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ABSTRACT 
The rational control of the active site of metal-organic frameworks (MOFs) derived nanomaterials is essential to build efficient 
bifunctional oxygen reduction/evolution reaction (ORR/OER) catalysts. Accordingly, through designing and constructing a Co3O4-Co 
heterostructure embedded in Co, N co-doped carbon polyhedra derived (Co3O4-Co@NC) from the in-situ compositions of ZIF-67 
and cobalt nanocrystals synthesized by the strategy of in-situ NaBH4 reduction, the dual-active site (Co3O4-Co and Co-Nx) is 
synchronously realized in a MOFs derived nanomaterials. The formed Co3O4-Co@NC shows excellent bifunctional electrocatalytic 
activity with ultra-small potential gap (ΔE = Ej=10 (OER) – E1/2 (ORR)) of 0.72 V, which surpasses the commercial Pt/C and RuO2 
catalysts. The theory calculation results reveal that the excellent bifunctional electrocatalytic activity can be attributed to the charge 
redistribution of Co of Co-Nx induced by the synergistic effects of well-tuned active sites of Co3O4-Co nanoparticle and Co-Nx , thus 
optimizing the rate-determining step of the desorption of O2* intermediate in ORR and OH* intermediate in OER. The rechargeable 
Zn-air batteries with our bifunctional catalysts exhibit superior performance as well as high cycling stability. This simple-effective 
optimization strategy offers prospects for tuning the active site of MOF derived bifunctional catalyst in electrochemical energy 
devices. 
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1 Introduction 
Rechargeable zinc-air batteries (ZABs) has broad application 
prospects in the energy field owing to its high energy density 
(1,086 Wh·kg−1), eco-friendliness, non-toxicity and sustainability 
[1–6]. Nevertheless, the commercialization of rechargeable ZABs 
is limited by their low energy conversion efficiency, originating 
from the slow oxygen reduction reaction/oxygen evolution 
(ORR/OER) kinetics and the corresponding increase in high 
overpotential [7–10]. At present, Pt and Ru/Ir oxides are the 
efficient ORR and OER catalysts, respectively, but, low storage 
capacity, high cost and unifunctional catalytic activity hamper 
their large-scale application in rechargeable ZABs [11–15]. 
Furthermore, bifunctional ORR/OER electrocatalysts have been 
prove to not only possess higher performance than two separate 
unifunctional catalysts in rechargeable ZABs, but also make 
renewable energy conversion and storage systems simpler [16]. 
Thus, the designing and/or developing cost-effective and highly 
performance non-precious-metal bifunctional ORR/OER catalysts 
is highly desirable. 

Recently, metal-organic frameworks (MOFs) as precursors 

have been intensively studied for developing high performance of 
bifunctional ORR/OER electrocatalysts [17–20]. For instance, 
the porous nanomaterials derived from zeolite imidazole 
framework-67 (ZIF-67) have indicated excellent bifunctional 
ORR/OER activities, resulting in high performance of 
rechargeable ZABs [21–23]. The high bifunctional ORR/OER 
activities originated from the synergistic effects of Co-based 
nanoparticle and Co-Nx active sites fabricated during the high 
pyrolysis of the ZIF-67 precursors. It is reported that the 
Co-Nx active site in the ZIF-67 derived porous nanomaterials 
has a superior ORR activity comparable to precious metal 
catalysts in alkaline solutions [24–27]. Simultaneously, the 
formation of cobalt oxides with the mixed-valence cobalt 
(II, III) possesses high OER catalytic activity in the alkaline 
environment [28–30]. However, the short distance of Co atoms 
in ZIF-67 frameworks makes Co atoms aggregate easily into 
nonuniform large particles during high-temperature pyrolysis 
procedure, resulting in the large loss of active sites and poor 
control of the catalyst morphology and then decreases the 
bifunctional catalytic activities. Therefore, it is very important 
for the ZIF-67 derived electrocatalysts to tune the active sites of 
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Co-Nx and cobalt oxides to boost the bifunctional ORR/OER 
activities. In addition to the above concerns about the tuning 
cobalt-based active sites, it is also necessary to construct 
micro/nano structures to expose sufficient active sites and 
favor fast mass/charge transport behavior [31, 32]. Although 
the porous nanomaterials derived from ZIF-67 has a three- 
dimensional (3D) polyhedral structure, only limited amounts 
of surface Co based moieties are effective catalytic sites, while 
the internal active sites are difficult to be entirely utilized 
due to the narrow channels [33]. Therefore, reconstructing the 
micro/nano pore structure of ZIF-67 derived nanomatrials is 
attractive for exposing more active sites and improving the 
performance.  

Herein, we designed a high performance of bifunctional 
ORR/OER electrocatalyst through tuning the dual-active sites 
(cobalt oxide and Co-Nx) and pore structure of a hetero-
structure Co3O4-Co NPs embedded in Co, N co-doped carbon 
polyhedra derived from the compositions of ZIF-67 and 
cobalt nanocrystals. The compositions of ZIF-67 and cobalt 
nanocrystals (Co@ZIF-67) were synthesized by the strategy 
of in-situ NaBH4 reduction during assembly of Co2+ and 
2-methylimidazole. The unique structure of cobalt nanocrystals 
generated by NaBH4 in ZIF-67 not only creates more micropore 
structure in ZIF-67-derived nanomaterials, but also prevents 
Co atoms in coordination from further migration and 
agglomeration into large particles during high-temperature 
pyrolysis due to steric hindrance effect. More importantly, 
our strategy of in-situ NaBH4 reduction tunes the active sites, 
especial OER active sites on the ZIF-67 derived nanomaterials. 
As a result, when integrating our optimized bifunctional 
ORR/OER electrocatalysts (Co3O4-Co@NC-2) into the air 
electrode of zinc air battery, high performance and service 
life with more than 200 h are achieved. Experimental results 
and theory calculations reveal that the excellent ORR/OER 
catalytic activities of Co3O4-Co@NC-2 originate from the 
synergistic effects of Co-based nanoparticle and Co-Nx active 
sites, in which the charge redistribution of Co of Co-Nx sites 
induced by electron coupling with the internal heterostructure 
Co3O4-Co nanoparticles thus optimizing the desorption of O2

* 
intermediate in ORR and OH* intermediate in OER. 

2  Results and discussion 
In order to tune the cobalt-based active sites and pore structure 
of ZIF-67 derived carbon nanomaterials, we firstly synthesize 
the compositions of ZIF-67 and cobalt nanocrystals by the 
strategy of in-situ NaBH4 reduction during assembly of Co2+ 
and 2-methylimidazole. As schemed in Scheme 1, a ZIF-67 
precursor was synthesized by assembling a small amount  
of Co2+ and an excess of 2-methylimidazole in the methanol 

solution with stirring at room temperature for 30 min. 
Subsequently, a large amount of Co2+ and quantitative NaBH4 
were added to the above mixed solution. Benefiting from 
the rapid reduction of NaBH4, the compositions of ZIF-67 
and cobalt nanocrystals formed with a unique structure of Co 
nanocrystals wrapped in the continued growth of ZIF-67. 
Finally, the polyhedral carbon catalyst of Co3O4-Co@NC with 
a heterostructure Co3O4-Co NPs embedded in Co, N co-doped 
open carbon shell was achieved by high-temperature treatment 
of the collected purple powder under N2 atmosphere. X-ray 
diffraction (XRD) patterns (Fig. S1 in the Electronic Supple-
mentary Material (ESM)) and scanning electron microscopy 
(SEM) images (Fig. S2 in the ESM) of Co@ZIF-67 indicate that 
cobalt nanocrystals generated by in-situ NaBH4 reduction 
did not significantly change the ZIF-67 crystallinities and 
zeolite-type structures. The SEM images in Figs. 1(a1) and 1(b1) 
exhibit that the size and polyhedral shapes of Co3O4-Co@NC-1 
and Co3O4-Co@NC-2 are retained well after heat treatment, 
similar to the pure ZIF-67 derivative (Co@NC) (Fig. 1(d1)), 
while the crystal structure of Co3O4-Co@NC-3 shrinks and 
collapses (Fig. 1(c1)). The more clear morphological changes 
are observed in the transmission electron microscopy (TEM) as 
shown in Fig. S3 in the ESM, Figs. 1(a2), 1(a3), 1(d2) and 1(d3). 
The large-sized and uneven Co-based nanoparticles were 
distributed in sample Co3O4-Co@NC-1, while high density  
of smaller Co-based nanoparticles with narrow distribution 
was observed in Co3O4-Co@NC-2 (Figs. 1(b2) and 1(b3)). 
This finding suggests that the molar ratio of NaBH4 to Co2+ 
plays the vital role in the morphology of nanomaterials derived 
from the compositions of ZIF-67 and cobalt nanocrystals. It is 
well-known that the Co atoms in ZIF-67 easily tend to diffuse 
and aggregate into large particles with nonuniform distribution 
due to decomposition of metal-imidazolate linkages during 
high-temperature pyrolysis [21]. For the compositions of ZIF-67 
and cobalt nanocrystals prepared by our strategy of in-situ 
NaBH4 reduction, the Co nanocrystals in the ZIF-67 hardly 
migrate during high-temperature pyrolysis due to the steric 
effect of metalimidazolate linkages around the Co nanocrystals. 
The Co atoms around the Co nanocrystals in the ZIF-67 migrate 
and react with Co nanocrystals to from Co-based NPs during 
high-temperature pyrolysis. Compared with Co3O4-Co@NC-1 
with the NaBH4/Co2+ molar ratio of 1, high density of smaller 
cobalt-based NPs on the Co3O4-Co@NC-2 is attributed to the 
formation of more nanocrystals in ZIF-67 when the NaBH4/Co2+ 
molar ratio is 2. However, when the proportion of NaBH4 
continues to increase, two more Co nanocrystals formed in the 
compositions of ZIF-67 and cobalt nanocrystals destroy the 
basic structure of ZIF-67 during high-temperature pyrolysis, 
resulting in structural shrinkage and collapse (Figs. 1(c2)  
and 1(c3)). High-resolution TEM images in Figs. 1(a4)–1(d4)  

 
Scheme 1  Illustration of the preparation process of the Co3O4-Co@NC catalysts. 
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showed that discontinuous and open highly graphitized 
carbon skeleton (red line) closely contacts with Co-based 
nanoparticles, especially the Co3O4-Co@NC-2 (Fig. S4 in the 
ESM). Those discontinuous and open highly graphitized carbon 
graphitization are beneficial to favor electron and mass transfer 
by constructing an interconnected conductive network during 
the catalytic process. It’s worth noting that only the cobalt 
NPs with ~ 0.203 nm well-defined lattice fringes were observed 
in Co@NC (Fig. 1(d4)), which matches the (111) planes of 
face-centered cubic (fcc) metallic cobalt [34]. After NaBH4 was 
added, another lattice with a lattice spacing of ~ 0.244 nm 
appears in all Co3O4-Co@NC (Figs. 1(a4)–1(c4)), which belongs 
to the (311) planes of spinel Co3O4 [35]. In addition, a distinct 
biphasic interface was observed between metal Co and Co3O4 

in all Co3O4-Co@NC, highlighted by the green dashed line. 
This formation of the interpenetrating heterointerfaces at the 
atomic-scale facilitates charge separation, resulting in effectively 
capturing more oxygen intermediates and favoring charge 
transfer within the active site [36, 37]. The powder XRD in 
Fig. 2(a) also indicates a clear fcc metallic cobalt (JCPDS No. 
15-0806) in Co@NC with the peaks located at 44.3°, 51.5° and 
75.9°, corresponding to the (111), (200), and (220) planes of 
metallic cobalt, respectively. In contrast, after introducing 
NaBH4, these peaks become wider and weaker in the pattern 
of Co3O4-Co@NC-2 and Co3O4-Co@NC-3, suggesting that 
our NaBH4 strategy leads to the formation of small Co-base 

NPs during high-temperature pyrolysis of ZIF-67. These results 
suggest that our strategy of in-situ NaBH4 reduction not only 
effectively facilitates the formation of Co3O4-Co, but also 
adjusts the size of Co3O4-Co NPs in ZIF-67 derived carbon 
nanocatalyst. The well-tuned Co3O4-Co NPs in ZIF-67 derived 
carbon nanocatalyst has been proved to possess high bifunctional 
catalytic activities towards the OER/ORR [36, 38]. The additional 
weak peak at about 36.8° in Co3O4-Co@NC-2 and Co3O4- 
Co@NC-3 should arise from the (311) planes of Co3O4 (JCPDS 
No. 43-1003). The homogeneous C, O, Co and N elements were 
observed in the energy dispersive X-ray spectrocscopy (EDS) 
mappings (Fig. 1(e)) of Co3O4-Co@NC-2. The corresponding 
elemental mass fraction was listed Fig. S5 and Table S1 in the 
ESM. The Raman spectrum of Co3O4-Co@NC-2, as shown in 
Fig. 2(b), indicates the relative ratio (ID/IG) of D and G bands 
at 1,350 and 1,588 cm−1 is 1.03, higher than Co3O4-Co@NC-1 
(1.02) and Co@NC (1.00). The higher ID/IG value should be 
attributed to the more defects [39], which is highly favorable 
for oxygen catalysis by enhancing the O2 adsorption capability 
[40]. Besides, a minor peak at 671 cm−1 can be attributed to the 
A1g vibration mode of Co3O4 in these samples [41, 42].  

The surface electronic properties of four calcined catalysts 
were measured by X-ray photoelectron spectroscopy (XPS) as 
shown in Fig. S6 and Table S2 in the ESM. The deconvolution 
of high-resolution N 1s spectra (Fig. 2(c)) is further obtained 
with five types of nitrogen species: pyridinic N (398.3 eV), 

 
Figure 1  SEM, TEM, STEM and HRTEM images of various hybrids: (a1−a5) Co3O4-Co@NC-1; (b1−b5) Co3O4-Co@NC-2; (c1−c5) Co3O4-Co@NC-3; 
(d1−d4) Co@NC. (e) EDS mapping of Co3O4-Co@NC-2.  
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Co-N bonding (399.2 eV), graphitic N (400.8 eV), pyrrolic N 
(400.2 eV) and oxidated N (403-406 eV) [37, 43–46]. It is 
worth noting that Co3O4-Co@NC-2 has a higher proportion 
of Co-N and pyridine-N, especially compared with Co@NC 
(Table S3 in the ESM), which was proved to be the highly 
efficient ORR active sites [47–50]. This finding indicates that 
our strategy of in-situ NaBH4 reduction can effectively increase 
the active sites of Co-Nx in ZIF-67 derived carbon nano-
catalyst. Moreover, the main peaks of N 1s of Co3O4-Co@NC 
samples show about 0.4 eV positive shift compared to that of 
Co@NC (Fig. S7 in the ESM), resulting from the strong 
electron-withdrawing effect of Co in Co-Nx-C moieties on 
Co3O4-Co@NC catalyst [24]. The high-resolution Co 2p XPS 
spectra of all samples shows three cobalt species: Co0 (778.4 eV), 
Co3+ (779.9 eV) and Co2+ (781.3 eV) [37, 51–54], indicating the 
co-existence of Co3O4 and metallic Co species. Additionally, 
the percentage of the metallic Co phase is 2.51% for Co@NC, 
3.62% for Co3O4-Co@NC-1, 12.77% for Co3O4-Co@NC-2 
and 5.32% for Co3O4-Co@NC-3 (Table S4 in the ESM). The 
low Co0 content of Co3O4-Co@NC-3 probably results from 
the polyhedral skeleton contraction and collapse in the high- 
temperature pyrolysis process, which leads to cobalt nanoparticles 
in Co3O4-Co@NC-3 agglomeration into larger size than 
Co3O4-Co@NC-2. Clearly, the atom ratio of Co2+/Co3+ of Co3O4- 
Co@NC-1 (1.67), Co3O4-Co@NC-2 (1.57) and Co3O4-Co@NC-3 
(1.28) are much higher than Co@NC (0.94). The higher 
Co2+/Co3+atomic ratio suggests the formation of relatively 
more oxygen vacancies, which further confirmed by the 
high-resolution O 1s XPS spectra (Fig. S8 and Table S5 in 
the ESM). 

The porosity of all catalysts was further evaluated by N2 
ad/desorption measurements (the inset of Fig. 2(e)). All 
samples showed typical type-IV isotherms, which indicated 
the presence of micropores and mesopores. The pore size 
distribution curve in Fig. 2(e) shown that Co3O4-Co@NC 

samples has more abundant micropore size than Co@NC. In 
addition, with the increase of NaBH4 addition, the surface area 
of the series samples presents a trend first increases and then 
decreases. Co3O4-Co@NC-2 shows the highest surface area of 
306.2 m2·g−1, larger than that of Co3O4-Co@NC-1 (252.6 m2·g−1) 
and Co3O4-Co@NC-3 (237.4 m2·g−1), but close to the Co@NC 
(293.4 m2·g−1) (Table S6 in the ESM). The low specific surface 
area of Co3O4-Co@NC-3 maybe due to the collapse and 
shrinkage of the structure of nanomatrials derived the com-
positions of ZIF-67 and excessive cobalt nanocrystals, as 
shown in SEM images (Fig. 1(c1)). By comparing the surface 
area and pore volume of different types of pores in Fig. 2(f) 
and Table S7 in the ESM, we found that the micropores pore 
volume of Co3O4-Co@NC increase with in situ addition NaBH4, 
especially Co3O4-Co@NC-2 (54%), which are much higher than 
Co@NC (21%). These results indicate that the in situ NaBH4 

reduction strategy can create more micropores in ZIF-67 
derived nanomaterials. A large number of micropores facilitate 
exposing more active sites and mass transfer (Co-Nx/Co3O4-Co) 
(Fig. 2(g)), leading to the increase in the electrochemical 
activity. 

To evaluate the electrocatalytic performance of Co3O4- 
Co@NC, ORR were first investigated using the linear sweep 
voltammetry (LSV) in O2-saturated 0.1 M KOH solution. As 
shown in Fig. 3(a), the Co3O4-Co@NC-2 exhibits superior 
ORR activity with an onset potential and half-wave potential 
at 0.97 and 0.86 V, respectively, which is better than those of 
Co3O4-Co@NC-1 (0.94 and 0.85 V), Co3O4-Co@NC-3 (0.91 
and 0.82 V) and Co@NC (0.91 and 0.82 V), very closely to 
commercial Pt/C (1.00 and 0.87 V). As shown in Fig. 3(b), Co3O4- 
Co@NC-2 possesses the smallest Tafel slope of ~ 72 mV·dec−1, 
smaller than that of Co3O4-Co@NC-1 (75 mV·dec−1), Co3O4- 
Co@NC-3 (78 mV·dec−1), Co@NC (82 mV·dec−1), commercial 
Pt/C (86 mV·dec−1), suggesting its favorable reaction kinetics. 
The rotating ring-disk electrode (RRDE) measurement (Fig. 3(c)) 

 
Figure 2  (a) XRD patterns. (b) Raman spectra. (c) N 1s high-resolution XPS spectra. (d) Co 2p high-resolution XPS spectra. (e) Pore size distributions 
and nitrogen adsorption-desorption isotherms (the inset) and (f) BET surface area and pore volume of pores of various samples. (g) Schematic diagram 
of the model combining Co3O4-Co nanoparticles and carbon layers. 



Nano Res.  

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

5 

also confirmed that the Co3O4-Co@NC-2 has high ORR activity 
with low HO2

− yield (below 10%) and an n value of 3.8–3.85, 
higher than that of others catalysts and approaching to the value 
of Pt/C. This finding indicates four-electron transfer pathway on 
Co3O4-Co@NC-during ORR process, which is also confirmed 
by the K-L plots of ring-disk electrode (RDE) measurements 
(Fig. S9 in the ESM). For practical applications, the stability is 
another critical factor. The electrochemical stability tests show 
in Fig. 3(g) that the half-wave potential of Co3O4-Co@NC-2 
catalyst is almost no negative shift (< 5 mV) after 5,000 cyclic 
voltammetry (CV) cycling, much better than commercial Pt/C 
catalyst, indicating the excellent durability in an alkaline medium. 
The Co3O4-Co@NC-2 catalyst also indicates good cross-tolerance 
to methanol (Fig. S10 in the ESM), showing an excellent 
selectivity for ORR. 

The OER activities of Co3O4-Co@NC samples are also measured 
in O2-saturated 0.1 M KOH solution. The OER polarization 
curve (Fig. 3(d)) displays that Co3O4-Co@NC-2 requires a much 
small overpotential of only 350 mV to approach 10 mA·cm−2, 
lower than commercial RuO2 (530 mV), Co3O4-Co@NC-1 
(368 mV), Co3O4-Co@NC-3 (370 mV), Co@NC (490 mV). 
The corresponding Tafel plots (Fig. 3(e)) with calculated by 
fitting LSV also shown that Co3O4-Co@NC-2 has the smallest 
Tafel slope (105 mV·dec−1) among four catalysts, lower than 
Co3O4-Co@NC-1 (109 mV·dec−1), Co3O4-Co@NC-3 (117mV 
dec−1), Co@NC (186mV·dec−1) and RuO2 (197 mV·dec−1). Co3O4- 
Co@NC-2 shows manifesting its favorable OER kinetics. 
Figure S11 in the ESM shows that the double-layer capacitance 
(Cdl) value of Co3O4-Co@NC-2 (20.6 mF·cm−2) is higher than 
those of Co3O4- Co@NC-1 (19.6 mF·cm−2) and Co3O4-Co@NC-3 
(17.7 mF·cm−2), suggesting Co3O4-Co@NC-2 has more exposed 
active sites, which is well consistent with N2 ad/desorption 

results. As shown in Fig. 3(f) and Table S8 in the ESM, the 
Co3O4-Co@NC-2 has the smallest charge transfer resistance 
(31.2 Ω) in comparison with Co3O4-Co@NC-1 (34.3 Ω) and 
Co3O4-Co@NC-3 (40.5 Ω), indicating high charge transfer 
rate and kinetic activity on Co3O4-Co@NC-2. In addition, as 
shown in Fig. S12 in the ESM, the TOF value of Co3O4- 
Co@NC-2 was 0.013 s−1, which was much higher than 
Co@NC (0.002 s−1) derived from pure ZIF-67, indicating that 
Co3O4-Co@NC-2 contains more catalytic active sites than 
Co@NC. Most importantly, Co3O4-Co@NC-2 shows an 
excellent OER stability with small ΔE (< 5 mV) after 5,000 
cycles, lower than RuO2 (ΔE ≈ 30 mV) (inset Fig. 3(h)). The 
chronoamperometric measurement as shown in Fig. 3(h) 
further verifies an excellent stability on Co3O4-Co@NC-2. 
The potential gap (ΔE = Ej=10 (OER) – E1/2(ORR) was performed 
to further elucidate the bifunctional catalytic activity. The 
smaller ΔE indicates that the superior bifunctional catalytic 
activity [55]. As illustrated in Fig. 3(i), Co3O4-Co@NC-2 exhibits 
the smallest ΔE value of 0.72 V among the as-prepared catalysts, 
which much better than noble metal (Pt/C-RuO2) benchmarks 
(ΔE = 0.77 V). More importantly, the above excellent bifunctional 
performance makes Co3O4-Co@NC-2 to be one of the 
outstanding bifunctional catalysts (Table S9 in the ESM).  

The determination of the active site is very important to 
design/develop high performance of bifunctional catalysts. 
The XRD pattern in Fig. 13(a) shows that after acid leaching, 
the peak of 36.5° corresponding to Co3O4 (311) plane almost 
disappears and the peak of 44.3° corresponding to Co(111) 
plane significantly decreases, indicating that Co3O4 and Co 
nanoparticles in Co3O4-Co@NC-2 were etched by H2SO4 
solution. As shown in Figs. S13(b) and S13(c) in the ESM, 
after H2SO4 solution leaching, the ORR and OER catalytic 

 
Figure 3  (a) ORR polarization curves. (b) The corresponding Tafel plots for ORR. (c) Peroxide yields (HO2

−%) and electron transfer numbers (n) of 
various catalysts. (d) OER polarization curves. (e) The corresponding Tafel plots for OER, (f) Nyquist plots, (g) LSV curves of the Co3O4-Co@NC-2 
catalyst before and after 5,000 cycles in 0.1 M KOH for ORR, (h) OER time-dependent stability by chronoamperometric response at a constant current 
density of 10 mA·cm−2 for 10,000 s and LSV curves before and after 5,000 cycles in 0.1 M KOH for OER (the inset) of the Co3O4-Co@NC-2 catalyst. (i) Combined
ORR/OER polarization curves of various catalysts in O2-saturated 0.1 M KOH electrolyte (rotation rate: 1,600 rpm; scan rate: 5 mV·s−1). 
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performance of the Co3O4-Co@NC-2 deteriorated significantly, 
indicating that Co3O4 and Co nanoparticles contributed main 
bifunctional electrocatalytic activity. However, Co3O4-Co@NC-2 
still retained considerable ORR and OER catalytic activity 
after acid leaching, indicating that Co-Nx sites also contributed 
certain catalytic activity. Therefore, the outstanding ORR 
and OER performances of Co3O4-Co@NC-2 results from the 
synergistic effect between the dual active sites of Co-Nx and 
Co3O4-Co nanoparticles adjusted by in-situ NaBH4 reduction. 
Furthermore, as shown in Fig. S14 in the ESM, a pyrolysis 
temperature gradient examination (600, 700, 800 and 900 °C) 
showed that the Co3O4-Co@NC-2 obtained at 700 °C had 
the highest ORR/OER catalytic activity, due to the optimized 
nanoparticles size at 700 °C pyrolysis temperature. 

The density functional theory (DFT) calculations were 
performed to explore the synergistic effect between the dual 
active sites of Co-Nx and Co3O4-Co nanoparticles for enhancing 
reversible ORR/OER activities. According to the previous 
studies [56, 57], the high-speed conversion of intermediate 
molecules on the Co-N4 site in the catalytic reaction exhibits 
its high intrinsic oxygen catalytic activity. In addition, cobalt 
oxide has a greater regulatory effect on the process of 
catalysing the evolution of oxygen due to the coupling of the 
electron orbits of cobalt and oxygen [58, 59]. In this work, the 
Co3O4-Co nanoparticles were wrapped by the carbon layer 
containing Co-Nx moieties in Co3O4-Co@NC-2 according to 
TEM and XPS results. Therefore, the Co metal cluster and 
Co-O cluster anchored at the Co-N4 site in the single-layer 
carbon network are modelled [60], respectively, to identify the 
critical role of Co-O in affecting the ORR/OER energetics of 
Co3O4-Co@NC-2 [61]. As shown in Figs. 4(a1) and 4(a2)), the 
significant interfacial electron transfer from the metal/metal 
oxide cluster to the Co-N4 in the Co-O/Co-N4-C hybrid 
resulted in electron deletion region on the CoO surface and 
electron accumulation on the Co-N4 surface, which was 
consistent with the XPS results. Moreover, compared with 
Co/Co-N4-C (Fig. S15 in the ESM), it is obvious that more 

charge accumulated at the center of the Co-N4 active site of 
Co-O/Co-N4-C, which provides more electrons to participate 
in electrochemical catalysis. This result suggests that the 
synergistic effect of Co-O nanoparticles and Co-N4 active site 
on our Co3O4-Co@NC-2 provide more electrons from both 
nitrogen atoms and Co-O nanoparticles (Figs. 4(a3)and 4(a4)), 
which is beneficial for optimizing the adsorption of O2 or OH− 
and the corresponding intermediates and thus favoring the 
reversible ORR/OER processes [60, 62]. The projected density 
of states (DOS) of all three catalysts shown in Fig. 4(b), 
compared with Co/Co-N4-C, the d-band center of Co in 
Co-O/Co-N4-C undergoes a negative shift of 0.2 eV (from 
1.09 to 1.29 eV) relative to the Fermi level due to the coupling 
of the d orbital electron of Co and the p orbital electron of O, 
resulting in the peaks formed by the increase of charge density 
between −4 and −7 eV. According to the d-band center theory 
[63, 64], this will reduce the energy of the anti-bond state and 
increases the filling rate of the d orbital, resulting in weaker 
bonding strength, thus improves the adsorption and desorption 
of O2 and OH−, and accelerates the reaction kinetics of ORR 
and OER. Based on previous studies [65–67], the ORR kinetic 
process under alkaline conditions includes four parts: the 
thermodynamic adsorption of oxygen (O2*) and the electro-
chemical reactions of the continuous evolution through the 
formation of HOO*, O*, and HO*, as shown in Fig. 4(c) and 
Figs. S16–S18 in the ESM, and the OER occurs in the reverse 
direction. Moreover, the overall ORR/OER free energy diagram 
at the equilibrium potential (U0

RHE = 1.23 V) in Fig. 4(d) shows 
that the rate-limiting steps for Co-Nx models are focused on 
the desorption process, that is, OH− desorption in the ORR 
process and O2 desorption in the OER process. Due to the 
strong chemical adsorption of O2, it becomes quite difficult for 
Co-N4 active site to the subsequent desorption behavior 
(ΔGOO* = 0.82 eV and ΔGOH* = 0.63 eV), which hinders the 
utilization efficiency of the active site and leads to the sluggish 
reaction kinetic. On the contrary, when combined Co-N4 with  
Co and Co-O nanoparticles, respectively, the reaction barriers 

 
Figure 4  Isosurface of charge density variation in (a1) and (a2) Co-O/Co-N4-C and (a3) and (a4) O2 and OH− are adsorbed on the Co-N4 active site of 
Co-O/Co-N4-C. Green area denotes charge density decrease (Δρ < 0) and yellow area denotes charge density increase (Δρ > 0). (b) The projected density 
of states of Co-N4-C, Co/Co-N4-C and Co-O/Co-N4-C. (c) Schematic diagram of ORR kinetic process occurring on the surface of catalytic model in alkaline
medium. (d) The free energy diagrams of ORR and OER at the equilibrium potential on various catalysts. 
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of ΔGO2* and ΔGOH* in Co/Co-N4-C and Co-O/Co-N4-C are 
largely reduced, especially Co-O/Co-N4-C (ΔEOO-d = 0.62 eV and 
ΔEOH-d = 0.45 eV), which weakens the bond strength between 
the Co-N4 active sites and the adsorbed molecule (Fig. S19 
in the ESM), and improves the subsequent desorption step. 
In this case, the formation of OOH* (ORR) and O* (OER) are 
rate-limiting steps for Co/Co-N4-C and Co-O/Co-N4-C, and 
the corresponding overpotentials are significantly decreased 
compared with pure Co-N4. The overpotential trend of all 
three different catalysts follows the order of Co-N4 (0.82 V)> 
Co/Co-N4-C (0.74 V)＞Co-O/Co-N4-C (0.71 V) (Fig. S20 in 
the ESM). Therefore, benefitting from the tuning cobalt-based 
active sites of Co-O nanoparticles and Co-N4 on our Co3O4- 
Co@NC-2, the adsorption and desorption characteristics of all 
oxygen intermediates on the Co site of Co-N4 were greatly 
promoted, thus optimizing the reaction path and accelerating 
the reaction kinetics. In summary, the DFT calculations, in 
consistent with experimental results, highlight the the synergistic 
effects of well-tuned dual-active sites of Co3O4-Co nanoparticle 
and Co-Nx in our Co3O4-Co@NC-2 to produce a optimizing 
surface electronic environment and thereby enhancing 
ORR/OER performance. 

A rechargeable liquid ZABs was fabricated with the Co3O4- 
Co@NC-2 catalyst as the cathode electrode (Fig. 5(a)) to verify 
its practical application. As illustrated in Fig. 5(b), the as-
sembled ZABs afforded a higher open-circuit voltage of 1.46 V, 
better than the Pt/C-RuO2 based ZABs (1.43 V). The charge 
and discharge curves of electrodes with Co3O4-Co@NC-2 in 
Fig. 5(c) display a smaller charge-discharge voltage gap 
relative to Pt/C-RuO2, exhibiting superior reversible oxygen  
electrode catalytic activity. The discharge polarization (V–j) 

curve and corresponding power density of ZABs equipped 
with Co3O4-Co@NC-2 catalyst were revealed in Fig. 5(d), 
displaying the excellent peak-power density of 158 mW·cm−2, 
two times greater than ZABs with Pt/C-RuO2 (79 mW·cm−2). 
In addition, a voltage platform of 1.22 V was observed on 
the ZABs with the Co3O4-Co@NC-2 at 20 mA·cm−2, (Fig. 5(e)), 
much higher that Pt/C+RuO2 (1.09 V). The high specific 
capacity (758 mAh·gZn

−1) and energy density (924 Wh·kgZn
−1) 

were achieved for Co3O4-Co@NC-2, greater than Pt/C+RuO2 
(617 mAh·gZn

−1 and 654 Wh·kgZn
−1). Notably, the Co3O4-Co@NC-2 

electrocatalyst exhibits the discharging voltage at 20 mA·cm−2 

is as high as 1.10 V (Fig. 5(f)), indicating the excellent high-rate 
performance. The durability of the Co3O4-Co@NC-2 cathode 
for the Zn-air battery was further proved by galvanostatic 
discharge-charge long cycling at 10 mA·cm−2. As illustrated in 
Fig. 5(g), the initial charge-discharge voltage gap on the ZAB 
equipped by Co3O4-Co@NC-2 is 1.2 V, smaller than the 
Pt/C+RuO2 catalyst (1.65 V). More importantly, after 200 cycles 
of testing, the Co3O4-Co@NC-2 air cathodes display a slight 
performance loss with only 0.17 V increase, whereas the 
battery with Pt/C+RuO2 catalyst shows a poor cyclability with 
less than 30 h. From these results, compared with noble metal- 
based catalysts, the Co3O4-Co@NC-2 air cathode exhibits 
excellent performance as a reversible oxygen electrode in a 
rechargeable ZAB. 

3  Conclusions 
In summary, the Co3O4-Co NPs encapsulated in co, N Co- 
doped open carbon shell through tuning the dual-Co-based 
active sites and internal pore structure of carbon nanomaterial 
derived from ZIF-67 is prepared by in-situ NaBH4 reduction. 

 
Figure 5  Fabrication and performance of Co3O4-Co@NC-2 based ZABs. (a) Schematic of rechargeable ZABs. (b) Open-circuit plots and photograph 
of Co3O4-Co@NC-2 based ZAB exhibiting a high open-circuit voltage of ≈ 1.46 V. (c) Charge and discharge polarization (V–j) curves. (d) Discharge 
polarization (V–j) curves and the corresponding power density curves. (e) Specific capacities plots at 20 mA·cm−2. (f) Discharge curves at various discharge
current densities. (g) Galvanostatic discharge-charge cycling curves at 10 mA·cm−2 of rechargeable Co3O4-Co@NC-2 based ZABs. 
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This strategy creates the small size heterogeneous Co3O4-Co 
nanoparticles and coupled with Co-Nx sites in the porous 
carbon shell to increase the bifunctional catalytic activity. The 
designed Co3O4-Co@NC shows excellent OER/HER bifunctional 
electrocatalytic activity and stability, outperforming the 
commercial Pt/C and RuO2 catalysts. DFT calculation reveals 
that the electron coupling between Co-O and Co-N4 causes 
a negative shift of the d-band center of Co adsorption site in 
Co-N4, which greatly reduces the energy barrier of oxygen- 
containing intermediate O2* in ORR and OH* in OER process 
and accelerates the overall ORR/OER catalytic process. This 
work provides a new inspiration to rationally design high- 
performance non-noble metal catalysts by tuning the active site 
for energy conversion and storage applications. 
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