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of Co(Fe)–N  x   moiety would provide valid active sites; [ 8a,g ]  (4) 
graphitized carbon, which is usually formed via catalysis over 
Fe, Co, etc., would enhance electrical conductivity. To meet the 
above challenges, zeolitic imidazolate frameworks (ZIFs), [ 9,10 ]  a 
subclass of MOFs, have been identifi ed as precursors as they 
are rich in carbon, nitrogen, and transition metals, and can be 
readily prepared at low cost. The ZIF-8 [ 9 ]  has been well dem-
onstrated to afford high-surface-area carbons with high N con-
tent by us and others, [ 5b,c , 6d,e ]  whereas it cannot provide critical 
Co(Fe)–N  x   sites and good graphitized carbon. To address these 
issues, Co-based ZIF-67, [ 10 ]  isostructural to ZIF-8, should be a 
suitable candidate but can only offer carbon with low surface 
area and porosity. 

 Bearing these in mind, a series of bimetallic ZIFs (BMZIFs) 
based on ZIF-8 and ZIF-67 with varied ratios of Zn/Co, have 
been successfully prepared in this work as they are lattice-
matched. The unprecedented BMZIF-templated porous car-
bons, inheriting both merits of carbons independently from 
ZIF-8 and ZIF-67, possess large surface area, high graphitiza-
tion degree, and highly dispersed N and CoN  x   active species, 
which have not been simultaneously achieved in any pre-
vious MOF-derived porous carbon. [ 5,6 ]  Remarkably, the opti-
mized BMZIF-derived carbon exhibits excellent ORR activity 
approaching the level of commercial Pt/C in alkaline media. 
Strikingly, upon further doping with additional phosphorus, it 
possesses not only better ORR catalytic activity, but also supe-
rior stability and tolerance to methanol compared to Pt/C cat-
alyst ( Scheme    1  ). To the best of our knowledge, the obtained 
impressive performance in terms of half-wave potential has not 
been achieved in all previous MOF-derived porous carbons and 
most noble-metal free materials. [ 2c–f,    6 , 8 ]  Meanwhile, our study 
suggests that the CoN  x  , high surface area and hierarchical 
pores, high graphitization as well as N, P dopants are all benefi -
cial to the superb ORR activity.  

 The BMZIFs (designated as BMZIF- n ,  n  indicates the molar 
ratio of Zn/Co) were synthesized via the room-temperature 
reaction of a Zn(NO 3 ) 2  and Co(NO 3 ) 2  mixture solution and 
2-methylimidazole in methanol (Scheme S1, Supporting Infor-
mation). As the molar ratio of Zn/Co decreases, the color of 
the obtained BMZIFs gradually changed from white to purple 
while the color of all particles from one batch kept consistent, 
refl ecting the uniform distribution of Co 2+  and Zn 2+  ions in 
BMZIFs (Figure S1, Supporting Information). The induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES) analysis for BMZIF-20 as a representative indicates the 
actual value of Zn/Co molar ratio is 17.8, which is close to the 

  Porous carbons have stimulated a great deal of interest due to 
their low-cost, chemical stability, good electrical conductivity, 
and potential applications in diverse fi elds, such as gas adsorp-
tion/storage, electrode materials, and catalyst supports. [ 1 ]  It has 
been demonstrated that heteroatom doping (e.g., N, B, P, Co, 
Fe, etc.) within the skeleton of porous carbons is a powerful 
approach to tuning electronic properties or/and conductivity, 
which thus facilitate their applications, particularly in electrode 
materials. [ 2,3 ]  High surface area and uniform doping are consid-
ered to be crucial to the performance of carbon materials. [ 2e , 3a ]  
To this end, metal-organic frameworks (MOFs), [ 4 ]  constructed 
by metal (clusters) and carboxylate or/and N-involved ligand 
with huge diversity, intuitively should be a class of ideal precur-
sors. The well-organized framework can be converted to carbon 
with uniform heteroatom decoration, and the long-range 
ordering and high porosity of MOFs can be partially preserved 
to afford high surface area of resultant porous carbons via facile 
pyrolysis. [ 5,6 ]  Since our early work on this subject, [ 5a,b ]  a number 
of MOF-derived porous carbon materials have been developed 
for various applications, especially for oxygen reduction reac-
tion (ORR), [ 6 ]  an important reaction for fuel cells that expects to 
avoid or minimize the use of precious metals such as Pt. [ 1g , 7 , 8 ]  

 With great progress achieved, the following concerns are 
recognized to be critical to ORR, while not simultaneously 
realized yet in any MOF-derived carbon: (1) high surface area 
and hierarchical pores guarantee the free diffusion of O 2  and 
electrolyte to the catalytic active sites and their short diffusion 
path lengths; (2) homogeneous distribution of heteroatoms, 
especially N, is pivotal to electrocatalysis; [ 8a ]  (3) involvement 
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theoretical value (20). The SEM images show that the well-
dispersed BMZIF nanocrystals in polyhedral shape with sizes 
basically increase from ≈50 to ≈400 nm as the Zn/Co molar 
ratios decrease (Figure S2, Supporting Information). How-
ever, it is interesting to fi nd that the sizes of BMZIF-20 and -40 
are ≈30 nm ( Figure    1  a, Figure S2b, Supporting Information), 
even smaller than that of ZIF-8. The uniform distribution of 
Co 2+  and Zn 2+  ions in BMZIFs has been further proven by 
elemental mapping for one representative BMZIF-20 crystal, 
in which Zn and Co species are coexisted and highly dispersed 
(Figure S3, Supporting Information). Powder XRD patterns 
of all BMZIFs match well with simulated ZIF-8 and ZIF-67 
owing to their similar unit cells and crystal lattices (Figure S4, 
Supporting Information). The N 2  sorption curves suggest that 
BMZIF-20 has similar microporous features to those in ZIF-8 
and ZIF-67 (Figure S5, Supporting Information). Unexpectedly, 
taking BMZIF-20 as a representative, BMZIFs exhibit mark-
edly better water stability than ZIF-67 (Figure S6, Supporting 
Information), which would be greatly benefi cial to its practical 
applications.  

 The BMZIFs as templates/precursors underwent pyrolysis 
at 900 °C under N 2  to afford Co, N-doped porous carbons. In 
this process, the generated ZnO was reduced by carbon to give 
evaporative Zn at such high temperature. [ 5a,b ]  The products 
were stirred with 0.5  M  H 2 SO 4  at 80 °C to remove the inactive 
and unstable Co species as far as possible to afford CNCo- n  
( n  means the same to that in BMZIF- n ;  n  = 100 and 0 relate to 
carbon derived from ZIF-8 and ZIF-67, respectively). The SEM 
images (Figure  1 b, Figure S7, Supporting Information) show 
that the CNCo- n  particles are well dispersed and have retained 
sizes and morphology from their precursors, BMZIFs. 

 Elemental mapping indicates that CNCo-20 is mainly com-
posed of C, N, and Co, among which N and Co are dispersed uni-
formly throughout the carbon matrix (Figure  1 c), demonstrating 
the niche of MOF precursors. The presence of a few Co in 
CNCo- n  has been also demonstrated by the ICP-AES (Table S1, 
Supporting Information). The residual Co species should origi-

nate from two components: (1) a small amount of Co nanopar-
ticles (NPs) tightly wrapped by graphitic carbon; (2) stable CoN  x   
moieties inherited from the CoN 4  units in BMZIF precursors. 
The overlapped Co/N signals and well dispersed Co species in 
the carbon matrix suggest Co might be stabilized by N coordina-
tion to Co–N  x   moiety (Figure  1 c). [ 8d–f  ]  Both types of Co species 
have been previously proved to merit the ORR. [ 11 ]  

 The TEM images for CNCo-20 suggest the absence of 
aggregated large Co NPs in the porous carbon (Figure  1 d, 
Figure S8a, Supporting Information). TEM and HRTEM 
images of CNCo-20 show the abundant graphitic carbon struc-
tures with interplane spacing of (002) crystal lattice (3.4 Å) that 
should be ascribed to the catalytic graphitization behavior of Co 
NPs (Figure  1 e, Figure S8, Supporting Information). [ 5h ]  Powder 
XRD patterns for all carbon materials exhibit two peaks at 
≈25° and 44° indexed to (002) and (101) diffractions of carbon 
(Figure  1 f). The strong (002) peak in CNCo-20 shifts toward a 
comparatively sharp peak at 26°, in stark contrast to the broad 
peak at ≈23° of CNCo-100. This result suggests the improved 
graphitization degree in CNCo-20. [ 5h,    6b ]  The result is further 
supported by the lower  I  D / I  G  value of CNCo-20 than that of 
CNCo-100 in Raman spectra (Figure S9, Supporting Informa-
tion). The XRD peaks located at around 44° and 51° are assign-
able to the (111) and (200) diffractions of  fcc  Co originated from 
the Co NPs embedded in carbon shell (Figure  1 e inset), as 
indicated above. 

 The porous texture of CNCo- n  has been characterized by N 2  
sorption at 77 K (Figure  1 g), which reveals their large pore vol-
umes and the coexistence of micropore and mesopore, as indi-
cated by pore size distributions (Figure S10, Supporting Infor-
mation). The BET surface areas are 270, 362, 550, 1090, 1225, 
1480, and 2184 m 2  g −1  for CNCo- n  with n equal to 0, 0.2, 5, 
10, 20, 40, and 100, respectively, exceeding most of the metal 
doped-carbon materials derived from MOFs. [ 6a–c,f–l ]  The large 
surface area and pore volume would be benefi cial to the expo-
sure of active sites and rapid transportation of ORR-relevant 
species. The high-resolution X-ray photoelectron spectroscopy 
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 Scheme 1.    Schematic illustration for the preparation of porous carbons from BMZIFs for highly effi cient oxygen reduction reaction.
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(XPS) spectra for N 1s in CNCo-20 exhibit fi ve types of nitrogen 
species: dominant graphitic-N and also Co-N  x  , pyridinic-N, pyr-
rolic-N as well as oxidized-N (Figure S11a, Supporting Informa-
tion). It has been reported that all these N atoms play crucial 
roles in the ORR process except for the oxidized N. The high-
resolution Co 2p spectrum presents three important forms of 
Co species, namely, metallic Co, CoO  x   or CoC  x  N  y  , and Co–N  x   
(Figure S11b, Supporting Information). [ 12 ]  This fi nding demon-
strates the presence of Co–N  x  , which has been identifi ed as one 
of the best active sites for ORR. 

 Given that phosphorus (P) doping in carbon is one of the 
most effective solutions to create competent ORR active sites, [ 2e ]  

the P element was introduced into CNCo-20 by annealing with 
triphenylphosphine in N 2  atmosphere to give P-CNCo-20. The 
XPS spectra of P 2p for P-CNCo-20 indicate that P atoms have 
been successfully incorporated (Figure S12, Supporting Infor-
mation). The two types of P at 132.7 and 133.8 eV are assign-
able to P–C and P–O bonding, respectively. The peaks for N 1s 
and Co 2p in P-CNCo-20 are nearly the same to those in CNCo-
20, revealing the retained structure upon P doping. 

 With desirable structural information indicated above, we 
investigate the ORR activity of CNCo- n  catalysts in alkali media, 
as fuel cells are usually operated under basic conditions for 
practical application and industrial production, [ 7a,f  ]  The cyclic 
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 Figure 1.    Scanning electron microscopy (SEM) images of a) BMZIF-20 and b) CNCo-20. c) Transmission electron microscopy (TEM) image of CNCo-20 
and the corresponding elemental mapping of C, N, and Co. d,e) Enlarged TEM images of CNCo-20 (inset in (e): HRTEM image showing Co NP tightly 
wrapped by the well-developed graphitization layers). f) Powder XRD patterns and g) N 2  sorption isotherms for CNCo- n  samples.
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voltammetry (CV) curves for all samples exhibit a well-defi ned 
cathodic peak clearly at −0.12 ≈ −0.2 V, depicting their electro-
catalytic activities for ORR (Figure S13, Table S3, Supporting 
Information). Among the CNCo- n  samples, CNCo-20 with 
the highest reduction peak predicts its superior ORR activity. 
The linear sweep voltammetry (LSV) data collected on the 
rotating disk electrode (RDE) indicate that ZIF-8- and ZIF-
67-derived carbons present very limited activities (onset poten-
tials of ≈−0.12 and −0.07 V, and half-wave potentials of ≈−0.21 
and −0.14 V, respectively), both of which have low diffusion-
limited currents ( Figure    2  a, Figure S14a, Table S3, Supporting 
Information). In sharp contrast, the BMZIF-derived carbon 
materials, possessing suitable surface area, Co–N  x   species 
and well-dispersed N/Co dopants, exhibit signifi cantly higher 
ORR activity, among which CNCo-20 with optimized structural 
attributes is the best (≈−0.08 V for onset potential and ≈−0.15 V 
for half-wave potential) and even comparable to that of Pt/C 
(20 wt% Pt, E-TEK).  

 As expected, the electrocatalytic performance of CNCo-20 
can be further boosted upon P doping. The CV curve for 
P-CNCo-20 displays a nearly rectangular shape, indicating 
the excellent conductivity with high capacitive current. [ 7 ]  A 
pronounced reduction peak is located at ≈−0.12 V in O 2 -sat-
urated solution (Figure  2 b), superior to those of CNCo- n  sam-
ples. Remarkably, the P-CNCo-20 presents dramatically more 
positive onset potential (−0.04 V) and half-wave potential 
(−0.12 V) as well as higher diffusion-limited current density 
of 6.0 mA cm −2  (Figure  2 a) against its counterparts and Pt/C 
(onset potential of ≈−0.04 V, half-wave potential of ≈−0.16 V, 
and diffusion-limited current density of 5.8 mA cm −2 ) with the 

same loading (≈0.1 mg cm −2 ). To the best of our knowledge, 
this record of onset/half-wave potential and diffusion-lim-
ited current achieved for P-CNCo-20 is among the best in all 
MOF-derived ORR catalysts as well as other noble-metal free 
materials reported to date in an alkaline medium (Tables S4 
and S5, Supporting Information). [ 2c–f,    6 , 8 ]  The superb catalytic 
activity of P-CNCo-20 is assumed to arise from the synergistic 
effect of high surface area, Co–N  x   species, uniform dispersion 
of N, Co, and P dopants, as well as hierarchical pores in its 
structure. 

 To assess the ORR electron-transfer mechanism, RDE meas-
urements have been conducted at various rotation rates, which 
give the increasing current densities with increasing rotation 
rates (Figure  2 c, Figure S15, Supporting Information). The 
electron-transfer numbers ( n ) are calculated based on the Kout-
ecky–Levich (K-L) equation, revealing that the different elec-
tron-transfer numbers vary from ≈2.3 to 3.9 at −0.25 to −0.4 V 
for all samples (Figure  2 c inset, S16, Supporting Information). 
The P-CNCo-20 catalyst gives an electron-transfer number 
of 3.9, which appears similar to that of Pt/C (3.9) and much 
higher than other reference catalysts. The smaller Tafel slope 
for P-CNCo-20 than those of other catalysts further demon-
strates its superb ORR activity (Figure S17, Supporting Infor-
mation). Moreover, the electrochemical impedance spectros-
copy (EIS) measurements in the ORR region at −0.12 V for 
various catalysts were conducted. The Nyquist plots indicate 
that P-CNCo-20 possesses the smallest charge transfer resist-
ance in comparison with Pt/C and other samples (Figure  2 d, 
Figure S18, Supporting Information), which refl ects the con-
tribution from its high graphitization degree. All these results 
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 Figure 2.    a) LSV curves for different samples in O 2 -saturated 0.1  M  KOH at a rotation rate of 1600 rpm. b) CV curves of P-CNCo-20 in Ar-saturated 
and O 2 -saturated 0.1  M  KOH. c) LSV curves of P-CNCo-20 at different rotation speeds (inset: K-L plots and electron transfer numbers of P-CNCo-20 at 
different potentials). d) Impedance data for different samples.
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highlight the signifi cantly better ORR activity of P-CNCo-20 
than that of commercial Pt/C. 

 In addition to the excellent ORR activity, P-CNCo-20 also 
exhibits excellent stability and methanol tolerance. The sample 
was cycled from −0.4 to 0 V at 50 mV s −1  in O 2 -saturated 0.1  M  
KOH solution ( Figure    3  a,b, S19, Supporting Information). After 
continuous 10 000 cycles, the half-wave potential of P-CNCo-20 
catalyst is almost maintained with only a negative shift of 5 mV. 
In contrast, a ≈30 mV negative shift has been observed for Pt/C 
catalyst, exemplifying the superb stability of P-CNCo-20. More-
over, almost no variation in the LSV curve of P-CNCo-20 can 
be observed upon the addition of methanol (Figure  3 c), totally 
different from the sharp activity decrease for Pt/C catalyst 
(Figure  3 d). The results here demonstrate that P-CNCo-20 has 
strong tolerance against crossover effect, making it a promising 
catalyst for direct methanol fuel cells (Figure S20, Supporting 
Information).  

 In summary, bimetallic MOFs have been designed and 
successfully synthesized as templates/precursors to afford 
porous carbon with high surface area, high graphitization 
degree, CoN  x   moiety and uniform N dopant by pyrolysis. The 
resultant CNCo-20 with hierarchical pores and regular shape in 
nanoscale was exploited as an electrocatalyst that exhibits excel-
lent ORR activity approaching the value of Pt/C. Upon addi-
tional P doping, the ORR activity of P-CNCo-20 can be further 
boosted and surpasses those of Pt/C catalyst and most of non-
precious metal materials. It is worth noting that the P-CNCo-20 
possesses extraordinary long-term stability and tolerance to 
methanol in comparison to Pt/C catalyst. The excellent cata-
lytic performance of P-CNCo-20 is believed attributable to the 

synergistic effect of hierarchical porous structure, high surface 
area, high graphitization degree, CoN  x   active species, as well as 
uniform dispersion of N, Co, and P dopants. It is expected that 
this novel and low-cost catalysts templated with MOFs might 
be extended to other similar systems and hold great promise 
for advanced electrodes substituting Pt/C in energy storage and 
conversion.  

  Experimental Section 
  Preparation of ZIF-8 Nanocrystals : The synthesis of ZIF-8 nanocrystals 

was based on a previous procedure with some modifi cations. [ 9c ]  
Typically, Zn(NO 3 ) 2 ·6H 2 O (1.68 g) was dissolved in 80 mL of methanol. 
A mixture of 2-methylimidazole (3.70 g) with 80 mL methanol was added 
to the above solution with vigorous stirring for 24 h. The product was 
separated by centrifugation and washed thoroughly with methanol for 
twice, and fi nally dried overnight at 50 °C. The ZIF-8 powder was further 
activated at 200 °C under vacuum for 24 h prior to use. 

  Preparation of ZIF-67 Nanocrystals : The synthesis of ZIF-67 was 
based on a previous procedure with modifi cations. [ 10b ]  Typically, 
Co(NO 3 ) 2 ·6H 2 O (0.45 g) was dissolved in 3 mL of deionized (DI) water; 
then 2-methylimidazole (5.5 g) in 20 mL of water was added into above 
solution under vigorously stirred for 6 h at room temperature. The 
resulting purple precipitates were collected by centrifuging, washed with 
water and methanol in sequence for at least three times, and fi nally dried 
in vacuum at 50 °C overnight. The ZIF-67 powder was further activated 
at 200 °C under vacuum for 24 h prior to use. 

  Preparation of BMZIF Nanocrystals : Similar to the synthetic procedure 
of ZIF-8, typically, the mixture Zn(NO 3 ) 2 ·6H 2 O and Co(NO 3 ) 2 ·6H 2 O with 
desired molar ratio of Zn 2+ /Co 2+  was dissolved in 80 mL of methanol. A 
mixture of 2-methylimidazole (3.70 g) with 80 mL methanol was added 
to the above solution with vigorous stirring for 24 h at room temperature 
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 Figure 3.    LSV curves of a) P-CNCo-20 and b) commercial Pt/C before and after 10 000 potential cycles in O 2 -saturated 0.1  M  KOH solution. The LSV 
curves of c) P-CNCo-20 and d) commercial Pt/C in O 2 -saturated 0.1  M  KOH without (black curve) and with (red curve) 1  M  MeOH (catalyst loading: 
0.1 mg cm –2 ).
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(Scheme S1, Supporting Information). The total molar amount of 
(Zn + Co) was fi xed to be 5.65 mmol. The product was separated by 
centrifugation and washed thoroughly with methanol for twice, and 
fi nally dried overnight at 50 °C. The BMZIF powder was further activated 
at 200 °C under vacuum for 24 h prior to use. 

  Preparation of Porous Carbon Materials from BMZIFs : The 500 mg 
of activated BMZIF powder was heated to 900 °C at a heating rate 
of 5 °C min −1  and carbonized at 900 °C for 2 h under fl owing N 2  
(80 mL min −1 ) atmosphere, and cooled to room temperature naturally 
to obtain porous carbon materials. Then the inactive and unstable Co 
nanoparticles in product were etched as far as possible with 0.5  M  H 2 SO 4  
aqueous solution at 80 °C for 12 h for twice, and washed thoroughly 
with lots of water to yield CNCo- n  catalysts. Finally, the products were 
dried in vacuum at 120 °C overnight prior to use. 

  Preparation of P-doped Carbon Material : The 50 mg of porous 
CNCo-20 or CNCo-100 material obtained above was added into 5 mL of 
triphenylphosphine (2 mg mL −1 ) methanol solution. Then the mixture 
was vigorously stirred under vacuum at room temperature for 24 h. The 
obtained powder was annealed under nitrogen gas fl ow at 800 °C in a 
tubular furnace for 2 h to afford P-CNCo-20 or P-CNCo-100. The product 
was washed thoroughly with plenty of water and ethanol, and then dried 
under vacuum for 24 h. 

  Evaluation of the Catalytic Performance for ORR : All electrochemical 
measurements were performed in a three-electrode system on an 
CHI 760E electrochemical workstation (Shanghai Chenhua, China) in 
0.1  M  KOH electrolyte. A glassy carbon (GC) rotating disk electrode 
(RDE, PINE, PA, USA) of 5.0 mm in diameter served as the substrate 
for the working electrode, with the rotating rate varying from 100 to 
2500 rpm. A platinum foil and Ag/AgCl (3.5  M  KCl) were used as the 
counter and reference electrodes, respectively. To prepare the working 
electrode, 2 mg of the catalyst was dispersed in 1 mL of ethanol, and 
then sonicated for 12 h to form a well dispersed black ink. A certain 
volume of catalyst ink and 0.02 mL of 5 wt% Nafi on solution was then 
drop-casted onto the glassy carbon surface with a 0.1 mg cm –2  loading 
for all samples, and dried at room temperature. Prior to measurement, 
an Ar/O 2  fl ow was used through the electrolyte in the cell for 30 min to 
saturate it with Ar/O 2 . The CV experiments were cycled in Ar- and O 2 -
saturated 0.1  M  aqueous KOH electrolyte solutions with a scan rate of 
20 mV s −1 . RDE tests were measured in O 2 -saturated 0.1  M  KOH at room 
temperature with a sweep rate of 20 mV s −1  and different speed rates 
(100–2500 rpm). For comparison, Pt/C (20 wt% platinum, E-TEK) was 
conducted on the same electrochemical tests. 

 For the ORR at a RDE, the electron transfer numbers can be 
calculated with Koutecky–Levich equations

    

1 1 1 1 1
L K

1/2
Kj j j B jω

= + = +
 
 (1)

  

    0.62 ( )0 0
2/3 1/6B nFC D ν= −

  (2)  

   K 0j nFkC=   (3) 

 where  j  is the measured current density;  j  K  and  j  L  are the kinetic and 
diffusion-limiting current densities, respectively;  ω  is the angular velocity 
of the disk (= 2πN, N is the linear rotation speed);  n  represents the 
overall number of electrons transferred in oxygen reduction;  F  is the 
Faraday constant ( F  = 96485 C mol –1 );  C  0  is the bulk concentration of 
O 2  (1.2 × 10 −6  mol cm –3 );  D  0  is the diffusion coeffi cient of O 2  in 0.1  M  
KOH electrolyte (1.9 × 10 −5  cm 2  s –1 );  v  is the kinematics viscosity for 
electrolyte, and  k  is the electron-transferred rate constant.  

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