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A facile method for the synthesis of a porous cobalt 

oxide-carbon hybrid as a highly efficient water 

oxidation catalyst 

Mei Zhang, Yong-Liang Huang, Jia-Wei Wang and Tong-Bu Lu* 

A main challenge for light-driven water splitting is the development of efficient and 

economical water oxidation catalysts (WOCs). Herein, we developed a facile approach 

for the preparation of a porous cobalt oxide-carbon hybrid, which was prepared by 

carbonizing in the inert atmosphere and subsequently air-calcining nanocrystals of 

zeolite imidazole framework-67 (ZIF-67), and utilized as an efficient WOC. Using 

Ru(bpy)3(PF6)3 as an oxidant, we got a record catalytic turnover number (TON) and 

turnover frequency (TOF) of 910 ± 21 and 14.6 ± 0.4 s
-1
 per cobalt atom, respectively. 

In addition, the synthesized catalyst can also act as an efficient electrochemical WOC, 

with a low OER overpotential of 0.36 V at 10.0 mA cm
-2
 in pH 13 medium. The 

superior catalyst’s performance can be attributed the homogeneous dispersion of 

CoOx and in situ formed porous carbon, and the presence of nitrogen in the catalyst 

may also attribute to its high catalytic activity.  

 

 

Introduction 

Water oxidation is regarded as the bottleneck in water splitting for 
renewable solar fuel production (such as H2 and hydrocarbons), as it 
is a slow kinetics of the reaction and requires a high overpotential to 
achieve a complex four-electron oxidation process.1 Despite the 
enormous chemical challenge, visible-light driven water oxidation is 
essential because it is the only way we can obtain sufficient waste-
free electrons economically for the solar fuel production on a 
terawatt scale to supply our energy demands.1e,1f In deed, 
photochemical water oxidation takes place in photosystem II (PSII) 
in green plants, in which Mn4O4Ca serves as a chemical WOC. 
Although some noble metal oxides such as IrO2 and RuO2 show a 
high catalytic efficiency for oxygen evolution reaction (OER), their 
high cost restricts their use on a large scale.2 The development of 
efficient and economical water oxidation catalysts (WOCs) is one of 
the main challenges of current research in renewable energies.3  

Recently, WOCs based on first row transition metal oxides and 
their derivatives are attractive due to their economy and stability.4,5 
Among them, cobalt oxides-based WOCs,5 especially Co3O4,

5g-5n 
have been investigated extensively, as they have shown high OER 
activity both as electrochemical and photochemical WOCs. Usually, 
a catalyst with a smaller particle exhibits a higher catalytic activity, 
as smaller particle has more cobalt atoms sitting on the particle 
surface to act as catalytic centers for oxygen evolution. However, the 
smaller nanoparticles make them easier to aggregate. An efficient 
approach to avoid the small nanoparticle aggregation is 
carbonization of metal-organic frameworks (MOFs) to produce 
porous metal oxide-carbon hybrid,5j,6 as the periodic arrangement of 
metal ions and organic motifs in the frameworks of MOFs leads to a 
homogeneous distribution of metal oxide nanoparticles and in situ 
formed carbon species.5j,6a-6b As zeolite imidazole framework-67 
(ZIF-67) is easy to prepare and economical,7 many groups used ZIF-
67 as a precursor to prepare porous carbon and metal oxides-carbon 
hybrids as catalysts for the oxygen reduction reaction (ORR),8 and 
more recently, Chen et al used ZIF-67 and graphene oxide as 
precursors for the preparation of nitrogen-doped graphene/cobalt-
embedded porous carbon as electrochemical WOC.8b However, it 
has not reported using ZIF-67 as a precursor for the preparation of 
porous cobalt oxide-carbon hybrid as a chemical WOC. 

For practical use on a large scale, we should obtain a WOC with 
both high catalytic efficiency and economy, thus it is important to 
develop facile methods for the synthesis of WOCs to reduce their 
price. Given its easy to prepare and economical, as well as the high 
cobalt content and good framework stability, ZIF-67 was chosen as 
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an ideal precursor for the preparation of porous cobalt oxide-carbon 
hybrid as a WOC. Furthermore, as smaller crystal sizes will lead to a 
larger surface area, nanocrystals of ZIF-67 were prepared according 
to the reported method (Figure S1).9 Therefore, we performed an in 

situ calcination on a nanocrystalline ZIF-67 under different 
temperatures to get a series of porous CoOx-carbon hybrids (Figure 
1), and their chemical and photochemical OER activities were 
investigated. Under the optimized conditions, CoOx-carbon hybrid 
carbonized at 700 °C displays the highest OER activity under near 
neutral medium (pH = 8.5), with record TOFs of 14.6 and 0.039 s-1 
per cobalt atom under chemical and photochemical water oxidation 
conditions, respectively. 

 
Fig 1. Schematic representation of the formation of CoOx-carbon 
hybrids through the two-step thermal treatment of ZIF-67 (grey, blue 
and magenta spheres represent C, N and CoOx in the hybrid, 
respectively). 

Experimental  

General procedures and materials.  

Unless otherwise noted, materials were obtained from commercial 
suppliers and were used without further purification. Scanning 
electron microscopy (SEM) images were collected by field emission 
scanning electron microscope (FEI, Quanta 400). Transmission 
electron microscopy images (TEM), energy dispersive X-ray 
spectroscopy (EDS) and high resolution transmission electron 
microscopy (HRTEM) were collected by JEM2010-HR (200 kV). 
EDS elemental mapping images were conducted by FEI Tecnai G2 
F30 (300 kV). Elemental analyses were determined using an 
Elementar Vario EL elemental analyzer. Co ion contents were 
determined by a TJA IRIS (HR) inductively coupled plasma-atomic 
emission spectrometer (ICP). The powder X-ray diffraction 
measurements were performed on a D8 ADVANCE X-ray 
Diffractometer. Gas sorption was measured with a BELSORP-max 
gas adsorption instrument. The N2 adsorption isotherms were 
collected in a relative pressure range from 10-4 to 1 atm. The 
cryogenic temperature of 77 K required for N2 sorption tests was 
controlled using liquid nitrogen bath. The initial outgassing process 
for the sample was carried out under a high vacuum (less than 10-6 
mbar) at 120 ºC for 6 h. The desolvated sample and sample tube 
were weighed precisely and transferred to the analyzer. 
Thermogravimetric (TG) analysis data were collected on a Netzsch 
TG-209 instrument under a nitrogen atmosphere in the temperature 
range 20−1000 °C, with a heating rate of 10 °C min−1. The XPS data 
were collected on an ESCA Lab250 instrument. The production of 
oxygen was recorded in liquid phase by a Clark-type oxygen 
electrode (Hansatech, Oxygraph system). 

The preparation of nano zeolite imidazole framework-67 (ZIF-

67).9  

A methanol solution (200 mL) of Co(NO3)2⋅6H2O (6.57 g, 80 mmol) 
was poured into a methanol solution (200 mL) of 2-methyl-1H-
imidazole (2.91 g, 10 mmol) under stirring. The mixture was  stirred 
at room temperature for 30 min, the nanocrystals of ZIF-67 were 
isolated by centrifugation, washed with ethanol and dried under 80 
°C (Figure S1). Yield: 1.40 g, 63%.  

The preparation of nano Co3O4 (ZIF-67-Co3O4). 

The as-synthesized nano-ZIF-67 was firstly heated from room 
temperature to corresponding carbonization temperature (500 °C) 
under argon with a heating rate of 10 °C/min, and maintained at this 
temperature for 5 h. Subsequently, the temperature was decreased to 
380 oC and the atmosphere was changed to air and remained at this 
temperature for 5 h to get the product of ZIF-67-Co3O4.  

The preparations of 500-, 600-, 700-, 800- and 900-CoOx-C.  

The as-synthesized nano-ZIF-67 was firstly heated from room 
temperature to corresponding carbonization temperature (500-900 
°C) under argon with a heating rate of 10 °C/min, and maintained at 
this temperature for 5 h. Subsequently, the temperature was 
decreased to 200 oC and the atmosphere was changed to air and 
remained at this temperature for 1 h to get the product of T-CoOx-C. 
The results of elemental analyses for T-CoOx-C are given in Table 1. 
From Table 1 it can be found that the C contents increase along with 
the increasing carbonization temperature, while the H and N contents 
decrease along with the increasing carbonization temperature, and 
the Co content is the lowest for 700-CoOx-C. The reason that the 
sum of elements is not 100% is due to the existence of O element in 
T-CoOx-C (see Figure 2d). 

Table 1. The results of elemental analyses for T-CoOx-C 

  C (%) H (%) N (%) Co (%) 

500-CoOx-C 27.0 1.8 8.6 49.3 

600-CoOx-C 28.7 1.3 5.6 42.6 

700-CoOx-C 39.9 1.2 3.9 37.5 

800-CoOx-C 43.4 1.0 2.1 40.3 

900-CoOx-C 45.5 0.7 1.1 40.8 

 

Chemical water oxidation.  

The concentration of oxygen evolution was measured by a Clark 
oxygen electrode using Ru(bpy)3(PF6)3 as an oxidant. In a typical 
reaction, a certain amount of Ru(bpy)3(PF6)3 and 1.0 mL of water 
were placed in the Clark oxygen electrode system (2.5 mL), and 
bubbled with nitrogen for about 2 min to remove dissolved oxygen. 
After that, the system was maintained for an additional 5 min to 
record a baseline to guarantee no oxygen leakage or side reaction. 
About 0.1 mg of catalyst (weighted by a balance with 0.001 mg scale) 
was homogeneously dispersed in 1.0 mL of water through ultrasonic 
beforehand for over half hour to get a homogeneous suspension, then 
a certain amount of aqueous solution of catalyst (for instance, 1 µL 
for ~0.1 µg) and NaBi buffer (degassed with nitrogen before use) 

Page 2 of 10Journal of Materials Chemistry A



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

were injected into the system to ensure the overall volume of 2 mL. 
The temperature of the reaction system was kept at 25 oC with a 
water bath. The TOFs were calculated using the total amount of 
oxygen generated within initial 20 s. Each experiment was repeated 
three times to ensure the accuracy and reproducibility of the results. 

Photochemical water oxidation.  

700-CoOx-C (0.5 mg) was dispersed in NaPi aqueous buffer (0.5 
mL) with a pH value of 8.5 by sonication for 10 min prior to 
photocatalysis. In a typical experiment, 10 mg of Ru(bpy)3(ClO4)2 
(4.2 mM), 50 mg of Na2S2O8 (68 mM) and 0.1 mg catalyst solution 
(0.1 mL after ultrasonic dispersion, the concentration of Co is 3.0 
µM) were mixed in 3.0 mL buffer in a 5 mL round bottle flask (total 
volume 9.2 mL) sealed with a rubber stopper, followed by bubbling 
with Ar gas for 15 min. After that, the round bottle flask was 
exposed to a 100 W Xe lamp with a 420 nm cut off filter at room 
temperature. The light intensity of Xe lamp is 320 mW/cm2 
measured by an optical power meter (Newport, 843-R). 
Additionally, blank control experiment (without catalyst or 
photosensitizer) was performed under the same condition. The 
generated oxygen during the water oxidation reaction in the 
headspace (200 µL) was sampled by a syringe and analyzed by an 
Agilent 7820A GC system equipped with thermal conductivity 
detector and a GC column (2 mm) packed with 5Å molecular sieves. 
Argon was used as a carrier gas. 

Stability of 700-CoOx-C.  

After the first run of the photochemical reaction, 700-CoOx-C was 
collected by a magnet. A fresh buffer solution containing Na2S2O8 
(68 mM) and [Ru(bpy)3](ClO4)2 (4.2 mM) was added to the 
collected particles for the repetitive examination. The same method 
applies to the third cycle. 

Electrochemical water oxidation.  

Electrochemical water oxidation was studied with a standard three-
electrode system controlled by a CHI620E electrochemical 
workstation. An Ag/AgCl (in 3 M KCl solution) electrode and a 
platinum electrode were used as the reference electrode and counter 
electrode, respectively. To prepare the working electrode, 3.925 mg 
of catalyst and 8 µL of Nafion solution (5 wt %) were dispersed in 
0.5 mL of isopropanol−water mixed solvent with a volume ratio of 
1:1 with sonication for at least 30 min to generate a homogeneous 
suspension. Then 5 µL of this solution was drop-casted onto a 5 mm 
diameter glassy-carbon electrode and then the solvent was 
evaporated at room temperature overnight, yielding a catalyst 
loading of 0.2 mg cm−2. Electrochemical impedance spectrum (EIS) 
measurements were carried out at an applied potential of 1.63 V (vs. 

RHE) in 0.1 M KOH solution on a CHI660E electrochemical 
workstation (CH Instrument Co.) with an AC amplitude of 5 mV. 
The impedance spectra were recorded in the frequency range 100 
kHz to 0.1 Hz. The experimental impedance data were fitted to a 
specific equivalent circuit using ZSimPWin software to derive the 
resistance of the electrodes. 

Results and discussion 

The result of thermogravimetric analysis (TGA) of ZIF-67 
under an inert atmosphere indicates that it begins to decompose 

at 470 °C and thoroughly decomposes over 1000 °C (Figure 
S2). Within its thermal decomposition range, nanocrystalline 
ZIF-67 was firstly carbonized under an argon atmosphere for 5 
h at 500, 600, 700, 800 and 900 °C, respectively, and then 
further calcined in air at 200 °C for 1 h. The obtained CoOx-
carbon hybrid materials are denoted as T-CoOx-C (where T is 
the carbonization temperature). Scanning electron microscopy 
(SEM) images of the synthesized T-CoOx-C materials are 
shown in Figure 2, and their characterization is summarized in 
Table 2. Figure 2a shows the homogenous sizes of ZIF-67 
nanocrystalline particles with diameters of ~350 nm. After 
carbonization and calcination, 700-CoOx-C retained their 
homogenous sizes (Figure 2d) with a contracted cubic shape 
compared to those of nanocrystalline ZIF-67, while 800-CoOx-
C is partly aggregate (Figure 2e), and the morphologies of 500-, 
600-, and 900-CoOx-C became partly or mainly amorphous and 
only a few of them remained cubic in shape (see Table 2 and 
Figure 2b, 2c and 2f, respectively). These results indicate that 
700°C is the optimal temperature for carbonization of ZIF-67 
nanocrystals. 

  

 
Fig 2. SEM images for (a) ZIF-67 nanocrystals, (b) 500-CoOx-C, (c) 
600-CoOx-C, (d) 700-CoOx-C, (e) 800-CoOx-C, and (f) 900-CoOx-C. 

Table 2. The characterization of the obtained catalysts. 

 size 

(nm) 

shape surface 

area 

(m2·g-1) 

crystallinity 

ZIF-67 ~ 350  cubic  high 

500-CoOx-C ~ 250 mainly 

amorphous  

84 poor 

600-CoOx-C ~ 310 partly amorphous 157 poor 

700-CoOx-C ~ 260  cubic 223 high 

800-CoOx-C ~ 240 cubic with partly 

aggregate  

262 moderate 

900-CoOx-C ~ 310 mainly aggregate 225 poor 

 
According to the powder X-ray diffraction (PXRD) results 

(Figure 3), the cobalt species in the obtained materials exhibit 
different forms. The PXRD patterns of the 500- and 600-CoOx-
C samples exhibit peaks that arise from Co3O4 and CoO. When 

(a) (b) (c) 

(d) (e) (f) 
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the temperature was increased to 700, 800 and 900 °C, Co3O4, 
CoO and Co coexisted in the 700-, 800- and 900-CoOx-C 
samples, respectively. The broad peaks in the range of 20-30° 
(2θ) in the PXRD patterns of 700-, 800- and 900-CoOx-C are 
attributed to the ordered amorphous carbon species that are 
formed during the carbonization process.5j The absence of 
peaks in the 20-30° (2θ) range of the PXRD patterns of 500- 
and 600-CoOx-C indicates that the carbonization temperature 
was too low to form the ordered amorphous carbon species. 
The X-ray photoelectron spectroscopy (XPS) results indicate 
that the binding energies of the Co 2p3/2 and Co 2p1/2 peaks are 
located at 780.7 and 795.8 eV, respectively (Figure 4a). These 
values are in good accordance with the corresponding values of 
Co3O4,

8e suggesting that Co3O4 is the primary product on the 
surface of these materials. In comparison to the XPS peak at 
780.1 eV in the Co 2p3/2 spectrum of pure Co3O4,

5j the shift of 
the corresponding peak at 780.7 eV in the spectrum 700-CoOx-
C indicates the close assembly and strong interaction between 
Co3O4 and carbon.5j The presence of Co3O4 can be further 
confirmed by the binding energies of the O 1s peaks observed 
at 530.0 eV for OI and 531.6 eV for OII in Co3O4 phase8e,8f  
(Figure 4b). Furthermore, the binding energies for C 1s located 
at 284.7 eV can also be observed (Figure 4c).8f With increasing 
the carbonation temperature, the C contents increase, while the 
O contents decrease (Figures 4b and 4c), which is consistent 
with the elemental analyses results. 

The specific surface areas of the hybrid materials were 
measured using N2 adsorption-desorption analysis (Figure S3) 
via the Brunauer-Emmett-Teller (BET) method, resulting in the 
values of 84, 157, 223, 262 and 225 m2 g-1 for 500-, 600-, 700-, 
800- and 900-CoOx-C, respectively (Tables 1 and S1). Thus, the 
surface areas of 700-, 800- and 900-CoOx-C are larger than 
those of 500- and 600-CoOx-C. The large surface area of the 
catalysts is beneficial for the dispersion and utilization of the 
active sites, which can significantly improve their catalytic 
efficiency.10 In addition, the interior structures of the obtained 
materials were investigated by transmission electron 
microscopy (TEM) (Figure S4). Figures S4a and S4b show the 
irregular morphology of CoOx dispersed in amorphous 500- and 
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Fig 3. The PXRD patterns for T-CoOx-C. 
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Fig 4. The XPS patterns for T-CoOx-C. 
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Fig 5. (a) TEM image and (b-f) EDS elemental mapping images for 
700-CoOx-C. 

600-CoOx-C, which is attributed to an insufficient carbonization 
temperature. The TEM images show that the CoOx 
nanoparticles are homogeneously dispersed in the carbon 
species in sample 700-CoOx-C (Figure S4c), whereas the CoOx 
nanoparticles aggregate to form larger particles in samples 800- 
and 900-CoOx-C (Figures S4d and 4e, respectively). Therefore, 
the homogeneity of the CoOx nanoparticles in 800-CoOx-C was 
inferior to that in 700-CoOx-C, which was further confirmed by 
energy-dispersive X-ray spectroscopy (EDS) elemental 
mapping measurements. As shown in Figure 5, all of the 
elements, including C, Co, O and N, are homogeneously 
dispersed in 700-CoOx-C, whereas the dispersion of Co in 700-
CoOx-C is better compared to that in 800-CoOx-C (Figure S5). 
These results further demonstrate that the most suitable 
carbonization temperature was 700 °C, which resulted in a 
regular morphology and homogeneous dispersion of CoOx in 
700-CoOx-C. Interestingly, the results of elemental analyses for 
T-CoOx-C samples indicate that the Co content in 700-CoOx-C 
is the lowest (Table 1), probable due to the homogeneous 
dispersion of CoOx in 700-CoOx-C. Moreover, the EDS 
elemental mapping images indicate that 700-CoOx-C also 
contained nitrogen; nitrogen doping has been previously 
demonstrated to improve the catalytic efficiency of carbon-
based materials via its synergistic coupling effects,11 and N-
doped graphitic carbon materials have been proven to be high-
performance oxygen evolution catalysts,11 in which the 
pyridinic and quaternary N atoms can act as the active sites for 
the OER.11 All of these results indicate that 700 °C may be the 
optimal temperature for carbonization of ZIF-67 to generate the 
porous cobalt oxide-carbon hybrid material, 700-CoOx-C, 
which was desired as a high-performance OER catalyst. 

The OER catalytic activity of the resulting T-CoOx-C 
hybrid materials was evaluated in a sodium borate (NaBi) 
buffer solution (pH = 8.5) through a Clark oxygen electrode 
using Ru(bpy)3(PF6)3 as a one electron sacrificial oxidant. Due 
to the high catalytic efficiency, only small scale of catalyst (0.1 
~ 1 µg, 0.3 ~ 3 µM for Co) can be added, otherwise, the amount 
of produced oxygen will over the solubility of saturated oxygen 
in solution. Usually, [Ru(bpy)3]

3+ is in situ generated during 
photocatalytic water oxidation using Na2S2O8 as an oxidant in 

combination with [Ru(bpy)3]
2+ as a photosensitizer, in which 

one electron is excited by light irradiation and transformed to 
S2O8

2- to generate a oxidized [Ru(bpy)3]
3+ species,5g and many 

photochemical water oxidation reactions near neutral pH have 
used [Ru(bpy)3]

2+-Na2S2O8 system.1f,4a,5g,12 However, if the rate 
of water oxidation catalyzed by an efficient WOC is faster than 
the rate of [Ru(bpy)3]

3+ generation, [Ru(bpy)3]
3+ generation will 

become a rate-determining step of overall water oxidation, in 
this case, the rate of water oxidation is limited by [Ru(bpy)3]

3+ 
generation rather than the efficiency of WOCs. To accurately 
evaluate the OER catalytic activity of the T-CoOx-C hybrid 
materials, we directly used a fresh prepared Ru(bpy)3(PF6)3 as 
sacrificial oxidant. Though Ru(bpy)3(PF6)3 is expensive to use 
as a sacrificial oxidant, the [RuIII(bpy)3]

3+/[RuII(bpy)3]
2+ 

potential of 1.21 V vs. NHE is constant in the 0-14 pH range,12a 

which makes it the most appropriate oxidant to evaluate the 
high efficient WOCs near neutral pH, while other sacrificial 
oxidants such as CeIV and IO4

- can be only used at acidic 
pH.4a,12 One should keep in mind that the sacrificial oxidant 
was just used to evaluate the catalytic activity of WOCs, in a 
practical reaction system, electrons from water oxidation are 
used for the solar fuel production rather for the reduction of 
sacrificial oxidant. 

As shown in Figure 6, under the same conditions, the 
catalytic activity of T-CoOx-C catalysts was observed to follow 
the order 700-CoOx-C > 800-CoOx-C > 600-CoOx-C > 900-
CoOx-C > 500-CoOx-C, where 700-CoOx-C exhibited the 
highest catalytic activity. The outstanding catalytic efficiency 
of 700-CoOx-C can be attributed to the homogeneous dispersion 
of CoOx nanoparticles in porous carbon generated under the 
optimal carbonization temperature of 700 °C, which originates 
from the periodic arrangement of Co(II) and imidazolate in 
ZIF-67. In addition, the presence of nitrogen in the hybrid 
material may also attribute to its outstanding catalytic 
efficiency, as nitrogen doping in the hybrid material has been 
demonstrated to be beneficial for the OER.11 As 700-CoOx-C 
exhibited the highest catalytic activity among the investigated 
samples, it was the only sample whose OER activity was 
studied in detail in the following section. 
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Fig 6. Oxygen yields from chemical water oxidation using 
Ru(bpy)3(PF6)3 (9 mg, 4.5 mM) as an oxidant. Experimental conditions: 
1 µg catalyst (3 µM for Co), 0.1 M NaBi buffer, pH 8.5. 

C Co 

superimposed 

(a) (b) (c) 

(d) (f) (e) O N 

Page 5 of 10 Journal of Materials Chemistry A



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Water oxidation is well known to be pH-dependent; thus, 
the catalytic efficiency of 700-CoOx-C was investigated under 
different pH conditions. As shown in Figure S6, the production 
of oxygen gradually increased from pH 7.0 to 8.5 because high 
pH values are thermodynamically favorable for water oxidation. 
The highest O2 yield was detected at pH 8.5, and the yield of O2 
decreased when the pH was increased to 9.0, mainly because 
Ru(bpy)3(PF6)3 is unstable at this pH.13 Moreover, the 
concentration of the buffer can also affect the catalytic 
efficiency.14 We therefore varied the concentration of the NaBi 
buffer at pH 8.5, and a maximum yield of O2 was observed in 
the case of 20 mM NaBi buffer (Figure S7). The O2 production 
decreased with increasing buffer concentration, which was 
caused by the faster degradation of Ru(bpy)3(PF6)3 in the 
presence of higher concentrations of the buffering agent.14 
However, the amount of O2 evolved in 10 mM NaBi buffer was 
also lower than that in 20 mM NaBi buffer because a steady pH 
value was difficult to maintain at this buffer concentration. 
Indeed, after the OER experiment, the pH of the buffer 
decreased from 8.5 to 7.3 when 10 mM NaBi buffer was used, 
whereas the pH value remained nearly unchanged when 20 mM 
NaBi buffer was used. 

Under the optimized OER conditions (pH 8.5, 20 mM NaBi 
buffer), the catalytic efficiency of 700-CoOx-C was investigated 
using different amounts of catalyst. As shown in Figure S8 and 
Table S2, the TON and TOF values increased with decreasing 
amount of catalyst, and the maximum TON and TOF values per 
cobalt atom of 910 ± 21 and 14.6 ± 0.4 s-1, respectively, were 
obtained when 0.1 µg of catalyst (0.3 µM for Co) was used. To 
our knowledge, such high TON and TOF values are the highest 
among the Co-based WOCs reported to date. Though some 
reports claimed that much higher TOFs of 1140 s-1 and 3450 s-1 
per Co3O4 nanocluster were obtained,5g, i each Co3O4 
nanocluster contains enormous cobalts, and the TOF per cobalt 
is only 0.01 s-1 rather than 1140 s-1.5i It should be mentioned 
that the Ru(bpy)3(PF6)3 oxidant was consumed quickly once the 
WOC was added to the reaction system, and the color of 
solution changed quickly from green ([RuIII(bpy)3]

3+) to deep 
orange ([RuII(bpy)3]

2+) within 1 min, thus the decrease of 
oxygen generation rate along with time is attributed to the 
consumption of oxidant rather than the deactivation of WOC, 
and it is reasonable to calculate the maximum TOF based on 
the initial 20 s to accurately evaluate the efficiency of WOCs.15 

To further confirm the superiority of 700-CoOx-C as an 
OER catalyst, we compared its activity with those of other 
catalysts. For comparison, nano-Co3O4 was prepared through 
direct air-calcination of nanocrystals of ZIF-67 at 380 °C (not 
containing any carbon or nitrogen species, denoted as ZIF-67-
Co3O4), which was determined by PXRD, XPS and EDS 
(Figures S9-10). The SEM and TEM images reveal that the 
obtained ZIF-67-Co3O4 contained relatively uniform 
nanoparticles (20-40 nm) (Figure S11). Water oxidation 
catalyzed by ZIF-67-Co3O4 was performed under the same 
conditions as those used with 700-CoOx-C, yet ZIF-67-Co3O4 
exhibited an inferior catalytic effect despite its higher cobalt 
content. Furthermore, the mixture of ZIF-67-Co3O4 and carbon 
with the same Co/C ratio as 700-CoOx-C also resulted in poor 
catalysis, indicating that simple physical mixing was less 

effective than the strong connection between in situ formed 
CoOx and carbon in 700-CoOx-C.5j Notably, 700-CoOx-C also 
exhibited catalytic efficiency far superior to that of commercial 
water-oxidation catalysts such as IrO2 and RuO2 (Figure 7 and 
Table S3). The TON value of 700-CoOx-C was three and nine 
times greater than those of IrO2 and RuO2, respectively, and the 
TOF value of 700-CoOx-C was four and fifteen times greater 
than those of IrO2 and RuO2, respectively. These results 
indicate that 700-CoOx-C is indeed a highly efficient chemical 
WOC and could be a suitable substitute for noble-metal 
catalysts. 
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Fig 7. Oxygen yields from chemical water oxidation with 
Ru(bpy)3(PF6)3 (7.5 mM) as an oxidant. Experimental conditions: 0.1 
µg catalyst (0.3 µM for Co), 20 mM NaBi buffer, pH 8.5. 
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Fig 8. Time profiles of O2 evolution in dark, under irradiation without 
and with 0.1 mg of 700-CoOx-C catalyst (0.21 mM for Co), and under 
illumination without [Ru(bpy)3](ClO4)2. Experimental conditions: 4.2 
mM [Ru(bpy)3](ClO4)2, 68 mM Na2S2O8, 100 W xenon lamp (λ ≥ 420 
nm), 0.1 M sodium phosphate buffer with pH 8.5, total volume of 
solution 3.1 mL. 
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Fig 9. Time courses of O2 evolution under photo-irradiation in three 
repetitive examinations at room temperature. Conditions: 0.1 mg 700-
CoOx-C (3 µM for Co), 4.2 mM [Ru(bpy)3](ClO4)2 and 68 mM 
Na2S2O8; 100 W xenon lamp (λ ≥ 420 nm), 100 mM sodium phosphate 
buffer initial pH 8.50, total solution volume 3.1 mL. 

Considering the importance of visible-light-driven catalytic 
water oxidation, the activity of 700-CoOx-C was also assessed 
in [Ru(bpy)3]

2+-S2O8
2- system under irradiation with 100 W 

xenon lamp with a 420 nm cut off filter in sodium phosphate 
buffer (pH 8.5). The oxygen yields under different 
concentrations of Na2S2O8 sacrificial electron acceptor were 
investigated, and giving the optimal concentrations of 22-68 
mM (Figure S12). About 7.5 µmol O2 was generated within 25 
min using 10 mg (4.2 mM) of Ru(bpy)3(ClO4)2 and 50 mg (68 
mM) of Na2S2O8 (Figure 8), the O2 generation rate in the 
presence of 700-CoOx-C is fast within initial 6 min, and then 
becomes slow down gradually. A maximum TOF of 0.039 ± 
0.03 s-1 per cobalt atom is estimated. By contrast, almost no 
oxygen was detected under dark, or under irradiation in the 
absence of catalyst or Ru(bpy)3(ClO4)2 photosensitizer (Figure 
8). For comparison, recent literatures of cobalt-based OER 
catalysts driven by visible light have been reviewed 
(Supporting Information, Table S4). At present, the TOF of 
0.023 s-1 is regarded as the highest value among all the 
nonprecious metal based WOCs (including Co-based WOCs) 
by visible light.1f From Table S4 it can be found that the TOF 
of 0.039 s-1 is higher than that of 0.023 s-1, which is regarded as 
the highest value reported to date among all the nonprecious 
metal based water oxidation catalysts driven by visible light. 
Meanwhile, the TON of 12 per Co atom is also higher than 
those of cobalt-based OER catalysts (Table S4), further 
confirming the outstanding OER activity of 700-CoOx-C under 
photochemical water oxidation conditions. 

It is interesting to note that the above TON (12) and TOF 
(0.039 s-1) values are much lower than the corresponding TON 
(910) and TOF (14.6 s-1) values achieved using Ru(bpy)3(PF6)3 
directly as a one electron sacrificial oxidant. This can be 
attributed to the fact that the [Ru(bpy)3]

3+ generation rate is 
slower than the water oxidation rate catalyzed by 700-CoOx-C, 
thus [Ru(bpy)3]

3+ generation in [Ru(bpy)3]
2+-S2O8

2- 
photocatalytic system is a rate-determining step of overall water 
oxidation, in which the rate of water oxidation is limited by 

[Ru(bpy)3]
3+ generation rather than the efficiency of WOCs.16 

Thus, the TOF in photo-driven water oxidation is not the 
intrinsic catalytic turnover rates. To verify the rate controlling 
step in [Ru(bpy)3]

2+/S2O8
2-/700-CoOx-C reaction system, we 

monitor the accumulation of [Ru(bpy)3]
3+ in the absence and 

presence of 700-CoOx-C by UV−vis spectroscopy. As shown in 
Figure S13, the peaks at 453 and 670 nm are assigned to the 
absorption of [Ru(bpy)3]

2+ and [Ru(bpy)3]
3+, respectively. 

Clearly, UV-vis spectra show the accumulation of [Ru(bpy)3]
3+ 

after 30 seconds irradiation in the absence of catalyst, while 
almost no [Ru(bpy)3]

3+ was detected with the existence of 700-
CoOx-C, indicating that all the photogenerated [Ru(bpy)3]

3+ 
were consumed quickly by catalyst. The above results clearly 
demonstrate that the generation of [Ru(bpy)3]

3+ limits the rate 
of catalytic reaction, thus it is more accurate to use [Ru(bpy)3]

3+ 
directly as a one electron sacrificial oxidant for evaluating the 
OER catalytic activity of highly efficient WOC. 

The stability of 700-CoOx-C was investigated by repetitive 
experiments. As shown in Figure 9, there are no significant 
change in the total amount of O2 evolution in the second and 
third runs, indicating 700-CoOx-C has fine activity and stability. 
The PXRD of 700-CoOx-C was measured after the catalytic 
reaction, and its pattern is close to that of fresh catalyst (Figure 
S14), further demonstrating the catalyst is stable during 
OER.12d,17 Thus the decrease of O2 generation rate along with 
time (Figure 8) is attributed to the deactivation of 
photosensitizer rather than WOC. 
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Fig 10. LSV curves for OER on bare and 700-CoOx-C modified RDE 
(~0.2 mg cm-2) in 0.1 M KOH solution (scan rate: 5 mV s-1, 1500 rpm). 

To further evaluate the water oxidation activity of 700-
CoOx-C, the electrochemical catalytic water oxidation 
efficiency of 700-CoOx-C was studied by the linear sweep 
voltammogram (LSV). A slow scan rate (5 mV s-1) was applied 
during the OER test on a rotating disk electrode (RDE) in 
alkaline solution (0.1 M KOH) to minimize the capacitive 
current. Potentials are reported versus the reversible hydrogen 
electrode (RHE). In the LSV curves (Figure 10), the bare RDE 
exhibits negligible catalytic activity, while the RDE modified 
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with 700-CoOx-C (~0.2 mg cm-2) presents notable OER current, 
with an OER overpotential of 0.36 V at 10.0 mA cm-2, this 
overpotential is lower than that of 0.44 V at 10.0 mA cm-2 for 
ZIF-67-Co3O4 (Figure 10), and is comparable to those of the 
most efficient electrochemical WOCs,5j,18 indicating 700-CoOx-
C can also act as highly efficient electrochemical WOC. The 
Tafel slope value of 700-CoOx-C (89 mV dec-1) is lower than 
that of ZIF-67-Co3O4 (96 mV dec-1, Figure S15), suggesting the 
favorable reaction kinetics of 700-CoOx-C.5j Moreover, the 
semicircular diameter in the electrochemical impedance 
spectrum (EIS) of 700-CoOx-C is also lower than that of ZIF-
67-Co3O4 (Figure S16), indicating the smaller charge transfer 
impedance in 700-CoOx-C. A 4 h chronopotentiometry 
experiment of 700-CoOx-C at an applied current density of 10 
mA cm2 was performed in 0.1 M KOH to probe the stability of 
the catalyst, and no apparent increase in potential was observed 
in this time frame (Figure S17), further demonstrating the good 
stability of the catalyst. 

Conclusions 

In conclusion, we reported herein a porous carbon-based hybrid 
with evenly distributed CoOx  nanoparticles; this material was 
easily synthesized by a two-step thermal treatment of cheap 
ZIF-67 nanocrystals. The results of SEM, TEM and EDS 
demonstrated that 700°C was the optimal temperature for 
carbonization of ZIF-67 to in situ generate the porous CoOx-
carbon hybrid material 700-CoOx-C. This material exhibited 
excellent catalytic activity toward the chemical OER, with a 
record TOF and TON of 14.6 s-1 and 910, respectively. Its 
performance was far superior to that of commercial IrO2 and 
RuO2, as well as to those of the reported Co-based catalysts. In 
addition, the synthesized catalyst can also act as an efficient 
photochemical and electrochemical WOC, with a record TOF 
of 0.039 s-1 and an OER overpotential of 0.36 V at 10 mA cm-2, 
respectively. The superior performance of 700-CoOx-C was 
attributed to its high active surface area, homogeneous 
dispersion of CoOx in porous carbon, as well as nitrogen doping. 
Overall, combining the superiority of highly efficient 
photochemical and electrochemical OER activity, easier 
making, and economy, 700-CoOx-C is a promising candidate 
for practical use as WOCs on a large scale. 
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A cobalt oxide-carbon hybrid was synthesized, which exhibited outstanding chemical, 
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