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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• An efficient Cu/Co93Cu7@NC NCs cata-
lyst is designed for ORR and OER. 

• The hollow architecture enhances the 
electrocatalytic kinetics. 

• DFT verifies that N–C, Cu and Co coop-
eratively improve the intrinsic activity. 

• The as-assembled Zn-air batteries 
exhibit excellent activity and durability.  
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A B S T R A C T   

Delicate construction of sophisticated bimetallic nanostructures provides a favorable way to boost the efficiency 
of bifunctional electrocatalysts for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), which 
is critical to the fabrication of rechargeable Zn-air batteries. Herein, hetero-structured Cu/Co93Cu7 nanoparticles 
confined inside N-doped carbon nanocages (denoted as Cu/Co93Cu7@NC NCs) are fabricated through a facile 
“MOF-in situ-reduction and in situ-growth-MOF” strategy. Benefiting from the unique hollow architecture and 
superior intrinsic activity of the optimized interfaces, the as-prepared catalyst displays an appealing electro-
catalytic performance including a positive half-wave potential (E1/2) of 0.88 V for ORR and a low OER over-
potential of 262 mV at 10 mA cm− 2. Theoretical calculations further disclose the key role of the rationally 
designed Co/Cu/N-doped carbon heterostructures, which significantly reduces the energy barrier for *OOH 
formation and eventually promotes the ORR. Rechargeable Zn-air batteries assembled with the Cu/Co93Cu7@NC 
NCs exhibit a large specific capacity of 884.9 mAh gZn

− 1 and a maximum power density of 225.9 mW cm− 2. 
Moreover, the assembled batteries are stable for 1000 h during the long-term charge and discharge cycling, 
demonstrating the great promise for practical applications.  
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1. Introduction 

The rising epidemic of energy shortage and environmental crisis has 
stimulated enormous research on sustainable and efficient energy stor-
age and conversion technologies [1–3]. Rechargeable Zn-air batteries 
are considered as one of the promising candidates due to its high energy 
density, low cost, environmental friendliness, and high safety [4,5]. The 
bottleneck still is the slow reaction kinetics of the multi-electron and 
proton coupled oxygen reduction/evolution process at the air cathode, 
leading to insufficient power and short lifespan [6,7]. At present, 
precious metals remain the most active catalysts toward oxygen reduc-
tion reaction (ORR) and oxygen evolution reaction (OER), but the 
scarcity, poor bifunctionality, and inferior durability terribly restrict 
their practical applications in rechargeable Zn-air batteries [8–10]. 

In this context, efforts have been devoted to developing novel and 
durable transition metal-based electrocatalysts for ORR and OER, 
attributing to their low cost and natural abundance [11–17]. Among 
them, Cu-based materials have received considerable attention, in view 
of the harmonious biomimetic chemistry with oxygen [18–20]. “Vol-
cano plot” reveals that among all the non-noble metals, Cu shows the 
closest position to the top Pt, indicating its superb activity towards ORR 
[21]. Previous studies have also demonstrated Cu-based materials are 
excellent ORR catalysts, but the inferior intrinsic activity for OER is the 
major obstacle to their applications in Zn-air batteries [22–26]. Usually, 
incorporation of a foreign metal to fabricate bimetallic catalysts has 
been demonstrated efficacious to fulfill a bifunctionality [27–31]. Such a 
bimetallic system can preserve the inherent properties of the separate 
metals, and offer more opportunities to change the electronic structure 
and reduce the kinetic energy barriers through the cooperative inter-
action, thus accelerating the ORR and OER processes [27,30]. 

The design of efficient bimetallic nanomaterials requires the rational 
comprehending of the compositional and microstructural design prin-
ciples, as well as the sophisticated manipulation of the geometric ar-
chitecture of bimetallic nanostructures [32–36]. Recent studies have 
highlighted the outstanding potential of hetero-nanostructured bimetal 
catalysts for oxygen electrocatalysis owning to their superior intrinsic 
activity [20,37–39]. Nevertheless, due to the distinct diffusion proper-
ties of the various metal cations, it is immensely difficult to precisely 
control the nanoscale arrangement of CuM (M represents a foreign 
transition metal) dual metals, and these nanoparticles tend to aggrega-
tion and surface oxidation during the high-temperature pyrolysis. Thus, 
there are yet few works on the rational design of advanced CuM (M 
represents a foreign transition metal) nanostructures for ORR and OER, 
and their bifunctional activity is still far from satisfactory. Furthermore, 
it is challengeable to probe the intrinsic bimetallic synergetic effect, as 
well as identify the real active structure and elucidate the underlying 
synergetic catalytic mechanism of Cu-based dual-metal catalysts on 
account of the complexity of the bimetallic structures. 

In addition to the nanoscale arrangement of bimetals, catalyst 
morphology has shown important consequences for the electrocatalytic 
properties. Hollow nanostructures featuring with large specific surface 
area, high permeability, open diffusion channels and reduced ionic 
diffusion paths, are pivotal to expose more active sites to electrolytes 
and oxygen gas, which are highly desirable for ORR and OER [40–43]. 
Moreover, the inner hollow cavity can provide the local microenviron-
ment to alter the coordination or adsorption of reactants/intermediates. 
In recent years, metal-organic frameworks (MOFs) represent appealing 
precursors for the synthesis of hollow nanoarchitectures [44,45]. The 
wise selection of organic ligands and metal ions/clusters bestows unique 
topological structures and special physicochemical properties over 
MOFs, which offers great flexibility for constructing advanced bimetallic 
catalysts with sophisticated hollow structure, complex compositions, 
and favorable electrochemical performances, but presents a major 
challenge. 

Considering the above, we propose a facile “MOF-in situ-reduction 
and in situ-growth-MOF” strategy to fabricate hetero-structured Cu/ 

Co93Cu7 nanoparticles confined inside N-doped carbon nanocages 
(denoted as Cu/Co93Cu7@NC NCs). Starting from truncated Cu-BTC 
polyhedra (BTC stands for benzene-1,3,5-tricarboxylic acid), the inter-
mediate of Cu/polydopamine (PDA)@CoCu-ZIF is prepared through 
consecutive PDA coating, etching, and coprecipitation processes, and 
finally converted into Cu/Co93Cu7@NC NCs after a pyrolysis procedure. 
Interestingly, in this synthesis, PDA not only avails the reduction of Cu2+

to Cu clusters during the PDA coating, but also acts as the protector to 
control the hollow structure, as well as provides the nitrogen sources to 
increase the number of active sites, ultimately contributing to the for-
mation of bimetal-embeded N-doped carbon nanocages. The advantages 
of the exceptional carbon chain-woven nanocage-like superstructure are 
further highlighted by the comprehensive improvements in the bifunc-
tional electrocatalytic performance. As evidenced, a positive half-wave 
potential (E1/2) of 0.88 V towards ORR and a low OER overpotential 
of 262 mV to reach 10 mA cm− 2 are achieved with the as-obtained 
catalyst. Theoretical calculations further unravel the key role of the N- 
doped carbon, Cu and Co heterostructures in lowering the formation 
energy barrier for *OOH intermediates, thus improving the intrinsic 
activity. When assembling for a liquid Zn-air battery, the device acquires 
a large specific capacity of 884.9 mAh gZn

− 1 and a high power density of 
225.9 mW cm− 2, along with long-lasting life-time over 1000 h, holding 
great promise for practical applications in energy storage and conver-
sion systems. 

2. Experimental 

2.1. Synthesis of Cu-BTC 

0.9 g of Cu(NO3)2⋅3H2O and 0.4 g of polyvinylpyrrolidone (PVP) 
were dissolved in 50 mL of methanol and sonicated for 5 min to obtain a 
blue solution. Then 50 mL of methanol solution containing 0.43 g of BTC 
was added into the above solution and stirred for 10 min. The mixed 
solution was further aged at room temperature for 24 h. The resulting 
blue precipitate was collected by centrifugation and further washed 
several times with methanol and ethanol in turn. 

2.2. Synthesis of Cu/Cu-BTC@PDA 

0.06 g of Cu-BTC was dispersed into 75 mL of methanol via soni-
cation. Then 15 mL of methanol solution containing dopamine hydro-
chloride (20 mM) was added into the above solution, followed by 
stirring at 60 ◦C for 7 h. Finally, the product was obtained by centri-
fuging and washing with methanol and ethanol in turn, which was 
denoted as Cu/Cu-BTC@PDA. 

2.3. Synthesis of Cu/PDA@CoCu-ZIF 

75 mg of Cu/Cu-BTC@PDA was dispersed in 25 mL of 2-methylimi-
dazole (2-MIM, 0.4 M) methanol solution to form Solution A. And 
0.3639 g of Co(NO3)2⋅6H2O (0.05 M) was dispersed in 25 mL of meth-
anol solution to obtain Solution B. Then solution B was added into So-
lution A and further aged at room temperature for 1 h. After 
centrifugation, the purple precipitate, denoted as Cu/PDA@CoCu-ZIF, 
was collected. 

2.4. Synthesis of Cu/Co93Cu7@NC NCs 

The Cu/PDA@CoCu-ZIF was annealed in N2 atmosphere at 800 ◦C 
for 2 h to prepare the black product, which was labeled as Cu/ 
Co93Cu7@NC NCs. 

2.5. Synthesis of Cu@NC NSs and Co@NC NPHs 

For comparison, Cu/Cu-BTC@PDA was directly annealed in N2 at-
mosphere at 800 ◦C for 2 h. The as-obtained product was labeled as 
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Cu@NC NSs. 25 mL of Co(NO3)2⋅6H2O methanol solution (0.05 M) was 
added into 25 mL of 2-MIM (0.4 M) methanol solution and then aged at 
room temperature for 1 h. The purple precipitate of ZIF-67 was collected 
after centrifugation and washing with methanol and ethanol in turn. 
Co@NC NPHs was then prepared by annealing ZIF-67 in N2 atmosphere 
with the same pyrolysis process of Cu/Co93Cu7@NC NCs. 

2.6. Characterizations 

The compositions of the as-prepared samples were characterized by 
the powder X-ray diffraction (XRD) using a Bruker D8 Advance 
diffractometer equipped with Cu-Ka radiation source. Field emission 
scanning electron microscopy (FESEM) and energy dispersive X-ray 
(EDX) spectroscopy were measured on a Hitachi S-4800 scanning elec-
tron microanalyzer with an accelerating voltage of 15 kV. Transmission 
electron microscopy (TEM) and high-resolution TEM (HRTEM) images 
were obtained with a JEM-2100F microscope operated at 200 kV. The 
structural disorder of the products was evaluated using Raman tests, 
which were conducted on a Renishaw in Via-Refles with a laser excita-
tion at 532 nm. The N2 adsorption-desorption experiments were carried 
out on an autosorb iQ automated gas sorption analyzer. X-ray photo-
electron spectroscopy (XPS) was conducted on an ESCALab MKII X-ray 
photoelectron spectrometer using Mg Ka X-ray as the excitation source. 

The electrochemical measurements, the assembly of Zn-air batteries, 
and computation details can be seen in the supporting information. Fig. 1. Schematic illustration of the fabrication of the Cu/Co93Cu7@NC NCs 

through a “MOF-in situ-reduction and in situ-growth-MOF” strategy. 

Fig. 2. FESEM images of the (a, b) Cu/Cu-BTC@PDA; (c, d) Cu/PDA@CoCu-ZIF and (e, f) Cu/Co93Cu7@NC NCs.  
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3. Results and discussion 

3.1. Synthesis and characteristics of the Cu/Co93Cu7@NC NCs 

The synthetic process for the fabrication of Cu/Co93Cu7@NC NCs 
through a “MOF-in situ-reduction and in situ-growth-MOF” strategy is 
illustrated in Fig. 1. Uniform Cu-BTC nanocrystals are first synthesized 
as the sacrificial templates, which further convert into the dusty blue 
precipitates of the Cu/Cu-BTC encapsulated with PDA after the poly-
merization reaction of dopamine (Fig. S1). Afterwards, the Cu/Cu- 
BTC@PDA is successfully transformed to the intermediate of purple 
Cu/PDA@CoCu-ZIF through partial etching and coprecipitation. The 
formed Cu clusters could serve as the seeds to induce the formation of 
the intermediate Cu–H species with a strong reducing ability [46–48]. 
During the following pyrolysis procedure, the 2-MIM is converted to 
N-doped carbon shell, and the cobalt and cupper ions can be reduced by 
carbon or reduced gas released by MOF decomposition under pyrolysis 
in N2, resulting in the formation of Cu/Co93Cu7@NC NCs. 

The morphological and structural evolution of Cu/Co93Cu7@NC NCs 
is monitored by different methods. FESEM image shows that the as- 
prepared Cu-BTC nanocrystals exhibit the uniform truncated octahe-
dral morphologies with an average size of about 500 nm (Fig. S2). After 
polymerization reactions, the Cu/Cu-BTC@PDA well inherits the trun-
cated octahedral shape of the Cu-BTC, but reveal a porous surface 
(Fig. 2a, b and 3a). XRD pattern of Cu/Cu-BTC@PDA shows the same 
diffraction peaks of Cu-BTC but a lower peak intensity, indicating the 
successful growth of PDA on the Cu-BTC nanocrystals (Fig. S3). TEM 
images also manifest the PDA films coating uniformly on the octahedral 
Cu-BTC surfaces. And simultaneously, due to the relative positive 
reduction potentials of φθCu2+/Cu (+0.34 eV vs. SHE), ultrasmall Cu 

clusters with the size of 1–2 nm are easily reduced by dopamine, which 
exhibit a homogenous distribution on the matrix (Fig. 3b and c) [49]. 
Further reacting Cu/Cu-BTC@PDA with Co(NO3)2 and 2-methylimida-
zole (2-MIM) leads to the hollow interior and the coprecipitation of 
CoCu-ZIF on the surface of PDA simultaneously (Fig. 2c and d). As 
shown in the XRD pattern of Cu/PDA@CoCu-ZIF, only the characteristic 
peaks of CoCu-ZIF can be observed, indicating the full consumption of 
Cu-BTC during the process (Fig. S4) [50]. To investigate the formation 
mechanism of hollow cavities, Cu/Cu-BTC@PDA is treated with Co 
(NO3)2 and 2-MIM in methanol solutions, respectively. As shown in the 
FESEM images, the solid octahedral morphology of Cu/Cu-BTC@PDA 
was intactly maintained after immersion into Co(NO3)2 solution, 
whereas these octahedra are partially etched by 2-MIM, leaving the 
octahedral cage-like architecture (Fig. S5). These phenomena clearly 
demonstrate that the hollow interior of Cu/PDA@CoCu-ZIF is fabricated 
under the etching action of 2-MIM, on account of the stronger coordi-
nation ability of 2-MIM in comparison with BTC. Additionally, PDA 
coating is crucial to the hollow structure, as no hollow spheres can be 
found when using pure Cu-BTC as the precursor (Fig. S6). Thus, it can be 
concluded that during the subsequent reaction of Cu/Cu-BTC@PDA 
with Co(NO3)2 and 2-MIM, the BTC ligand is in situ exchanged with 
the 2-MIM gradually, and the Cu2+ and Co2+ ions can coordinated with 
2-MIM ligands, eventually forming Cu/PDA@CoCu-ZIF. After the ther-
mal annealing, Cu/PDA@CoCu-ZIF is converted to the Cu/Co93Cu7@NC 
NC cmposite, which exhibits a unique nanocage-like morphology with 
an average diameter of about 750 nm (Fig. 2e and f). A megascopic 
FESEM image further reveals that these nanocages are woven of carbon 
chains with plenty of nanoparticles embedded (Fig. 2f). EDX spectra for 
Co, Cu, N, C and O also verifies the successful fabrication of the com-
posite of Cu/Co93Cu7@NC NCs (Fig. S7). 

Fig. 3. (a, b) TEM images and (c) HRTEM image of the Cu/Cu-BTC@PDA. (d, e) TEM images and (f) HRTEM image with an inset of the SAED pattern, (g–k) STEM 
image and corresponding elemental mapping images for Co, Cu, C, and N of the Cu/Co93Cu7@NC NCs. 
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The porous nanocage-like architecture of Cu/Co93Cu7@NC NCs is 
further confirmed by TEM (Fig. 3d). As shown in Fig. 3e, a large amount 
of metal nanoparticles is confined inside the carbon nanocages. HRTEM 
image of these highly faceted nanoparticles displays two plane spacings, 
in which the lattice fringe of 0.209 nm is assigned to the (111) crystal 
plane of Cu, while the plane spacing of 0.205 nm is located between the 
Co (111) and Cu (111) planes, indicating an alloy structure. These 
clearly demonstrate the heterostructure of Cu/Co93Cu7 (Fig. 3f). The 
selected area electron diffraction (SAED) image also certifies the coex-
istence of metallic Cu and Co93Cu7 in the particles (Inset of Fig. 3f). 
Moreover, the differentiated distributions of Cu, Co, C and N elements 
throughout the nanocage distinctly confirm the precise construction of 
Cu/Co93Cu7@NC NCs (Fig. 3g–k). The uniform distribution of the metal 
particles can be ascribed to the strong interactions between 2-MIM li-
gands and metal ions, as well as the strong force between reduced Cu 
with PDA, can help avoid the aggregation of metal nanoparticles into 
large chunks and expose abundant active sites. 

To reveal the superiority of the Cu/Co93Cu7@NC NCs, the contrast 
samples of Cu embedded in nitrogen-doped nanospheres (denoted as 
Cu@NC NSs) and Co embedded in nitrogen-doped nano-polyhedrons 
(denoted as Co@NC NPHs) are fabricated by pyrolyzing Cu/Cu- 
BTC@PDA and ZIF-67 in inert nitrogen atmosphere at 800 ◦C for 2 h, 
respectively (Fig. S8). Fig. S9 shows the FESEM images of the two 
samples, in which the Cu@NC NSs exhibit the nanosphere-like structure, 

while the Co@NC NPHs intactly inherit the polyhedral morphology of 
ZIF-67. 

The phase structures of the various samples were then analyzed by 
XRD measurements. As shown in Fig. 4a, the distinguishable diffraction 
peaks of the Cu/Co93Cu7@NC NCs at 43.3◦, 50.4◦, and 74.1◦ correspond 
well to metallic Cu (JCPDS No. 04–0836). Besides, the other peaks are 
consistently located near the positions of the (111), (200), and (220) 
planes of metallic Co (JCPDS No. 15–0806). Nevertheless, the peak of Co 
(111) plane shifts towards a lower diffraction angle that is 44.1◦, indi-
cating an alloy structure (Fig. 4b). According to Vegard’s Law, the 
atomic content of Cu in the alloy is roughly estimated to be 7%. Raman 
spectra of the Cu/Co93Cu7@NC NCs, Cu@NC NSs and Co@NC NPHs 
samples all display the D and G bands centered at around 1350 and 
1580 cm− 1, which reflect the structural defects and graphitization de-
gree in the materials, respectively (Fig. S10). Compared to Cu@NC NSs 
and Co@NC NPHs, Cu/Co93Cu7@NC NCs possess a higher intensity ratio 
between D band and G band (ID/IG), suggesting more structural defects 
existing in the carbon skeleton. 

To further get into the interaction between Cu and Co93Cu7, XPS was 
conducted. The survey spectrum evidences the coexistence of Co, Cu, C, 
N, and O elements in Cu/Co93Cu7@NC NCs (Fig. S11). The high- 
resolution Co 2p XPS spectrum exhibits the main peaks of metallic Co 
(778.5 eV and 794 eV), Co3+ (780.2 eV and 795.6 eV), and Co2+ (781.5 
eV and 797.25 eV) with two satellite peaks at 786.0 eV and 803.0 eV 

Fig. 4. (a) XRD patterns of the Cu/Co93Cu7@NC NCs, Cu@NC NSs and Co@NC NPHs. High-resolution XPS spectra for (c) Co 2p of the Cu/Co93Cu7@NC NCs and 
Co@NC NPHs, (d) Cu 2p of the Cu/Co93Cu7@NC NCs and Cu@NC NSs, (e) N 1s and (f) C 1s for the Cu/Co93Cu7@NC NCs. 

Y. Ren et al.                                                                                                                                                                                                                                      



Journal of Power Sources 545 (2022) 231908

6

(Fig. 4c) [35,51]. Compared to that of Co@NC NPHs, the Co 2p XPS 
spectrum of Cu/Co93Cu7@NC NCs up-shifts to a higher binding energy, 
indicating the electron-deficient property. In the Cu 2p XPS spectrum, 
the peaks at 932.8 eV and 952.6 eV correspond to the metallic Cu, while 
the peaks appear at 934.3 eV and 954.2 eV are assigned to Cu 2p3/2 and 
Cu 2p1/2 of Cu2+ (Fig. 4d)[52,53]. Furthermore, the peaks of Cu2+ in 
Cu/Co93Cu7@NC NCs negatively shift to a lower binding energy con-
cerning those of Cu@NC NSs, suggesting the electron-rich state. These 
results combined further confirm a strong electron transfer from Co to 
Cu at the Cu/Co93Cu7 interface. The electron-deficient Co can activate 
the surrounding carbon, enhance the electron transfer around the 
Co–N–C sites, and modulate the adsorption and deprotonation of oxygen 
intermediates, thus accelerating electron transfer kinetics [54]. The N 1s 
XPS spectrum is deconvoluted to five peaks, which are assigned to 
pyridinic N (398.4 eV), Metal-Nx (M-Nx, 399.2 eV), pyrrolic N (399.8 
eV), graphitic N (401.1 eV), and oxidized N (403.2 eV, Fig. 4e) [55]. 
Evidently, the contents of pyridinic-N and M-Nx in Cu/Co93Cu7@NC NCs 
are higher than those in Co@NC NPHs (Fig. S12 and Table S1), and 
therefore Cu/Co93Cu7@NC NCs can provide more active sites for ORR 
and OER. In the C 1s spectra, the peak at 285.4 eV is attributed to C–N 
bond, verifying the successful doping of N in the carbon matrix (Fig. 4f 
and Fig. S13) [7]. 

N2 adsorption-desorption isotherms of the Cu/Co93Cu7@NC NCs 
show the type-IV curves with an evident hysteresis loop, indicating the 
presence of abundant mesopores in the carbon shells (Fig. S14). The 
pore size distribution indicates the mesopores centered at a diameter of 
3.4 nm. The sharp increase of the adsorption capacity in the high- 
pressure regions (0.8 < P/P0 < 1.0) also validates the existence of rich 
macropores in Cu/Co93Cu7@NC NCs due to the porous nanocage-like 
architecture. Notably, the coexistence of mesopores and macropores 
with the large specific surface area of 93.4 m2 g− 1 are favorable for mass 
transport at the triple interface, thus boosting their electrocatalytic ef-
ficiency [56]. 

3.2. Electrocatalytic performance towards ORR and OER 

The electrocatalytic ORR performances of the Cu/Co93Cu7@NC NCs, 
Co@NC NPHs and Cu@NC NSs were initially evaluated with a three- 
electrode configuration. As shown in Fig. S15, the cyclic voltammetry 
(CV) curve of Cu/Co93Cu7@NC NCs exhibits a characteristic oxygen 
reduction peak in the O2-saturated 0.1 M KOH solution rather than N2- 
saturated electrolyte, indicating its outstanding activity towards ORR. 
Polarization curves reveal that the ORR activity of the Cu/Co93Cu7@NC 
NCs surpasses the others with the relatively positive onset (E0) and half- 
wave potentials (E1/2) of 0.94 V and 0.88 V, respectively (Fig. 5a and 
Fig. S16). The values are comparable or superior to those of the previ-
ously reported bifunctional electrocatalysts (Table S2). The fast ORR 
kinetics of the Cu/Co93Cu7@NC NCs is further confirmed by the smaller 
Tafel slope (72.8 mV dec− 1) compared to Co@NC NPHs (91.6 mV 
dec− 1), Cu@NC NSs (135.4 mV dec− 1) and Pt/C catalysts (78.5 mV 
dec− 1) (Fig. 5b). Moreover, the reaction mechanism of the Cu/ 
Co93Cu7@NC NCs for ORR is analyzed by Koutecky-Levich (K-L) equa-
tion, which shows an apparent four-electron transfer process from 0.3 to 
0.7 V (Fig. S17). In addition, rotating ring-disk electrode (RRDE) mea-
surement validates the number of electrons transferred (n) is about 3.95, 
and the H2O2 yield is less than 10% (Fig. S18). As shown in Fig. 5c, the 
Cu/Co93Cu7@NC NCs exhibit 6% of current loss after 10 h of continuous 
operation, while only 43% of the initial current is maintained for Pt/C 
catalyst. The excellent durability of Cu/Co93Cu7@NC NCs towards ORR 
is also elucidated by the linear sweep voltammetry (LSV) curves with a 
negligible attenuation of E1/2 after stability tests (Fig. S19). 

As shown in Fig. 5d, the Cu/Co93Cu7@NC NCs can deliver a current 
density of 10 mA cm− 2 at the overpotential of 262 mV, which is slightly 
higher than that of RuO2 catalyst (230 mV), and significantly lower than 
those of Co@NC NPHs (286 mV), Cu@NC NSs (339 mV) and Ni foam 
(NF) (370 mV). The value is also comparable to the most of the state-of- 
the-art OER catalysts (Table S3). Additionally, the Cu/Co93Cu7@NC NCs 
exhibit the lowest Tafel slope of 73.9 mV dec− 1 among the catalysts, 
which is comparable to that of RuO2 (73.2 mV dec− 1). This further 
demonstrates the expedited OER kinetics in the Cu/Co93Cu7@NC NCs 

Fig. 5. Evaluation of the ORR and OER performances of the Cu/Co93Cu7@NC NCs, Co@NC NPHs, Cu@NC NSs and commercial Pt/C or RuO2 as well as NF catalysts. 
(a) ORR polarization curves. (b) Tafel plots for ORR. (c) ORR chronoamperometric response of the Cu/Co93Cu7@NC NCs and Pt/C. (d) Polarization curves and (e) 
Tafel plots for OER. (f) OER chronopotentiometric response of the Cu/Co93Cu7@NC NCs and RuO2 at a current density of 10 mA cm− 2. 
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(Fig. 5e). This aligns well with the electrochemical impedance spec-
troscopy (EIS) with the smallest charge transfer resistance for Cu/ 
Co93Cu7@NC NCs (Fig. S20 and Table S4). The superior activity and 
reaction kinetics of the Cu/Co93Cu7@NC NCs arise from the larger 
electrochemical active surface area (ECSA), as proven by the higher 
double-layer capacitance (Cdl) of 47.2 mF cm− 2. It adequately attests 
that Cu/Co93Cu7@NC NCs with the hollow nanostructure can expose 
more available active sites to electrolytes to boost the reactions 
(Fig. S21). To further identify the intrinsic activity from the composi-
tions, the polarization curves were normalized by the ECSA. As dis-
played in Fig. S22, the Cu/Co93Cu7@NC NCs display a larger normalized 
current density compared to the other samples, indicating that the 
synergistic effect of Cu, Co93Cu7 and N-doped carbon dominate their 
superb intrinsic activity towards OER. Remarkably, the current of the 
Cu/Co93Cu7@NC NCs can maintain 50 h with negligible decrease, while 
only 60% of the current is maintained for the RuO2 catalyst, further 
confirming their outstanding durability (Fig. 5f and Fig. S23). Such 
excellent stability can be ascribed to the robust structural and chemical 
stability with Cu/Co93Cu7 nanoparticles encapsulated by N-doped car-
bon cages, which drastically inhibit metals from the aggregation and loss 
during the long-term test. 

3.3. DFT calculations 

To obtain an insight into the catalytic mechanism of the Cu/ 

Co93Cu7@NC NCs, DFT calculations were performed to the Co/NG, Cu/ 
NG, Cu/Co/NG models. We calculated the free energy of the oxygen 
intermediates (*OOH, *O, and *OH) on the above models to infer the 
surface reaction process, and the optimized adsorption sites for the in-
termediates are the graphite surface (Fig. 6a, Fig. S24 and Fig. S25). The 
Gibbs free energy diagrams for ORR processes on the Co/NG, Cu/NG, 
Cu/Co/NG are depicted in Fig. 6b. When U is set to 0 V, the free energy 
of each ORR reaction step for the Co/NG, Cu/NG, Cu/Co/NG is down-
hill, indicating a spontaneous reaction. With regard to U = 1.23 V, the 
first reduction step in which *OOH is formed from O2 displays a distinct 
upward trend, causing it to be the rate-determining step. The energy 
barrier of *OOH formation for Cu/Co/NG is calculated to be 0.80 eV, 
which is lower than those of Co/NG (1.02 eV) and Cu/NG (1.03 eV). This 
clearly demonstrates that the synergistic effect of Co, Cu and N-doped 
carbon significantly accelerates the *OOH formation process, thus 
endowing the Cu/Co93Cu7@NC NCs with remarkable activity towards 
ORR. 

3.4. Electrochemical performances of liquid and solid-state Zn-air 
batteries 

The potential difference between half-wave potential of ORR and 
OER potential at 10 mA cm− 2 (ΔE) was used to evaluate the bifunc-
tionality of the as-prepared catalysts. The Cu/Co93Cu7@NC NCs obtain a 
ΔE value of 0.612 V, which is considerably lower than the comparative 

Fig. 6. (a) Optimized atomic structures of *, *OOH, *O, and *OH on Cu/Co/NC. (b) Gibbs free energy diagram for ORR processes on the Cu/Co/NG, Co/NG and Cu/ 
NG at U = 0 V and U = 1.23 V. 
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materials and those of the previously reported catalysts (Fig. S26 and 
Table S5). Furthermore, a liquid rechargeable Zn-air battery was 
assembled using Zn foil as the anode, the catalyst as air cathode, and 6 M 
KOH containing 0.2 M Zn (AC)2 as the electrolyte (Fig. 7a). As shown in 
Fig. S27, the liquid Zn-air battery delivers a steady open-circuit voltage 
of 1.52 V. Fig. 7b compares the discharge curves of the Cu/Co93Cu7@NC 
NCs and Pt/C + RuO2 catalysts, and a maximum power density of 225.9 
mW cm− 2 is achieved for the Cu/Co93Cu7@NC NCs, being 1.5 times as 
high as Pt/C + RuO2 catalysts (152.9 mW cm− 2). This result also out-
performs most of the recently reported bifunctional catalysts (Table S6). 
The battery can also reach a high specific capacity of 884.9 mAh gZn

− 1 at 
the current density of 20 mA cm− 2, corresponding to an energy density 
of 989.2 Wh kgZn

− 1, which are superior to Pt/C + RuO2-based device 
(733.2 mAh gZn

− 1 and 848.9 Wh kgZn
− 1, Fig. 7c and Fig. S28). Moreover, 

Cu/Co93Cu7@NC NCs exhibits stable discharge voltage plateaus at 
different current densities from 5 to 50 mA cm− 2, indicating a good rate 
performance and excellent reversibility (Fig. 7d). Notably, the battery 
with Cu/Co93Cu7@NC NCs demonstrates a long-lasting cycle life of 
1000 h with negligible voltage fading, while the Pt/C + RuO2 cathode 
shows fast decay for less than 50 h (Fig. 7e). This value also outperforms 
Co@NC NPHs (200 h) and Cu@NC NSs-based devices (380 h) as well as 

most reported Zn-air batteries, further evidencing the robust stability of 
the Cu/Co93Cu7@NC NCs (Table S6). Fig. 7f depicts the schematic 
configuration of solid-state rechargeable Zn-air batteries, in which the 
Cu/Co93Cu7@NC NCs is served as the cathode, Zn foil as the anode, and 
an alkaline gel polymer as the electrolyte. The solid-state battery driven 
by Cu/Co93Cu7@NC NCs delivers a stable open-circuit voltage of 1.39 V, 
and a higher peak power density of 149.0 mW cm− 2 than that of Pt/C +
RuO2 catalysts (Fig. S29 and Fig. 7g). Besides, the galvanostatic 
discharge-charge profiles exhibits no obvious drop after continuous 
operation for 40 h, suggesting its robust electrochemical stability 
(Fig. 7h). In contrast, the solid-state Zn-air battery assembled with Pt/C 
+ RuO2 catalysts can only maintain 7 h. Two solid-state Zn-air batteries 
connected in series can power a LED light, manifesting its great potential 
in actual applications (Fig. S30). 

4. Conclusion 

In summary, we have demonstrated the purposely construction of 
Cu/Co93Cu7@NC NCs for rechargeable Zn-air batteries through a “MOF- 
in situ-reduction and in situ-growth-MOF” strategy. The as-obtained 
catalyst manifests excellent bifunctional performance towards both 

Fig. 7. (a) Schematic configuration of the liquid rechargeable Zn-air battery. (b) Discharge polarization curves and power density curves of liquid Zn-air batteries 
based on the Cu/Co93Cu7@NC NCs and Pt/C + RuO2 catalysts. (c) Specific capacities of liquid Zn-air batteries based on the Cu/Co93Cu7@NC NCs and Pt/C + RuO2 
catalysts. (d) Discharge voltage plateaus of the Cu/Co93Cu7@NC NCs-based liquid Zn-air battery at various current densities. (e) Cycling performances of liquid Zn-air 
batteries based on the Cu/Co93Cu7@NC NCs, Co@NC NPHs, Cu@NC NSs and Pt/C + RuO2 catalysts. (f) Schematic configuration of the solid-state rechargeable Zn-air 
battery. (g) Charge and discharge polarization curves, and power density of the solid-state Zn-air batteries based on Cu/Co93Cu7@NC NCs and Pt/RuO2 catalysts. (h) 
Cycling performance of the solid-state Zn-air batteries based on Cu/Co93Cu7@NC NCs and Pt/RuO2 catalysts. 
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ORR and OER, and thus achieve a maximum power density of 225.9 mW 
cm− 2 and robust cycle life over 1000 h when assembled for a 
rechargeable Zn-air battery. The distinguished performance can be 
accredited to the unique nanocage-like architecture with fast mass 
transportation, the robust structural and chemical stability using carbon 
encapsulation, as well as the lowered formation energy of *OOH stem-
ming from the synergistic effect of Cu, Co93Cu7 and N-doped carbon, as 
evidenced by the experimental and DFT results. This strategy can pro-
vide a path for design and fabrication of effective and long-lasting 
bimetal-based electrocatalysts with complex components and inge-
nious structures for highly efficient rechargeable Zn-air batteries. 
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