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List of Abbreviations 

ORR   -Oxygen reduction reaction 

OER   -Oxygen evolution reaction 

SCNCS  -Self-modulated cobalt-nitrogen-carbon system 

NPCs   -Nanoporous carbons 

SSA   -Specific surface area  

PSD   -Pore-size distribution  

Vp   -Pore volume 

MOFs   -Metal-organic frameworks 

ZIFs   -Zeolitic imidazolate frameworks 

CoxZn100-x–C  -Carbonized CoxZn100-x–ZIF–8 

CoxZn100-x–Cxxx -Carbonized CoxZn100-x–ZIF–8 at particular temperature, example 900 

°C as CoxZn100-x–C900 (normally for 10 h carbonization period unless 

otherwise specified, example, 2 h carbonized sample is identified as 

CoxZn100-x–C900-2h) 

Co/C   -Samples obtained under inert atmosphere carbonization  

Co3O4/C (or NPCs) -Samples obtained under controlled oxidation during carbonization 

CoO(II)@Co/C -Surface oxidized Co/C by post-synthesis hydrothermal treatment        

PXRD   -Powder X-ray diffraction 

XPS   -X-ray Photoemission spectroscopy 

SEM   -Scanning electron microscopy 

TEM   -Transmission electron microscopy 

TG   -Thermogravimetry 

CV   -Cyclic voltammetry 

LSV   -Linear sweep voltammetry 
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Methods 

Synthesis of CoxZn100-x-ZIF-8s: In a typical synthesis of Zn-ZIF-8 (or Co-ZIF-8, also called 

ZIF-67), 7.344 g of Zn(NO3)2.6H2O (or Co(NO3)2.6H2O) was dissolved in a 500 ml 

methanol. Then, 8.106 g of 2-methyl imidazole was dissolved in another 500 ml methanol by 

adding ~4 ml of a moderator, 1-methylimidazole. The later solution was slowly added to the 

former in a 1 L wide mouth jar while stirring at room temperature. After a few minutes a 

milky (for Zn-ZIF-8) solution was formed from the clear solution of the precursors, which 

was then left for 24 h to settle. The top clear solution was drained out and the white (or purple 

in case of Co-ZIF-8) precipitates were collected by centrifugation with further methanol 

washing. All the as-synthesized ZIF-8 samples were dried for a day at 80 °C oven. The mixed 

metal Co/Zn-ZIF-8s were synthesized in a similar method but by replacing the portion of 

zinc-nitrate precursor with cobalt-nitrate. For example, the sample made with 10%, 25% and 

50% by mass of the cobalt-nitrate replacing the zinc-nitrate (more precisely, for 10%: 0.7344 

g of cobalt-nitrate + 6.6096 g of zinc -nitrate; for 25%: 1.836 g of cobalt-nitrate + 5.508 g of 

zinc-nitrate; for 50%: 3.672 g of cobalt-nitrate + 3.672 g of zinc-nitrate) are named as 

Co10Zn90-ZIF-8, Co25Zn75-ZIF-8 and Co50Zn50-ZIF-8, respectively. The sample yield was of 

over 2.2 g. 

Synthesis of CoxZn100-x-C NPCs: In a carbonization process, a suitable amount, between 

(100–300) mg of CoxZn100-x-ZIF-8 was placed in an alumina boat (of 1 cm x 1 cm x 5 cm) 

and then transferred into a horizontal tube furnace. The furnace tube was closed with a gas 

feed through end seals and sample area was thoroughly purged with nitrogen. The nitrogen 

flow was maintained throughout the reaction. The carbonization between (700-1100) °C was 

carried out for (2 to 10) h at a given temperature after heating at 5 °C per min. The carbons 

obtained at different carbonization conditions were named as CoxZn100-x-Cy-z, where y (= 

700, 800, 900, 1000 and 1100) and z, respectively represents the carbonization temperature in 

°C and time in h. All the samples for further characterizations were handled in ambient air 

without further chemical treatment or acid washing unless stated. 

Synthesis of Co3O4/C NPCs: The Co3O4/C NPCs were synthesized in a similar way as 

CoxZn100-x-C NPCs, but with leaking a small amount of air during the synthesis. Note that the 

long-time air introduction would lead to loss of carbon due to gasification. Thus controlled 

oxidation has been carried out at limited time of 2 h and 5 h, maximum. 

Hydrothermal treatment of CoxZn100-x-C NPCs, i.e., CoO@Co/C NPCs (named as 

CoxZn100-x-Cy-HTT): The carbonized samples were further subjected to a hydrothermal 

treatment with 20 ml water at 180 °C for 6 h to 30 h in a 50 ml capacity Teflon lined stainless 

steel autoclave. 

Structure & Porosity Characterization: Powder X-ray diffraction (PXRD, on Stoe Stadi-P, 

Cu-K-alpha) was carried out by filling the sample in a 0.5 mm diameter borosilicate glass 

capillary under ambient conditions. Raman spectroscopy (514.5 nm laser, Renishaw) was 

carried out on hand pressed powder samples on a glass slide. X-ray Photoemission 

spectroscopy (XPS, on Al-K-alpha, Thermo Scientific) data, scanning electron microscopy 
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(SEM, Jeol) and transmission electron microscopy (TEM, Jeol) measurements were carried 

out on the samples supported on a carbon tape or a carbon coated copper TEM grid. The 

porosity and gas adsorption-desorption isotherms up to 1 bar were determined at 77 K and 

298 K using liquid nitrogen and water bath, respectively, on a Quantachrome Autosorb-iQC. 

The specific surface area was measured from the 77 K N2 isotherm in a relative pressure 

range between 0.01 and 0.2, according to the Brunauer-Emmett-Teller (BET) method. The 

QSDFT (quenched solid density functional theory) method with slit/cylindrical pores was 

applied to desorption isotherm (10
−2

 to 0.99, P/Po) to obtain pore size distribution and 

cumulative pore volume. The sample was degassed at 180 °C overnight under dynamic 

vacuum prior to the actual gas adsorption measurement. Combined thermogravimetric (TG, 

on Setsys from Setaram) and mass spectrometry (MS, on OmniStar from Pfeiffer Vacuum) 

up to 1000 °C measurements were carried out on a dry sample under Ar flow with a heating 

rate of 5 °C per min and isothermal step of 1 h at 1000 °C. The TG mass-loss was recorded 

after background correction to empty alumina crucible.  

The TG measurements on as-synthesized NPCs were carried out under oxidative atmosphere, 

flowing air with a heating rate of 3 °C per min up to 700 °C.  The cobalt mass concentration 

is estimated from the residual mass after complete burn-off the carbon.   

Electrochemical Tests: All the tests were carried out using Autolab (Metrohm 

PGSTAT302N) electrochemical station, by a three electrode method with a glassy carbon 

rotating disk as working electrode, and (1×1) cm
2
 Pt and Ag/AgCl/saturated KCl as counter 

and reference electrode, respectively in O2 saturated (or N2 purged) alkaline (0.1M KOH) or 

acidic (0.1M & 1.0M HClO4) electrolyte at room temperature. The O2 or N2 saturation is 

maintained by continuous gas bubbling. All the measurements were carried out with a fixed 

catalyst deposition of ~0.28 mg cm
−2

 on a 3 mm dia (or area of 0.0707 cm
2
) glassy carbon 

disk electrode (GCDE). The catalyst was prepared as follows; 2 mg of NPC sample was 

dispersed in a total 500 μl solution consisting 482 μl of deionized water plus 18 μl of Nafion 

(5% solution) under sonication. The sonication was carried out up to an hour to get uniform 

catalyst dispersion ink. Of which 5 μl was micropipetted and dropped on to a GCDE followed 

by drying at 60 °C oven prior to the electrochemical tests. All the electrochemical test results 

were reported with respect to the reference, Ag/AgCl. In all the cases CV (Cyclic 

Voltammetry) and LSV (Linear Sweep Voltammetry) curves were recorded with a voltage 

sweeping at 10 mV s
−1

 in the potential range of +0.2 V to −0.8 V for ORR and +0.2 V to +1.0 

V for OER in a 0.1M KOH. Before actual measurements, the catalyst was subjected to a 

number of CV cycles until a stable CV was obtained. The stability (i vs t) tests were carried 

out at a fixed potential of −0.20 V for ORR and +0.70 & +0.75V for OER and the response 

current recorded against time up to 20 h in O2 saturated 0.1M KOH. In case of HClO4, the 

current vs time response curves were measured at +0.3 V. The ORR and OER LSV curves 

were measured at different disk rotating speeds in fixed intervals of (800, 1200, 1600 and 

2000) rpm. The electron transfer number during ORR is estimated using Koutechy-Levich 

relation [ref. Sa3]; 

1

𝐽
=
1

𝐽𝐿
+
1

𝐽𝐾
=

1

𝐵𝜔1 2⁄
+
1

𝐽𝐾
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𝐵 = 0.62𝑛𝐹𝐶0(𝐷0)
2 3⁄ 𝑣−1 6⁄  

𝐽𝐾 = 𝑛𝐹𝑘𝐶0 

J is the measured current density, JL and JK are diffusion and kinetic limiting current 

densities, respectively, ω is angular velocity, n is electron transfer number, F is Faraday 

constant (96485 C mol
−1

), C0 is O2 bulk concentration (1.26 × 10
−6

 mol cm
−3

), D0 is O2 

diffusion coefficient in the electrolyte (1.9 × 10
−5

 cm
2
 s

−1
) and v is kinetic viscosity of 0.1M 

KOH (0.01 cm
2
 s

−1
). 

B, basically a slope of a straight line is determined from the linear fittings of the plots from 

measured current density (inverse of it on the y-axis) in the equilibrium region, between −0.3 

V to −0.8 V of ORR LSV curves at different disk rotating speed (in rad s
−1

 ; i.e., 
2𝜋

60
× 𝑟𝑝𝑚; 

again inverse of it on the x-axis).  

The measured potentials against Ag/AgCl is converted to RHE using the relation, In 0.1M 

KOH, V vs (RHE) = V vs (Ag/AgCl) + 0.95 V [Ref. Sa4].  

The overpotential V = V vs (RHE) – 1.23 V. 
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Figure S1. Pore-size distribution (left) and cumulative pore volume (right) plots of Zn100-

C1000 and Co100-C1000. See that Zn100-C1000 shows a highly microporous nature of carbon 

with most of the pores situated at ≤2 nm pore widths, whereas due to Co-induced 

graphitization Co100-C1000 shows a smeared out porosity with a small fraction of mesopore 

development at pore width of ~5 nm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Table S1. Porosity (BET specific surface area and total pore volume) of NPCs derived from 

ZIF-8 and ZIF-67 at different carbonization temperatures. See that both the ZIF-8 and -67 

show similar porosity but compared to the ZIF-8 derived NPCs, ZIF-67 derived NPCs show a 

considerable reduction in the porosity with increased carbonization temperature. Also ZIF-67 

NPCs are mesoporous in nature with a single pore width of ~5.0 nm than the high 

microporosity exhibited by ZIF-8 derived NPCs. Note that the increased porosity with 

temperature in ZIF-8 NPCs is attributed to the continuous decomposition of framework 

ligand together with Zn evaporation above 900 °C. Whereas, the catalytic Co-induced 

stitching of ligand carbons to crystallized graphitic structure leaves a largely smeared out 

open pore structure from ZIF-67. The post-synthesis acid etching of Co clusters results in a 

little improvement in the porosity.  

Sample description BET Specific surface area 

(m
2
 g
−1

) 

Total pore volume (cm
3
 g
−1

) 

ZIF-8 1795 0.746 

Co-ZIF-8 1800 0.748 

Zn100-C900-6h 1330 0.578 

Zn100-C1000-10h 1455 0.671 

Co100-C900-6h 300 0.301 

Co100-C1000-10h 96 0.195 

Co100-C1000-10h-acid clean 212 1.086 

 

Table S2. XPS elemental contents in Zn-ZIF-8 and Co-ZIF-8 derived carbons. Co100-C 

shows high content of carbon. 

Sample C (at%) N (at%) O (at%) Co (at%)* Zn (at%) 

Co100-C1000-10h 95.5 0.2 4.0 0.3 - 

Zn100-C1000-10h 86.0 5.5 9.0 - 0.5 

Co100-C900-6h 90.0 2.0 7.5 0.5 - 

Zn100-C900-6h 82.0 11.0 6.0 - 1.0 

* Due to the formation of cobalt-core and carbon-shell the XPS cannot report true cobalt 

content in the samples, mainly because of the carbon shielding effect. But the actual cobalt-

content in the carbonized samples is reported with thermogravimetric analysis at Figure S10. 
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Figure S2. XPS C 1s and N 1s (inset) core level spectra of NPCs derived from ZIF–8 (Zn100-

C) and –67 (Co100-C) alone at 900 °C for 6 h and 1000 °C for 10 h. The C 1s peak narrowing 

and shift to the low binding energy indicates the cobalt induced graphitization and loss of 

nitrogen content [Ref. Sa5]. The loss of nitrogen content is also clearly observed at N 1s 

spectra (inset). See Table S2 for elemental composition.   
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Figure S3. SEM images of NPCs derived at 1000 °C & 10 h carbonization of ZIF-8 (above) 

and ZIF-67 (below). Clearly, the structure and surface morphology of ZIF-8 crystals remains 

in its Zn100-C1000; however the cobalt-induced graphitization is seen with considerable 

surface plane shrinkage of Co100-C1000 crystallites. The left & right images are taken at 

different magnification levels. 
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Figure S4. TEM images at different magnifications of NPCs derived at 1000 °C & 10 h 

carbonization of ZIF-8. See that carbon is highly microporous and amorphous in nature.  
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Figure S5. TEM images at different magnifications of NPCs after acid cleaning of magnetic 

cobalt clusters (these are not compatible for TEM measurement), derived at 1000 °C & 10 h 

carbonization of ZIF-67. See that a clear cobalt induced graphitization with the formation of a 

graphitic ribbon structures. The removal of cobalt clusters also leaves big pores. 
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Figure S6. CV curves of Co100-C900-6h, recorded in both O2 and N2 saturated 0.1M KOH 

electrolyte. See that ORR activity current peak is not observed in N2 saturated electrolyte.  
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Figure S7. Tafel plots (applied potential vs log(current density)) of ZIF‒8 and ZIF‒67 

derived NPCs at (900 & 1000) °C and (6 & 10) h, respectively with Pt/C standard. The Tafel 

slopes are identified with linear fittings in purple colour. See that both Co100‒C900 and 

Co100‒C1000 exhibit much smaller slopes, (61 & 52) mV decade
‒1

 than Zn100‒NPCs and also 

Pt/C standard (82 mV decade
‒1

), indicating a fast reduction kinetics.   
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Figure S8. Top three: ORR LSV curves at different rotating speeds (left panel) and its 

derived Koutechy-Levich plot linear fittings (right panel) for Pt/C, Zn100-C1000-10h and 

Co100-C1000-10h. Bottom two: shows Koutechy-Levich plot linear fittings for Zn100-C900-6h 

and Co100-C900-6h. The calculated electron transfer number, n at different potentials between 

−(0.3-0.6) V vs Ag/AgCl is given in each plot.  
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Figure S9. Comparative characteristics of Co100-C1000-10h; as synthesized (black data) and 

acid clean to remove cobalt (red data). a) LSV curves of ORR show enhancement in the 

limiting current density after acid etching out the cobalt, no change in both onset potential 

and slope of reduction is seen. b) LSV curves of OER show considerable decrease in the 

current density and increased onset potential after etching out the cobalt. c) PXRD pattern of 

acid etching sample is reminiscent of graphitic structure, without any traces of crystalline 

cobalt as observed in as synthesized one. d) Isotherm shows enhanced uptake of N2 (77 K) 

after acid etching of cobalt indicating the enhanced porosity, specifically at higher relative 

pressure is attributed to a removal of cobalt clusters in the structure. e) Pore size distribution 

shows that new pore development at or above 40 nm pore width. f) Cumulative pore volume 

shows considerably enhanced pore volume at pore widths above 40 nm. d-f) Indicating that 

the crystalline cobalt clusters are in the size of ≥40 nm.     
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Figure S10. TG analysis plot of Co100–C1000-10h. The measurement was carried out in a 

flowing air to burnout the carbon to get true cobalt concentration that is embedded in the 

carbon matrix. The residual weight at above 500 °C corresponds to the Co3O4 (assuming 

complete transformation of the cobalt metal into oxide). Thus the cobalt-metal content is 

calculated accordingly. 
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Figure S11. PXRD patterns (top left), 77 K N2 sorption isotherms (top right), 77 K H2 uptake 

isotherms (bottom left) and 298 K CO2 uptake isotherms (bottom right) of precursor ZIF-8s; 

CoxZn100-x-ZIF-8 with x = 100, 50, 25, 10 and 0. All are characteristics of isostructural 

framework crystalline samples. 
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Figure S12. SEM images of ZIF-8, showing well-structured crystallites.  
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Figure S13. TEM images at different magnification of Co25Zn75-ZIF-8, showing well-

structured crystallites similar to the ZIF-8 as observed at SEM.  
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Figure S14. PXRD patterns of NPCs of Co10Zn90-C (top left), Co25Zn75-C (bottom left), 

Co50Zn50-C (top right) and Co100-C (bottom right) at a carbonization temperature of (700, 

800, 900, 1000, 1100) °C for 10h in each case. See that all the sharp and intense diffraction 

peaks are assigned to a pure phase fcc Co(0) [see JCPDS 15-0806 for fcc cobalt and JCPDS 

05-0727 for hcp cobalt]. The crystallization of carbon (see a growing graphitic (002) peak at 

2θ of ~26°) is seen with increasing carbonization temperature /or cobalt substitution for zinc 

in ZIF-8 at or above 800 °C. Also note that the crystallization or clustering of cobalt is seen 

with increasing carbonization temperature as observed with increased intensity of diffraction 

peaks. Also see that at low cobalt concentrations, e.g., x = 10 & 25, the crystalline/clustered 

cobalt peaks appear only at higher carbonization temperatures of ≥900 °C.   
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Figure S15. Raman spectra of Co25Zn75–C at different temperatures (top) and CoxZn100-x–

C1000 (bottom). Graphitization can be seen by sharp Raman D and G bands at Raman shift 

of ≈1354 cm
−1

 and ≈1583 cm
−1

, respectively when going from Zn100−C to Co100−C. The 

appearance of a second order 2D band at ≈2700 cm
−1

 is a signature for ordered layered 

structure [ref. Sa6,Sa7]. 
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Figure S16. In clock wise, C 1s, N 1s, O 1s, Zn 2p and Co 2p XPS core level spectra of 

CoxZn100-x-NPCs derived at (700, 800, 900, 1000, 1100) °C for 10 h. Set of samples from 

same ZIF-8 composition are grouped together. The C 1s peak shift from a binding energy 

(BE) of ~284.9 eV to a BE of 284.6 eV with increasing cobalt substitution and carbonization 

temperature is an indication of transformation of more nitrogen containing NPCs (e.g., at 700 

°C) to a pure phase graphitic sp
2
 carbon (e.g., at 1100 °C). This loss of nitrogen functionality 

is clearly visible in N 1s spectra, where a dominant pyridinic type nitrogen in imidazolate 

ligand peak at BE of 398.6 eV and 700 °C is completely lost at 1100 °C due to temperature 

induce simultaneous decomposition and conversion to graphitic nitrogen, a new and weak 

peak at higher BE of 401 eV. O 1s spectra show broad, two to three peak behaviour suggest 

C−O (at BE of >533 eV, a second most contributor) and Co−O (BE of ~530 eV, very weak & 

least contributor) bonding in addition to major atmospheric adsorbed oxygen at BE of ~532 

eV. Zn 2p spectra show the samples are zinc free at temperatures at (for x = 25 or higher) or 

above (for x = 10) 900 °C. The Co 2p with two satellite peaks positioned close to the main 

2p3/2 and 2p1/2 peaks suggest a surface oxidized cobalt and is assigned to Co(II)O.  
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Table S3. XPS based elemental concentrations in CoxZn100-x-ZIF-8 derived carbons, 

carbonized at different temperatures with same 10 h annealing time.  

Sample C (at%) N (at%) O (at%) Co (at%)* Zn (at%) 

Co25Zn75-C700 70.0 18.0 9.0 0.4 2.6 

Co25Zn75-C800 79.0 10.0 9.0 1.0 1.0 

Co25Zn75-C900 90.0 4.5 5.0 0.4 - 

Co25Zn75-C1000 93.0 2.3 4.5 0.2 - 

Co25Zn75-C1100 96.0 0.5 4.0 - - 

Co50Zn50-C900 93.0 2.8 3.3 0.7 - 

Co50Zn50-C1000 95.0 1.3 3.3 0.2 - 

Co50Zn50-C1100 96.0 0.5 3.5 0.3 - 

Co10Zn90-C900 86.0 5.5 8.0 0.2 0.3 

Co10Zn90-C1000 92.0 3.8 4.0 0.2 - 

Co10Zn90-C1100 94.0 0.5 5.5 - - 

Co100-C1000 95.5 0.2 4.0 0.3 - 

Zn100-C1000 86.0 5.5 9.0 - 0.5 

* Due to the formation of cobalt -core and carbon-shell the XPS cannot report true cobalt 

content in the sample, mainly because of the carbon shielding effect. But the actual cobalt -

content in the carbonized samples is reported with thermogravimetric analysis at Figure S28. 
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Figure S17. The deconvolution of C 1s and Co 2p spectra and peak fittings of CoxZn100-x-

C1000. This shows relative changes of individual contributions, to say the gradual decrease 

of dominating C−O and C−N contributions with peaks at or above BE of 285 eV in C 1s 

spectra of Zn100-C1000 is seen with increasing substitutional cobalt. At highest cobalt, the C 

1s spectra consist mostly of graphitic sp
2
 carbon. The Co 2p spectra with two main peak 

positions at BE of ~780.3 eV and ~796 eV with adjacent satellite peaks at (between 784 & 

786) eV and ~803.3 eV, suggest surface oxidized cobalt in its 2
+
 oxidation state, i.e., CoO 

[Ref. Sa8,Sa9,Sa10].  
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Figure S18. Peak fittings of C 1s, N 1s, O 1s and Co 2p spectra (in clock wise direction) of 

Co25Zn75-C900 and Co25Zn75-C1000 samples. The control oxidation of samples is 

represented with –oxide (which is nothing but Co3O4/C). The C 1s peak fittings suggest 

oxygen and nitrogen containing carbon (see new shoulders at BE of >285 eV). The two and 

three peak behaviour of N 1s spectra show majority of pyridinic nitrogen-type (peak at BE of 

398.9 eV) in addition to graphitic nitrogen-(second major peak at BE of 401 eV) and oxidized 

nitrogen-(a weak peak at BE of >405 eV) type. O 1s show peaks at ~530 eV, 532.3 eV and 

533.7 eV corresponding to Co
2+

−O, adsorbed oxygen and sp
3 

C−O, respectively. The Co 2p 

spectra for controlled oxidized samples are in good agreement with the Co3O4 [Ref. 

Sa8,Sa9,Sa10].   
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Figure S19. The PXRD patterns of controlled oxidized Co25Zn75-C900 and Co25Zn75-C1000 

samples show predominantly a cubic spinel Co3O4 (*) phase (space group Fd3m) (JCPDS 

card no. 43-1003), with a little evidence for fcc cobalt and CoO (#) [Ref. Sa11]. 
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Figure S20. 77 K N2 sorption isotherms of all the CoxZn100-x-NPCs obtained at carbonization 

temperature of (700, 800, 900, 1000, 1100) °C for 10 h (top four). See that a considerably 

reduced N2 uptake with increasing substitutional cobalt for zinc. This is also true with the 

carbonization temperature at or above 800 °C, suggesting a cobalt-induced graphitization. 

This is also observed with opening the hysteresis gap between adsorption and desorption 

isotherms. Bottom: comparative isotherms of Co25Zn75-C900 NPCs after control 

carbonization and oxidation. The control oxidation of samples is represented with –oxide 

(which is nothing but Co3O4/C). See that after oxidation the samples show a reduced uptake 

due to the loss of sample in the form of gasification, C + O2  CO2 during control oxidation. 
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Table S4. The porosity and gas uptake in all precursor ZIFs and its NPCs. The control 

oxidation of samples is represented with –oxide (which is nothing but Co3O4/C). 

S. No.  Sample description BET 

Specific 

surface 

area (m
2
 

g
−1

) 

Total pore 

volume 

(cm
3
 g
−1

) 

H2 uptake at 

77 K and 1 

bar 

(cm
3
(STP) 

g
−1

) 

CO2 uptake 

at 298 K and 

1 bar 

(cm
3
(STP) 

g
−1

) 

1 ZIF−8 1795.0 0.746 151.0 20.0 

2 Co10Zn90−ZIF−8 1723.0 0.741 157.0 21.0 

3 Co25Zn75−ZIF−8 1722.0 0.740 154.0 21.0 

4 Co50Zn50−ZIF−8 1750.0 0.756 170.0 22.0 

5 Co−ZIF−8 1800.0 0.748 170.0 21.0 

6 Co10Zn90−C700-10h 740.0 0.348 152.0 67.0 

7 Co10Zn90−C800-10h 860.0 0.405 170.0 70.0 

8 Co10Zn90−C900-10h 1140.0 0.557 218.0 77.0 

9 Co10Zn90−C1000-10h 774.0 0.478 160.0 45.0 

10 Co10Zn90−C1100-10h 910.0 0.521 203.0 55.0 

11 Co25Zn75−C700-10h 627.0 0.334 139.0 65.0 

12 Co25Zn75−C800-10h 764.0 0.502 149.0 53.0 

13 Co25Zn75−C900-10h 685.0 0.520 121.0 36.0 

14 Co25Zn75−C1000-10h 437.0 0.430 74.0 20.0 

15 Co25Zn75−C1100-10h 562.0 0.541 86.0 22.0 

16 Co50Zn50−C700-10h 495.0 0.308 109.0 47.0 

17 Co50Zn50−C800-10h 678.0 0.449 100.0 33.0 

18 Co50Zn50−C900-10h 310.0 0.342 49.0 15.0 

19 Co50Zn50−C1000-10h 226.0 0.292 32.0 8.0 

20 Co50Zn50−C1100-10h 266.0 0.441 41.0 11.0 

21 Co100−C700-10h 320.0 0.230 58.0 15.0 

22 Co100−C900-10h 275.0 0.232 37.0 9.0 

23 Co100−C1000-10h 96.0 0.195 14.0 3.0 

24 Co100−C1100-10h 70.0 0.160 16.0 3.0 

25 Co25Zn75−C900-2h-

oxide 

747.0 0.551 135.0 52.0 

26 Co25Zn75−C900-5h 717.0 0.537 - - 

27 Co25Zn75−C900-5h-

oxide 

607.0 0.588 145.0 39.0 

28 Co25Zn75−C1000-5h 500.0 0.598 - - 

29 Co25Zn75−C1000-5h-

oxide 

360.0 0.551 69.0 23.0 
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Figure S21. 77 K N2 sorption isotherms QSDFT derived cumulative pore volume plots 

against pore width of all the CoxZn100-x-NPCs obtained at carbonization temperature of (700, 

800, 900, 1000, 1100) °C for 10 h (top four) and after control carbonization and oxidation of 

Co25Zn75-C900 NPCs (bottom). The control oxidation of samples is represented with –oxide 

(which is nothing but Co3O4/C). See that a considerably reduced pore volume with increasing 

substitutional cobalt for zinc. This is also true with the carbonization temperature at or above 

800 °C suggesting a cobalt-induced graphitization. The step-like change suggesting a single 

pore-type of ~5 nm. 
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Figure S22. 77 K N2 sorption isotherms QSDFT derived pore size distribution plots of all the 

CoxZn100-x-NPCs obtained at carbonization temperature of (700, 800, 900, 1000, 1100) °C for 

10 h (top four) and after control carbonization and oxidation of Co25Zn75-C900 NPCs 

(bottom). The control oxidation of samples is represented with –oxide (which is nothing but 

Co3O4/C). See that shift of the pore size from microporous region to mesoporous region with 

increasing substitutional cobalt for zinc. Most of the cases a single type pore at ~5 nm in 

width is observed. 
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Figure S23. 77 K H2 uptake isotherms of all the CoxZn100-x-NPCs obtained at carbonization 

temperature of (700, 800, 900, 1000, 1100) °C for 10 h. See that a considerably reduced 

uptake with increasing substitutional cobalt for zinc. A clear influence of microporosity and 

nitrogen-functionality (high uptake), and a graphitization (low uptake) is seen. 
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Figure S24. 298 K CO2 uptake isotherms of all the CoxZn100-x-NPCs obtained at 

carbonization temperature of (700, 800, 900, 1000, 1100) °C for 10 h. See that a considerably 

reduced uptake with increasing substitutional cobalt for zinc. 
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Figure S25. SEM images of NPCs obtained at 1100 °C; Co25Zn75-C1100 (top), Co50Zn50-

C1100 (middle), Co100-C1100 (bottom). The crystallites preserve the morphology of 

precursor ZIFs. The transition to a highly graphitized nature can be seen at change in 

morphology of Co100-C1100.   
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Figure S26. TEM images of NPCs of Zn100-C1000-10h (top row), Co25Zn75-C800-10h 

(second row from top) and Co25Zn75-C1000-10h (second bottom row). A clear change in 

morphology of carbon is seen from amorphous type in Zn100-C1000-10h (metal free) to 

ordered graphitic type in Co25Zn75-C1000-10h (bottom row). Also see Figures S4 & S5 for 

TEM images of Zn100- C1000 & Co100-C1000. The finely distributed Co/Zn-metal centres in 

Co25Zn75-C800-10h become agglomerated at Co25Zn75-C1000-10h. 
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Figure S27. A combined TG (top-left) – MS (right & bottom-left) analysis shows the 

mechanism of structure transition during thermolysis of CoxZn100-x-ZIF-8. A framework 

decomposition/carbonization temperature is seen at ≈600 °C (less than 600 °C in case Co-

ZIF-8), and evolution of various decomposed gaseous mixtures; C, CxHy, CxNy or both, 

HzCxNy, identified by atomic mass unit (amu); 12-C, 13-CH, 14-CH2, 15-CH3, 16-CH4, 25-

HC2, 26-C2H2 or CN, 27-HCN, 28-H2CN or N2, 29-H2CNH. Note that majority of N-free 

hydrocarbon signals in MS around 600 °C are mainly due to evaporation of free rotational 

methyl group on the imidazolate and the actual decomposition of imidazolate ring is seen at 

above 600 °C with the release of combination of CNH radicals [Ref. Sa12]. The increase in 

TG residual mass at 1000 °C is in good agreement with the increased Co substitutional 

concentration for volatile zinc. Also note that the increased cobalt concentration leads to a 

rapid ligand degradation/mass loss at reduced temperatures than ZIF-8. 
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Figure S28. TG plots of Co100–, Co50Zn50–, Co25Zn75– and Co10Zn90–NPCs, synthesised at 

1000 °C for 10 h (top) and 1100 °C for 10 h (bottom). The measurements were carried out 

with a heating rate of 3 °C per minute and under flowing air to burnout the carbon to get true 

cobalt concentration that is embedded in the carbon matrix. The residual weights at or above 

600 °C corresponding to the Co3O4 (assuming complete transformation of the cobalt metal in 

to oxide). Thus the cobalt-metal content is calculated accordingly.  

The carbonization temperature, 1000 °C (top) and 1100 °C (bottom) as well as cobalt-

induced graphitization is clearly understood with two-stage TG mass loss (for 1000 °C 

samples) or enhanced  thermal stability (for 1100 °C samples). The mass loss indicates the 

gasification of carbon; C + O2 → CO2. In case of 1000 °C samples, at first stage, the sample 

start burning at ~300 °C is amorphous carbon. The graphitized carbon is relatively stable and 

starts burning at 100 °C higher temperature. 
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Figure S29. Synthesis, structural and electrochemical characteristics of ZIFs and NPCs: a) 

Sample preparation of CoxZn100-x–ZIF–8 with a different precursor and metal salt 

concentrations, x = 100, 50, 25, 10 & 0, respectively, represents from left to right. The 

precursor solution mixtures in bottles (top row) and ZIF powders (middle row), and local 

pore structures (bottom row), respectively are represented with digital photographs and wire-

frames of ligand and metal-centres. Colour codes: grey-carbon, blue-nitrogen, white-

hydrogen, pink-cobalt, and green-zinc. b) Characteristic, structure-property relationships of 

carbonized products of CoxZn100-x–ZIF–8. Note that evaporation of Zn metal (at 910 °C) 

results remains open framework, high porosity, and amorphous carbon structure. Continuous 

introduction of Co metal results in cobalt embedded (black spots), graphitized structure of 

reduced porosity and N-content. The best ORR and OER properties are observed at 

intermediate Co/Zn concentrations than simple Co–or Zn–ZIF–8 derived ones. c) 

Electrochemical performance of the optimized NPCs with high activity for ORR at ≤900 °C 

(equivalent to Pt/C) and high activity for OER at ≥1000 °C (lower or equal overpotentials 

IrO2/C [Ref. Sa13] at benchmark current density of 10 mA cm
−2

). 
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Figure S30. Influence of cobalt-substitution on electrocatalytic activity of NPCs derived at 

700 °C and 800 °C for 10 h.  A considerably enhanced ORR and OER (at 1600 rpm) activity 

is seen with increasing the cobalt substitution at a given same synthesis temperature of 800 

°C. For example, the Zn100-C800 without cobalt shows a poor ORR or OER performance. 

The slow increase in current density of LSV curves suggests a two-electron reduction 

reaction of O2 to OOH
−
 (see Figure S7). In contrast, the Co25Zn75-C LSV curves show a 

sharp increase and reach saturation. The ORR LSV curves also show a more positive half-

wave potential equivalent to the commercial Pt/C thus indicating a significant enhancement 

in catalysis dominated by a four-electron (4e) process and O2 is reduced to OH
−
 (see Figure 

S7). The ORR activity is also identified at CV curves with developing cathodic current 

density shifting towards a more positive potential. The bare glassy carbon electrode (GCE) is 

also measured. Except Co25Zn75-C800 sample, all other samples show no catalytic activity for 

OER. 
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Figure S31. ORR and OER catalytic performance of the CoxZn100-x-NPCs; the sample are 

grouped together with same carbonization temperature of  900 °C, 1000 °C and 1100 °C for 

10 h, respectively from top, middle and bottom panels. In each case going from left to right 

shows CV, ORR LSV (at 1600 rpm) and OER LSV (at 1600 rpm) curves. The best ORR 

performance (see the onset LSV and CV cathodic current peak potentials at more positive 

side) is observed for Co25Zn75-NPCs at any carbonization temperature. The onset and half-

wave potentials of LSV curves of Co25Zn75-C900 are very close to the commercial Pt/C. Also 

note that increase in carbonization temperature show shift in onset ORR potentials towards 

more negative side, but without any considerable change in limiting current density and 

slopes or half-wave potentials meaning that the samples still show a definite 4e reaction 

mechanism (Figure S33). Whereas, compared to the 900 °C samples the 1000 °C and 1100 

°C carbonized samples show highly enhanced OER performance. Also note that the 

concentration of cobalt is the key at particular synthesis temperature. The best performance 

for ORR is seen at 900 °C carbonized sample, Co25Zn75-C900-10h and best OER is seen for 

1100 °C carbonized sample, Co50Zn50-C1100-10h.  

 

 

 

 



39 
 

 

Figure S32. CV curves of Co25Zn75-NPCs at 900 °C and 1000 °C synthesized by control 

oxidation. The effect of increased carbonization time and temperature is clearly seen, which 

is directly attributed to the simultaneous loss of nitrogen-content, graphitization and loss of 

porosity. Clearly, more nitrogen content in 2h carbonized sample at 900 °C exhibits best 

ORR activity, whereas increased graphitization dramatically enhances the OER performance 

(see 1000 °C).  

 

 



40 
 

 

Figure S33. ORR LSV curves at different rotating speeds (left panel) and its derived 

Koutechy-Levich plots with linear fittings at different potentials in the equilibrium region 

(right panel) for Co25Zn75-NPCs synthesized at (800, 900, 1000 and 1100) °C for 10 h (in a 

sequence of top to bottom).  
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Figure S34. ORR LSV curves of Co3O4/C NPCs derived from Co25Zn75-C900 (represented 

with –oxide) (left panel) and its derived Koutechy-Levich plots with linear fittings at 

different potentials in the equilibrium region (right panel). 
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Figure S35. ORR (top and middle) & OER (bottom) performance of hydrothermally treated 

(HTT) Co50Zn50-C900-10h (left panel) & Co50Zn50-C1000-10h (right panel). The reduced 

performance of HTT carbons is seen at both the ORR and OER plots, which are characterized 

by shift of the CV cathodic current peak and LSV onset reduction to a more negative (or 

positive for OER) potentials, reduced current density at both ORR and OER. All the CV and 

LSV curves were measured with a potential sweep at 10 mV s
−1

. The LSV curves for ORR 

and OER are shown at 1600 rpm. The increased surface oxide layer thickness on the cobalt 

core, i.e., CoO@Co-NPCs, reduces the performance for both the ORR [is in good agreement 

with the Guo et al. [Ref. Sa14] and OER. 
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Figure S36. ORR LSV curves (left panel) and its derived Koutechy-Levich plots with linear 

fittings at different potentials in the equilibrium region (right panel) for post-synthesis 

hydrothermally treated Co50Zn50-C900-10h. Note that still it exhibits a 4e ORR but with 

considerably reduced limiting current density, and enhanced onset and half-wave potential 

and slope of the curves.  
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Figure S37. ORR response of Co25Zn75-C900 and reference PtC in acidic (HClO4) 

electrolyte: LSV curves at 1600 rpm with a scan rate of 10 mV s
−1

 in 0.1M HClO4 (top) and 

stability (current density vs time) response measured at 0.3 V (vs Ag/AgCl in 0.1M and 1.0M 

HClO4) and 1600 rpm (bottom) [Ref. Sd4]. 
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Figure S38. Tafel plots (applied potential vs log(current density) of OER LSV at 1600 rpm) 

of CoxZn100-x‒NPCs. Top: left & right shows Co25Zn75‒NPCs (with different carbonization 

conditions) without & with controlled oxidation (represented with –oxide). Bottom: left and 

right shows CoxZn100-x‒C1000-10h and CoxZn100-x‒C1100-10h, respectively. The Tafel 

slopes are identified with linear fittings in purple colour. See that all the NPCs exhibit much 

smaller slopes than Pt/C standard, indicating rapid reduction kinetics.   
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Table S5. The linear fitting parameters and electron transfer number in O2 reduction, derived 

from Koutecky-Levich plots at different potentials between −(0.3 and 0.6) V vs Ag/AgCl. 

The control oxidation of samples is represented with –oxide (which is nothing but Co3O4/C). 

S. 

No. 

Sample Potential  (V 

vs Ag/AgCl)  

Linear fitting parameters  n, electron 

transfer 

   Slope Intercept  

1 Pt/C −0.3 2.13 0.021 4.06 

  −0.4 2.17 0.016 3.98 

  −0.5 2.17 0.016 3.98 

  −0.6 2.23 0.012 3.87 

2 Zn100-C900-6h −0.4 2.68 0.094 3.22 

  −0.5 2.44 0.087 3.55 

3 Co100-C900-6h −0.4 2.33 0.028 3.71 

  −0.5 2.28 0.033 3.79 

4 Zn100-C1000-10h −0.4 2.78 0.038 3.11 

  −0.5 2.69 0.038 3.22 

  −0.6 2.61 0.037 3.32 

5 Co100-C1000-10h −0.4 2.34 0.077 3.69 

  −0.5 2.32 0.066 3.73 

  −0.6 2.30 0.065 3.77 

6 Co25Zn75-C800-10h −0.3 2.15 0.049 4.01 

  −0.4 2.11 0.048 4.09 

  −0.5 2.09 0.046 4.14 

7 Co25Zn75-C900-2h-

oxide 

−0.3 2.23 0.037 3.88 

  −0.4 2.21 0.038 3.92 

  −0.5 2.21 0.036 3.91 

  −0.6 2.19 0.036 3.95 

8 Co25Zn75-C900-5h-

oxide 

−0.3 2.25 0.033 3.85 

  −0.4 2.21 0.032 3.91 

  −0.5 2.21 0.030 3.92 

  −0.6 2.22 0.026 3.90 

9 Co25Zn75-C900-5h −0.3 2.26 0.036 3.83 

  −0.4 2.26 0.041 3.83 

  −0.5 2.24 0.042 3.86 

  −0.6 2.23 0.041 3.88 

10 Co25Zn75-C900-10h −0.3 2.18 0.038 3.96 

  −0.4 2.15 0.039 4.03 

  −0.5 2.15 0.036 4.02 

  −0.6 2.14 0.036 4.05 

11 Co25Zn75-C1000-10h −0.3 2.13 0.040 4.06 

  −0.4 2.16 0.045 4.00 

  −0.5 2.19 0.047 3.95 

  −0.6 2.18 0.050 3.97 

12 Co25Zn75-C1100-10h −0.3 2.44 0.011 3.55 

  −0.4 2.44 0.013 3.55 

  −0.5 2.43 0.016 3.55 

  −0.6 2.43 0.017 3.56 
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Table S6. Half-wave potentials of ORR LSV curves at 1600 rpm. The control oxidation of 

samples is represented with –oxide (which is nothing but Co3O4/C). 

Sample Half-wave potential (mV) 

Pt/C 72.0 

Zn100‒C1000-10h 67.0 

Co100‒C1000-10h 58.0 

Co25Zn75‒C900-2h-oxide 58.0 

Co25Zn75‒C900-5h 53.0 

Co25Zn75‒C900-10h 56.0 

Co25Zn75‒C1000-5h 52.0 

Co25Zn75‒C1000-10h 48.0 

Co25Zn75‒C1100-10h 45.0 
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Figure S39. OER stability (current vs time chronoamperometric response) of Co50Zn50-

C1100-10h recorded with applied potential of 0.70 and 0.75 V vs Ag/AgCl and rotating speed 

of 1600 rpm in 0.1M KOH. 

The arrow marks show possibly detachment of the sample from the GCE (glassy carbon 

electrode). This problem is also reported by Xie et al. [ref Sa15]. It is attributed to the bubble 

formation and release. See that increased potential makes it easier detachment as it can 

produce more O2. It is suggested that other methods, example a graphite electrode can 

prevent the detachment of catalyst layer thus the long-time measurement is possible. 
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Figure S40. Tafel plots of OER LSV at 1600 rpm in 0.1M KOH: left panel is for CoxZn100-x-

C1000-10h and right panel is for Co50Zn50-C1100-10h (try 1 and try 2 samples) & Co25Zn75-

C1100-10h. See that at 1000 °C, a continuous drop in slope is seen with increasing cobalt-

concentration.  
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Figure S41. PXRD patterns of hydrothermally treated Co50Zn50-C900-10h & Co50Zn50-

C1000-10h, the reduced intensity of fcc Co(0) is attributed to the surface grown cobalt(II) 

oxide, CoO layer, which is further seen at appearance of weak diffraction peaks, identified 

with #.  
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DFT Calculations & Discussion 

Computational Method 

The interaction of O2 and the various reaction intermediates during the ORR reaction was 

determined using periodic Density Functional Theory (DFT), using the VASP code [Ref. 

Sf1]. A plane wave cutoff of 520 eV was selected, with the Projector Augmented Wave 

methods used to treat the core electrons [Ref. Sf2]. The GGA+U functional was used for 

structure optimization, thermodynamic calculation, and electronic structure analysis [Ref. 

Sf3]. As the 3d shell of the cobalt atom is strongly interacting, the U term was used to include 

the on-site repulsion energy. We use a U value of 4.0 eV, as this was found to accurately 

describe the electronic and magnetic structure of the cobalt carbide compounds Co2C and 

Co3C [Ref. Sf4]. Furthermore, as we use the Dudarev variant of the functional, our U–J value 

of 4.0 eV is very similar to that used by Jakob and Kotliar [Ref. Sf5]. Van der Waals 

interactions were included via the usage of the DFT-D2 method of Grimme et al [Ref. Sf6]. 

All atoms were fully relaxed until the change in force upon ionic displacement was less than 

0.01 eV/Å, with the change in energies no greater than 10
–5

 eV. A monolayer of graphene 

was used to represent the carbon surface, we use a (6×6×1) hexagonal supercell formed from 

the primitive unit cell and composed of 72 carbon atoms. The lattice parameter of graphene 

was found to be 2.470 Å, and overestimate of 0.35% with experimental data and thus in very 

close agreement. All calculations were spin-polarised. 

In order to model the ORR free energy diagram, we calculated structures and 

thermodynamics for the following processes: 

X+O2(g) + (4H
+
 + 4e

–
) ↔ XO2 + (4H

+
 + 4e

–
) 

XO2 + (4H
+
 + 4e

–
) ↔ XOOH + (3H

+
 + 3e

–
) 

XOOH + (3H
+
 + 3e

–
) ↔ XO + H2O + (2H

+
 + 2e

–
) 

XO + H2O + (2H
+
 + 2e

–
) ↔ XOH + H2O + H

+
 + e

–
 

XOH + H2O + H
+
 + e

–
 ↔ X + 2H2O 

where X is the initial substrate structure (ideal graphene, CoDV+N, or CoDV+4N). The 

energies of O2 and H2O were taken in the gas phase, whereas the energy of (H
+
 + e

–
) at 

pH = 0 and V = 0 was taken to be that of ½ H2 [Ref. Sf7].  The energies at an applied 

potential V were corrected by E(V) = E – neV. 

Results & Discussion 

In order to ascertain what the particular mechanism is behind the unprecedented efficacy of 

this cheap electrocatalyst composed of abundant elements, we used GGA+U density 

functional theory calculations to determine the reaction pathway, using the method of 

Norskov et al. to determine the energy diagram for ORR for various applied potentials V 

[Ref. Sf7]. We do this for ideal graphene and two different structures for the cobalt-nitrogen 

doping graphene structure that is likely to form following carbonisation of microporous ZIF 
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at high temperature. Specifically, we consider cobalt and nitrogen incorporation into the 

carbon as substitution into a graphene lattice, as experiment indicates carbonisation forms 

graphitic microstructures. Recent theoretical work reports that the lowest energy structures 

for cobalt dopants involves entrapment inside a two atom carbon vacancy [Ref. Sf8]. As 

cobalt has a significantly larger atomic radii than carbon this would ameliorate strain in the 

surrounding graphene lattice.  Furthermore, we consider two different stoichiometries of 

nitrogen substitutional doping around the cobalt atom, minimal nitrogen doping with one 

nitrogen atom, (denoted CoDV+N) and maximal nitrogen doping with four nitrogen atoms 

(denoted CoDV+4N) (Figure S42). As there is a significant amount of emission of chemical 

species through the carbonisation process we expect the graphene lattice to be both defected 

and nitrogen poor. There is a strong tendency for nitrogen dopants to be adjacent to the cobalt 

dopant, as nitrogen substitution in the second nearest carbon atom to the dopant is 0.93 eV 

higher in energy. In the energetics calculations our results do not include entropic effects, but 

as we find in our calculations that the difference in barrier energies are significant thus the 

results are still indicative. As we are calculating energetics for ground state reaction 

intermediates between electron-transfer processes, this estimate for the barrier is a minimum 

value, the transition states between the stable intermediate will need to be overcome, with an 

additional energetic penalty. 

As shown in Figure S42 the four electron reduction of O2 to form H2O via the association 

reaction on ideal graphene has a significant barrier, 1.13 eV to form the OOH radical. 

Furthermore, the formation of OH groups on the graphene via proton attack is an 

endothermic process, at 1.44 eV above the ground state. This is the rate-determining step. All 

reaction intermediates are endothermic with respect to product and reactant. In contrast, for 

the CoDV+4N structure all reaction intermediates are exothermic with respect to reactant and 

product. The largest activation barrier that needs to be overcome is the formation of OH 

groups by proton attack of oxygen, at 1.98 eV. The reaction for this structure has a large 

degree of exothermicity with a maximum energy release of 3.24 eV. As this result in heat 

release this induces inefficiencies that hinder the reduction process. Surprisingly, the most 

thermoneutral for ORR and with the smallest activation energy is the CoDV+N structure. The 

largest barrier for ORR on this structure is the second proton attack of the OH functional 

group to form H2O, with a barrier of 0.49 eV. Furthermore, the endothermic formation of the 

OOH intermediate has a small activation barrier of 0.22 eV. With the Sabatier criteria the 

kinetics are maximised when energy differences are minimized [Ref. Sf9]. Therefore the 

CoDV+N structure has the best kinetics for electrochemical reduction of O2 as the overall 

process is most thermoneutral  
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Figure S42. Atomic structures of the three model systems, a) ideal graphene, b) CoDV+N, 

and c) CoDV+4N. Carbon, cobalt and nitrogen atoms are represented by grey, pink and blue 

spheres, respectively. d) Energy diagram for ORR reaction for potential where product and 

reactant thermodynamics are the same, V = 1.265 V. Negative energies indicate 

exothermicity while positive energies indicate endothermicity. The electrochemical reaction 

proceeds from gaseous O2 (left-hand-side), binding of the O2, formation of the OOH, removal 

of OH
−
 with resulting single O atom bound to graphene, formation of OH by proton attack, 

and formation of H2O (right-hand-side). 
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Figure S43. DOS plots for ideal graphene (a), CoDV+N (b), and CoDV+4N (c). 

In order to determine the atomistic rationale behind this we calculated the DOS and the 

partial atomic charge using the Bader analysis for all three initial structures and the 

corresponding OH-binding structures [Ref. Sf10]. The cobalt atom has a larger positive 

charge in the CoDV+N structure than in the CoDV+4N structure, at +0.90 vs +0.74 e 

respectively. This reflects how in the latter structure the cobalt atom is surrounded by four 

electronegative nitrogen atoms that extract electronic density from the surrounding graphene 

lattice strongly, they are thus less likely to accept electronic density from the cobalt atom. 

Upon binding of the OH functional group to the graphene or cobalt-doped graphene the 

situation changes considerably.  On the ideal graphene the oxygen atom of the hydroxyl 

group has a charge of –0.92e, whereas for the CoDV+N structure and for the CoDV+4N 

structure the oxygen atom has a charge of –1.04e. The oxygen atom extracts electronic 

density from the substrate, whether the graphene lattice or the cobalt dopant. For the former 

case this is clearly highly endothermic, resulting in the large endothermic energy of the 

intermediate. For the latter case the anion charge transfer would result from the cobalt dopant, 

resulting in a more exothermic binding energy. Importantly, there is much more charge 

transfer from the cobalt dopant in the CoDV+4N model than the CoDV+N model, the cobalt 

atom now has a charge of +1.11e for the former structure compared to +0.96e for the latter 

model. As the cobalt is more “metallic” in the original CoDV+4N structure, it is more reactive 

than the CoDV+N structure, hence the greater exothermicity of this reaction intermediate in 

the former structure. Further evidence of the combined effect of the cobalt and nitrogen 

dopants is demonstrated in the DOS, see Figure S43. Ideal graphene has little state density 

near the Fermi level, thus demonstrating the stability and the endothermicity for OH-binding 

or other reaction intermediate binding. The CoDV+N structure has more state density near the 

Fermi level than the graphene, indicating a greater degree of reactivity, while the CoDV+4N 
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structure has the most state density near the Fermi level, with a greater associated binding 

strength. Furthermore, the CoDV+4N structure has a greater degree of cobalt state density 

present near the Fermi level, reflecting the increased reactivity of the cobalt atom due to the 

reduced and more metallic like nature of the atom in this structure. From the DOS and Bader 

analysis we find that nitrogen shields the cobalt dopant, allowing tuning of binding energy of 

reaction intermediates with respect to nitrogen content. 

Table S7 

Zero temperature energy diagram data (V=0) 

System Bare+2H2O Bare+O2(g) O2 bind OOH bind O bind OH bind 

Ideal -696.321382 -691.257692 -691.237522 -691.369423 -692.828585 -693.610591 

CoDV+N -676.527455 -671.463765 -671.608291 -672.651440 -674.122570 -675.748050 

CoDV+4N -676.652975 -671.589285 -673.172988 -673.695787 -677.361774 -676.647312 

 

Table S8 

Zero temperature energy diagram data (Corrected for equilibrium voltage V = 1.2659) 

System Bare+2H2O Bare+O2(g) O2 bind OOH bind O bind OH bind 

Ideal -696.3213 -696.3213 -696.30112 -695.16712 -695.360385 -694.876491 

CoDV+N -676.527455 -676.527455 -676.671891 -676.449140 -676.654370 -677.013950 

CoDV+4N -676.652975 -676.652975 -678.236588 -677.493487 -679.893574 -677.913212 
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