameworks was maintained after the introduction of the guest CdS NPs.
To further acquire the structural information, TGA was conducted to
depict the thermal behavior of CdS@ZIF-67. The first swift weight loss
is attributed to linker decomposition at about 572 °C, which is in ac-
cordance with pure ZIF-67 (582 °C) (Fig. S5). Interestingly, with the
further increase of temperature, another rapid mass loss occurs at
683 °C, which is attributed to the evaporation of Cd according to the
previous reports [30]. Thus it could be concluded that the organic li-
gands of ZIFs were first carbonized to N-doped carbon, accompanied by
the controllable reduction of Cd2+ and Co2+ into the metallic state.

Then, the evaporation of Cd would lead to the second swift weight loss
and accelerate the release of free S atoms to interact with surrounding
N-doped carbon and Co.

The SEM images of Co/CoS/Fe-HSNC-700 show a polyhedral shape,
indicating the morphology of CdS@ZIF-67 precursor maintains after
pyrolysis at 700 °C, whereas the surfaces become rough with the in-situ
growing CNTs (Fig. 2a and b). C, N, S, Co and Fe elements are found in
the Co/CoS/Fe-HSNC-700 (Fig. S6). The absence of the signal of Cd
element also demonstrates the complete volatilization of Cd during
thermal treatment. TEM observations (Fig. 2c and d) confirm the
hierarchical structure of Co/CoS/Fe-HSNC-700 with plenty of short
CNTs on the surface of carbon polyhedrons. HRTEM images of Co/CoS/
Fe-HSNC-700 show the (111) plane of Co NPs (0.21 nm) and the (102)
plane of CoS NPs (0.19 nm). Furthermore, 5 to 9 layers of graphitic
carbon are also observed on the surface of Co and CoS NPs (Fig. 2e and
f), which may be beneficial for the electrocatalytic activity owing to the
electronic interaction between metal nanoparticles and carbon shells.
Besides, the carbon shells on Co and CoS can prevent them from ag-
gregation, thus improving the durability of catalyst [28]. As revealed by
the elemental mapping images, Fe, S, N, C elements are distributed
homogeneously in the catalyst (Fig. 2g). Compared with the as-pre-
pared Co/CoS/Fe-HSNC-600, Co/CoS/Fe-HSNC-800 and Co/CoS/Fe-
HSNC-900 samples (Fig. S7), CNTs are not formed on the surface of
carbon polyhedrons under 600 °C but can be observed at 800 and
900 °C, which demonstrates high temperature is needed for the for-
mation of CNTs [31].

The compositions of Co/CoS/Fe-HSNC were then analyzed by XRD
(Fig. 3a). The peaks at 44.2°, 51.5° and 75.8° are well indexed to the
(111), (200) and (220) planes of metallic Co (JCPDS No. 15–0806),
respectively. The relatively weak peak at 26° can be assigned to the
(002) plane of graphitic carbon and no characteristic peaks of Fe or its
derivatives can be detected, which combining with the HRTEM result
confirms that no highly crystalline Fe-containing species exists in Co/
CoS/Fe-HSNC. Raman analyses are carried out to confirm the nature of
carbon in the Co/CoS/Fe-HSNC, as shown in Fig. 3b. The locations
centered at 1339, 1590 and 2670 cm−1 represent the typical D, G and
2D bands, respectively. Notably, the ID/IG values of the Co/CoS/Fe-
HSNC-700 is 1.02, which is higher than that of the Co/CoS/Fe-HSNC-
600 (0.93), Co/CoS/Fe-HSNC-800 (0.98) and Co/CoS/Fe-HSNC-900
(0.99) samples, implying more structural defects in Co/CoS/Fe-HSNC-
700 [32]. The slightly lower ID/IG value of 800 and 900 samples may be
due to the decreased content of N and S doping (Fig. S6). Additionally,
the Co/CoS/Fe-HSNC samples show obvious peaks at 466, 507 and
673 cm−1 wavenumbers, which could be indexed to the Eg, F2g and A1g

modes of CoS, respectively [33]. These signs suggest that the as-pre-
pared Co/CoS/Fe-HSNC samples are the multicomponent nanocompo-
site containing metallic Co, CoS and graphitic carbons.

XPS measurements were further performed to obtain the insights
into the surface chemical states of the Co/CoS/Fe-HSNC-700 sample.
The high-resolution Co 2p XPS spectrum (Fig. 3c) can be fitted into four
doublets corresponding to metallic Co (778.3 and 793.3 eV), Co-S
(779.2 and 794.2 eV), Co3+ (780.3 and 795.3 eV), Co2+ (781.7 and
796.7 eV), and two satellite peaks are located at 785.3 and 802.4 eV
[34]. The Co2+ species with the slight shift to a higher binding energy
is likely caused by the strong electron-withdrawing effect of co-
ordinated N, suggesting the presence of Co-Nx species [35]. Two peaks
located at 714.6 and 724.7 eV in the Fe 2p XPS spectrum (Fig. 3d)
correspond to Fe3+, with a satellite peak at 718.1 eV [36]. The peak
located at 711.3 eV implies the existence of Fe-N-C species [37]. Be-
sides, the high-resolution N 1 s XPS spectrum (Fig. 3e) is deconvoluted
into five peaks located at 398.4, 399.4, 400.7, 401.9 and 404.8 eV,
which can be appointed to pyridinic-N, M−N, pyrrolic-N, graphitic-N
and oxidized-N, respectively [38,39]. The high content (63.1%) of
pyridinic and graphitic N was reported to produce positive charge on
adjacent sp2-hybridized carbon atoms, thereby accelerating the reaction
kinetics of ORR, OER and HER [40,41]. As shown in Fig. S8a, S 2p
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signal is detected unclearly, probably due to the low S content on the
catalyst surface. The high-resolution C 1 s spectrum (Fig. S8b) can be
assigned to C = C–C (284.5 eV), C-S (285.0 eV), C-N (285.9 eV), C = O
(288.1 eV) and C-O (285.9 eV) [42–44]. The formation of C–N and C–S
bonds signify the successful doping of N and S into the carbon matrix.
By doping of S and N atoms into the carbon structure, the surface
property and electronic structure of the as-obtained product can be
adjusted [45,46]. Therefore, it can be concluded that Co/CoS/Fe-HSNC-
700 contains the metallic Co, CoS, Co/Fe-N-C and S, N co-doped gra-
phitic carbon, which can act as a promising trifunctional catalyst, sy-
nergistically promoting the ORR, OER and HER activities.

To further elaborate on the effect of CdS NPs and ferrocene on the
nature of the resulting catalyst, Co/CoS-SNC, Co/Co-NC and Co/Fe-
HNC samples were prepared by pyrolysis of CdS@ZIF-67, ZIF-67 and
the mixture of ZIF-67 and ferrocene, respectively. As shown in Fig. S9,
all the three contrast samples show similar diffraction peaks, indicating
the formation of metallic Co and graphitic carbon. Raman spectra show
that the characteristic peaks of CoS at 466, 507 and 673 cm−1 are only
found in Co/CoS/Fe-HSNC and Co/CoS-SNC (Fig. S10), indicating the
existence of CoS. The elemental analysis by XPS shows that S element
can only be found when CdS is introduced (Table S1). Besides, by
comparing the Co 2p XPS spectra of the three samples (Fig. S11), it is
found that Co-S species only exist in Co/CoS-SNC, which corresponds
well with the Raman result (Fig. S10). Thus, CdS is acted as the S
source, which determines the existence of CoS. By comparing the
morphologies of the contrast samples, interestingly, it is observed that
CNTs can only be formed on the surface of the Co/Fe-HNC sample when
the ferrocene was added (Fig. S12), indicating the importance of fer-
rocene in the formation of CNTs. In addition, Fe containing species are
formed with the addition of ferrocene (Table S1). Meanwhile, higher
contents of graphitic N and pyridinic N when ferrocene is added (Fig.
S13). we can conclude that owing to the high sublimability, ferrocene
not only promotes the formation of CNTs and Fe containing species but
also increases the contents of graphitic N of pyridinic N in the catalyst
[47–49]. In addition, the catalyst of Co/Fe-SC without N doping was
prepared similar as the Co/CoS/Fe-HSNC-700 except for the addition of
2-MIM, which is not a polyhedral structure (Fig. S14).

Pyrolysis temperature usually has an influence on the compositions
of the catalyst. Therefore, the elemental compositions of Co/CoS-SNC
and Co/Fe-HNC prepared at 600, 700 and 800 °C were then analyzed by
XPS. The Co 2P XPS spectra show that metallic Co0 becomes dominant
at 700 °C (Fig. S15) which is possibly because of the inferior stability of
the in situ formed metallic Co0 at high temperature [50]. In addition, as

the temperature increases, the content of N in the catalyst decreases
(Table S2 and S3). The highest N content in samples at 600 °C may be
due to the incomplete pyrolysis of ZIF. Besides, the pyridinic N content
in the catalyst decreases while the graphitic N content increases (Fig.
S16).

Nitrogen adsorption–desorption tests were then measured to ex-
amine the specific surface areas and pore structures of the Co/CoS/Fe-
HSNC-700, Co/Fe-HNC, Co/CoS-SNC and Co/Co-NC samples. All the
samples show type-IV isotherm with an obvious hysteresis loop in the
P/P0 range between 0.4 and 0.6, confirming the presence of micro- and
mesopores. The sharp nitrogen uptake at relatively high pressure
(0.95–1.0) further manifests the existence of large mesopores or mac-
ropores (Fig. 3f, Fig. S17 and Table S4). Compared with other samples,
Co/CoS/Fe-HSNC-700 and Co/CoS-SNC show a higher Brunauer-Em-
mett-Teller (BET) surface area of 318 and 339 m2 g−1, further mani-
festing the crucial role of CdS for the formation of porous structure. It
can be further verified that more pores can be observed on the surface
of the Co/CoS-SNC (Fig. S18). Interestingly, with the introduction of
ferrocene, the BET surface areas of the as-prepared samples reduce to
some extent, but an increase of pore volumes can be observed (Co/CoS/
Fe-HSNC-700 for 0.602 cm3 g−1 and Co/Fe-HNC for 0.616 cm3 g−1 vs.
Co/CoS-SNC for 0.523 cm3 g−1 and Co/Co-NC for 0.495 cm3 g−1).
Higher porosity would be beneficial for the access of electrolytes to the
inner pores, resulting in the fast diffusion of the reactants for catalysis
[51,52].

The ORR performance of the Co/CoS/Fe-HSNC-700 was first mea-
sured by CV tests in N2– or O2-saturated 0.1 M KOH solution (Fig. S19).
Compared with the CV curve in N2-saturated electrolyte, a well-defined
cathodic peak resulting from oxygen reduction was clearly observed in
O2-saturated electrolyte, implying its outstanding property for ORR.
Further, LSV curves were recorded to evaluate the kinetics toward ORR
on a RDE in the O2-saturated solution. As shown in Fig. 4a, the Co/CoS/
Fe-HSNC-700 catalyst exhibits the best ORR activity with the most
positive onset potential of 0.971 V. The half-wave potential (E1/2) of the
Co/CoS/Fe-HSNC-700 is 0.906 V, which is 65 mV higher than the
commercial 20% Pt/C catalyst (0.841 V) and superior to most of the
recently reported MOF-derived ORR electrocatalysts (Fig. S20 and
Table S5). Furthermore, the Co/CoS/Fe-HSNC-700 shows the lowest
Tafel slope (95.1 mV dec-1) among all the samples, which is even better
than the commercial Pt/C catalyst (Fig. S21), indicating a more favor-
able ORR kinetics. The electron transfer number (n) are also calculated
based on the LSV curves according to the Koutechy-Levich (K-L)
equation (Fig. 4b). The calculated n is 4.0 at the potential ranging from

Fig. 1. Schematic illustration of the synthetic route of the Co/CoS/Fe-HSNC.
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0.2 to 0.6 V (Fig. S22), revealing an efficient 4e- reduction pathway
involving in situ OH– formation, which could be further manifested by
RRDE measurements (Fig. S23). The H2O2 yield of the Co/CoS/Fe-
HSNC-700 catalyst is below 3% over a potential range from 0.2 to 1.0 V
(vs. RHE). In addition, the durability test of Co/CoS/Fe-HSNC-700
shows 93% current retention after 12 h, far surpassing 45% for the
commercial Pt/C catalyst, indicating excellent long-term stability of the
as-prepared Co/CoS/Fe-HSNC-700 (Fig. 4c).

The OER and HER activities of the Co/CoS/Fe-HSNC-700 were
further investigated in 1.0 M KOH solution. As shown in Fig. 4d, the
Co/CoS/Fe-HSNC-700 catalyst shows the best OER activity with an
overpotential of 250 mV to reach 10 mA cm−2, lower than 281 mV of
the benchmark RuO2 catalyst. The OER activity of the Co/CoS/Fe-
HSNC-700 catalyst is comparable to those of the Ni/Co-based hydroxide
(Table S6). Additionally, the Co/CoS/Fe-HSNC-700 exhibits the smal-
lest Tafel value of 62.6 mV dec-1 among all the as-prepared samples
(Fig. 4e), indicating a fast OER kinetics, which consists with the result
of EIS measurements that the Co/CoS/Fe-HSNC-700 shows the smallest
charge transfer resistance (Rct, Fig. S24a and Table S7). Furthermore,
the calculated turnover frequency (TOF) value of the as-prepared Co/

CoS/Fe-HSNC-700 at an overpotential of 300 mV (1.53 V vs. RHE) is
about 0.37 s−1, much larger than the values of other control samples
(Fig. S25a), revealing the high intrinsic activity of the Co/CoS/Fe-
HSNC-700 electrocatalyst. Besides, a high OER faradaic efficiency of
approximate 99.5% is reached with the Co/CoS/Fe-HSNC-700 catalyst
(Fig. S26) [53–55]. In addition to the excellent OER activity, the Co/
CoS/Fe-HSNC-700 catalyst shows good durability for more than 25 h
and the polarization curve only exhibits slight decrease compared with
the original test (Fig. 4f and Fig. S27a). Also, the Co/CoS/Fe-HSNC-700
catalyst shows the highest HER activity among all the Co/CoS/Fe-HSNC
samples with a low overpotential of 138 mV at 10 mA cm−2 (Fig. 4g),
which is better than many other Co-based catalysts (Table S8) and
slightly inferior to Pt/C (62 mV). A smallest Tafel slope of 110.8 mV
dec-1 is achieved for Co/CoS/Fe-HSNC-700 catalyst (Fig. 4h). The ex-
cellent intrinsic activity of the Co/CoS/Fe-HSNC-700 is also confirmed
by the higher TOF (0.73 s−1) compared with the other samples (Figure
S25b). The EIS plots in Fig. S23b and Table S9 (ESI†) display the
smallest Rct for the Co/CoS/Fe-HSNC-700, suggesting accelerated ki-
netics for HER. And the long-term test (Fig. 4i and Fig. S27b) further
reveals the excellent stability of the as-obtained catalyst.

Fig. 2. (a, b) SEM, (c, d) TEM and (e, f) HRTEM images of the as-prepared Co/CoS/Fe-HSNC-700, and (g) the corresponding element mapping images of the Co/CoS/
Fe-HSNC-700.
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To elucidate the active sites for ORR, OER and HER, the catalytic
activities of the Co/CoS/Fe-HSNC-700, Co/CoS/SNC, Co/Fe-HNC and
Co/Co-NC catalysts were measured and compared. As shown in Fig. 5a
and Fig. S28, Co/CoS/Fe-HSNC-700 shows the best ORR activity, while
the ORR performance of Co/Co-NC (E1/2 = 0.828 V) is the worst among
all catalysts. The better performance of Co/CoS/SNC and Co/Fe-HNC
compared with Co/Co-NC demonstrate that the formation of Fe-N-C
species and S, N co-doped carbon are beneficial for OER. To further

prove the speculation, HCl etching experiment was carried out to re-
move the exposed Co and CoS on Co/CoS/Fe-HSNC-700. The ORR ac-
tivity of Co/CoS/Fe-HSNC-700 has no obvious change (Fig. S29a),
which proves that Co and CoS are not the active species for ORR. Thus,
we can conclude that Fe-N-C species and S, N co-doped carbon in Co/
CoS/Fe-HSNC-700 may be the main active sites for ORR. The OER
performance of Co/CoS/Fe-HSNC-700 and Co/CoS-SNC are obviously
superior to those of Co/Fe-HNC and Co/Co-NC, indicating that CoS NPs

Fig. 3. (a) XRD patterns and (b) Raman spectra of the Co/CoS/Fe-HSNC-600, Co/CoS/Fe-HSNC-700, Co/CoS/Fe-HSNC-800 and Co/CoS/Fe-HSNC-900 samples. (c-e)
High-resolution Co 2p, Fe 2p and N 1 s XPS spectra of the Co/CoS/Fe-HSNC-700. (f) N2 sorption isotherms of the Co/CoS/Fe-HSNC-700, Co/CoS-SNC, Co/Fe-HNC
and Co/Co-NC samples.

Fig. 4. The ORR, OER and HER performances of the Co/CoS/Fe-HSNC-600, Co/CoS/Fe-HSNC-700, Co/CoS/Fe-HSNC-800, Co/CoS/Fe-HSNC-900 and Pt/C or RuO2

catalysts: (a) ORR LSV curves, (b) Kinetic-limiting current densities of the Co/CoS/Fe-HSNC-700 at different rotating speeds, and (c) Chronoamperometric curves of
the Co/CoS/Fe-HSNC-700 and commercial Pt/C catalysts. (d) OER LSV curves, (e) OER Tafel plots and (f) OER durability test of the Co/CoS/Fe-HSNC-700 at
20 mA cm−2. (g) HER LSV curves, (h) HER Tafel plots and (i) HER durability test of the Co/CoS/Fe-HSNC-700 at −20 mA cm−2.
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may be beneficial for the OER activity (Fig. 5b, 5c, Fig. S30 and Table
S10). Besides, when Co/CoS/Fe-HSNC-700 is etched with HCl, the OER
performance declines significantly (Fig. S29b). These results all de-
monstrate that CoS are crucial for OER. For HER, Co/CoS/Fe-HSNC-
700, Co/CoS/SNC and Co/Fe-HNC catalysts exhibit a similar HER ac-
tivity, which is slightly higher than that of Co/Co-NC (Fig. 5d, Fig. S31
and Table S11). After acid etching, the activity of Co/CoS/Fe-HSNC-
700 reduces a lot (Fig. S29c). Considering Co is usually believed active
for HER [56], we speculate that the synergetic effect of Co and CoS or
Fe-N-C are important for enhancing the HER performance of Co/CoS/
Fe-HSNC-700.

Double-layer capacitance (Cdl) was then measured to represent the
electrochemical surface areas (ECSAs) of the different samples (Fig.
S32). The Co/CoS/Fe-HSNC-700 catalyst shows the largest Cdl (14.6 mF
cm−2), indicating that Co/CoS/Fe-HSNC-700 can expose more acces-
sible active sites to the electrolyte (Fig. S33). When the LSV curves
normalized to the ECSA (Fig. S34), the as-prepared Co/CoS/Fe-HSNC-
700 shows the highest normalized current density, revealing its su-
perior intrinsic activity. Based on the above results, the superior ORR,
OER and HER activities of the Co/CoS/Fe-HSNC-700 catalyst could be
ascribed to the following aspects. Firstly, the integration of active
components in the Co/CoS/Fe-HSNC-700 introduce more electroactive

Fig. 5. (a) ORR performances, (b) OER performances, (c) the potential gap (ΔE) between OER and ORR (ΔE = Ej10-E1/2) and (d) HER performances of the as-
prepared Co/CoS/Fe-HSNC, Co/CoS-SNC, Co/Fe-HNC and Co/Co-NC catalysts.

Fig. 6. (a) Schematic diagram of liquid Zn-air battery. (b) Discharge and charge polarization curves of liquid Zn-air battery. (c) Polarization curves and corresponding
power density curves plots of the Co/CoS/Fe-HSNC-700 and commercial Pt/C. (d) Galvanostatic discharge–charge cycling profiles of liquid Zn-air battery. (e)
Photograph of a LED illumed by two all-solid-state Zn-air batteries in series. (f) Galvanostatic charge–discharge plots of all-solid- state Zn-air battery.
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sites to enhance the reactions, resulting in enhanced electrocatalytic
performance. Secondly, the heterogeneous structure of 3D graphitic
carbon polyhedron and CNTs promote the catalytic reactions on the
interface and offer long-range conductivity [57]. Finally, the large
specific surface area and porous structure facilitate the charge/ion
diffusion and boost the interfacial contact between the electrolyte and
the electrode material, thus improving the electrochemical kinetics
[58,59].

On the basis of the superior ORR, OER and HER of the Co/CoS/Fe-
HSNC-700 catalyst, a Zn-air battery and an alkaline electrolyzer were
assembled to demonstrate its practical application. A liquid recharge-
able Zn-air battery was first built by using Co/CoS/Fe-HSNC-700 as the
air cathode catalyst (Fig. 6a). As anticipated, the initial open-circuit
voltage (OCV) of the Zn-air battery is 1.49 V (Fig. S35). Fig. 6b displays
the discharge and charge polarization curves for Zn-air battery. A large
power density of 213 mW cm−2 at a corresponding current of
320 mA cm−2 (Fig. 6c) is achieved, which is much higher than that of
commercial Pt/C catalyst. To the best of our knowledge, the value is
also superior to those recently reported noble-metal-free catalysts for
Zn-air batteries (Table S12). The specific capacity at 20.0 mA cm−2 is
as high as 747 mA h g−1 normalized to the mass of consumed Zn
(~91% of the theoretical capacity of 820 mA h g−1), corresponding to a
high energy density of ~854 W h kg−1 based on Zn (~79% of the
theoretical energy density of 1086 W h kg−1) (Fig. S36). Besides, no
obvious change in the charging-discharging voltage gap can be ob-
served for the Zn-air battery after 50 h cycling at the current density of
2 mA cm−2 (Fig. 6d, Fig. S37 and Fig. S38), suggesting its excellent
durability. In addition, the cycling performance of the battery with the
Co/CoS/Fe-HSNC-700 air electrode was also examined at 5 mA cm−2

(Fig. S39), which show the excellent stability after 44 h cycling test.
To evaluate the potential applications, all-solid-state Zn-air batteries

were further packaged with Co/CoS/Fe-HSNC-700 and all solid alkaline
poly(vinyl alcohol) was used as the electrolyte. Two all-solid-state Zn-
air batteries connected in series could delight a red LED screen (3.0 V)
(Fig. 6e), demonstrating its great potential in actual application. The
galvanostatic discharge and charge cycling profiles exhibit stable
charge (1.94 V) and discharge (1.20 V) potentials at 2 mA cm−2 for
30 h (Fig. 6f), also indicating the excellent durability of the all-solid-
state Zn-air battery. In addition, the Co/CoS/Fe-HSNC-700 sample was
utilized as both the cathode and anode electrocatalysts for an alkaline
electrolyzer. As shown in Fig. S40a, the alkaline electrolyzer affords
10 mA cm−2 at the cell voltage of 1.70 V, which is about 110 mV higher
than that with Pt/C-RuO2 catalysts. In addition, good long-term dur-
ability is achieved for the Co/CoS/Fe-HSNC-700 after 50 h continuous
water electrolysis at 20 mA cm−2 (Fig. S40b). Besides, the composition
and morphology of Co/CoS/Fe-HSNC-700 after long-term OER and
HER test shows little change, indicating a robust stability of catalyst
(Fig. S41). The Co 2p and Fe 2p XPS spectra of the Co/CoS/Fe-HSNC-
700 after galvanostatic discharge–charge cycling test show similar
peaks to those of pristine Co/CoS/Fe-HSNC-700, further demonstrating
the good stability of the as-prepared catalyst (Fig. S42). These results all
demonstrate that Co/CoS/Fe-HSNC-700 is a promising trifunctional
electrocatalyst for energy-related applications such as water splitting
and metal-air battery.

4. Conclusions

In summary, a high-performance hierarchical trifunctional electro-
catalyst (Co/CoS/Fe-HSNC) has been developed via a MOF-induced
strategy. The rational design of the hierarchical porous structure and
multiple functional components in the Co/CoS/Fe-HSNC improves the
charge transfer efficiency and the electrocatalytic activity toward ORR,
OER and HER. Moreover, the catalyst shows great performance in Zn-
air battery, achieving a high peak power density (213 mW cm−2),
specific capacity (747 mA h g−1) and energy density (854 W h kg−1).
Additionally, an efficient and stable alkaline electrolyzer is constructed

with the Co/CoS/Fe-HSNC-700. Taken together, this work demon-
strates an innovative and feasible strategy for directed design of MOF-
derived hierarchical porous multifunctional catalysts for various en-
ergy-related electrocatalytic applications.
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