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A cost-efficient and environmental benign strategy for large-scaled production of metal oxide/metal decorated 3D porous 

graphene directly converted from waste papers with cobalt (II) complex was successfully developed. The resulting 

Co3O4/Co immobilized in porous graphene served as a spacer to prevent restacking of graphene and also provided more 

accessible active sites. As a demonstration, oxygen reduction reaction (ORR) was chosen to show the catalytic activity of 

high added-value Co3O4/Co @graphene composite. Due to the synergistic catalytic effects between Co3O4 and graphene 

combined with hierarchical porous structure, the synthesized 3D functional porous graphene can function as an efficient 

ORR catalyst with comparable performance of Pt/C catalyst, which shows its potential application in fuel cells.  

 

1. Introduction 

A rising star, graphene, has been attracting more and more 

attention owing to its unique one atom thick structure and 

excellent electrical conductivity combined with its 

extraordinary mechanical strength.
1 

Promising applications 

have been developed such as gas separation, catalysis, water 

purification, energy conversion and storage.
2  

Accordingly, 

extensive efforts have been made at the preparation of 

graphene with various physical forms from diverse sources to 

fit the desired applications.
3
 Furthermore, with the aim of 

bringing graphene from the laboratory into market, low value 

sources are favored. Among them, organic waste matter is 

ideal carbon source for preparing graphene due to its 

abundance, low cost, and easy to obtain. Thereby, a strategy 

based on organic waste matter to easily, efficiently, and 

sustainably accessible various functional graphene at large 

scale is highly desirable.  

Waste paper is the major source of organic wastes.
4
 The 

main components of paper are carbohydrate, such as cellulose 

and hemicelluloses, and some lignin, indicating that waste 

paper could act as an ideal carbon source to high added-value 

graphene. Although amorphous carbon materials with various 

fascinating structures derived from organic waste matter have  

 

Scheme 1 Schematic procedure for functional porous graphene (Co3O4/Co@PG) from 

waste paper (MCM stands for microporous carbonaceous material and PG stands for 

porous graphene ). 

exhibited significant promising applications
5 

and model sugar 

compounds or small molecules as carbon source for graphene 

production have been reported,
6 

only few papers have 

reported high added-value functional graphene production 

from organic waste.
7 

Moreover, these typical methods need 

special substrate and template combined with tedious 

processes. In addition, extra strong chemical activation step 

was used for porous system. 

Herein we introduced a cost-efficient and environmental 

benign strategy for large scale production of metal oxide 
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/metal decorated 3D porous graphene, in which the waste 

paper was used as carbon source. In addition, cobalt(II) 

acetate- 1,10-phenanthroline complex acted as a precursor of 

both catalyst and etcher. Through control of the feed ratio of 

organometallic complexes and pyrolysis temperature, the 

porosity of graphene supporter and chemical compositions of 

active sites could be finely tuned. The synthesized 3D 

functional porous graphene is an ideal material beneficial in 

electrochemistry catalytic areas that require excellent 

electrical conductivity, high specific surface area, and easier 

accessibility to the active sites through porous system.
8
 As a 

demonstration, this material exhibited excellent catalytic 

efficiency for oxygen reduction reaction (ORR) with 

comparable performance to Pt/C catalyst. 

2. Experimental section 

2.1 Chemicals 

Carbon source was waste office paper (A4 size, out dated 

printed files). Cobalt(II) acetate anhydrous was purchased from 

Alfa Aesar. 1,10-phenanthroline was brought from J&K. Meso-

tetraphenylporphyrin was obtained from Frontier Scientific Inc. 

Anhydrous ethanol and other affiliated chemicals were all 

from local suppliers. All solvents and chemicals were of 

reagent quality and were used without further purification. 

2.2 Synthesis of functional porous graphene 

Preparation of carbonaceous pulp: Waste office paper was 

first treated with HCl (10 wt%) for hydrolysis for 72 h and was 

washed with large amount of distilled water to completely 

remove chloride ions. After that, the pulp was dispersed in 

distilled water with vigorous stirring for 12 h and then was 

dried in oven at 80 °C for 6 h. The first step for pulp 

graphitization was carried out at 1350 °C for 3 h with heating 

rate of 4 °C per minute
 
under argon atmosphere. The obtained 

microporous carbonaceous pulp at a yield of 8% was labeled as 

MCM. 

Co3O4@Graphene: MCM (138 mg) was added to a solution of 

cobalt (II) acetate (0.1 mmol, 0.0177 g) and 1,10-

phenanthroline (0.2 mmol, 0.036 g) complex in 10 ml ethanol 

by sonication for 1 h to achieve uniform dispersion. After 

removal of ethanol in vacuum, the resulting solid sample was 
heated to 800 °C for 2 h at the rate of 4 °C per minute under 

argon atmosphere (20% yield). No ligand@PG (without ligand) 

and Porphyrin@PG (Meso-tetraphenylporphyrin (0.1 mmol, 

0.0194 g)) were performed under the same condition.
9
 

Co@Graphene: MCM (138 mg) was added to a solution of 

cobalt (II) acetate (1mmol, 0.177g) and 1,10-phenanthroline (2 

mmol, 0.36 g) complex in 20 ml ethanol by sonication for 1 h 

to achieve uniform dispersion. After removal of ethanol in 

vacuum, the resulting solid sample was heated to 950 °C for 1 

h at the rate of 4 °C per minute under argon atmosphere (10% 

yield).
10

 

 

 

Fig. 1 HRTEM images of carbonaceous pulp (A), edge of Co3O4@PG (B), Co3O4@PG 

hybrid (C), and Co3O4 nanoparticle in graphene (D). 

2.3 Electrochemical test 

Electrocatalytic activity of as-prepared samples in 0.1 M 

KOH were tested on a CHI 760D electrochemical working 

station (CH Instruments, Shanghai, China). The working 

electrode was prepared under the guidance of procedure 

described in Ref. 11. 

The graphene catalyst ink was prepared to be 2 mg/mL in a 

solution of ultrapure water, ethanol, and Nafion solution 

(5wt%, Dupont) (volume ratio =1: 9: 0.1) followed by strong 

ultrasonic agitation. In a typical test, 60 μL of the graphene ink 

was pasted onto the glassy carbon rotating disk electrode (RDE) 

(5 mm in diameter, 0.19625 cm
2
, Pine Instruments, USA), with 

a sample loading of 0.6 mg cm
-2

. For comparison, 5 μL of 

commercial Pt/C (20 wt% Pt/C, Johnson Matthey) of 1 mg/mL 

was loaded on RDE using the same procedure with a loading of 

5 μg-Ptcm
-2

.
11

  

All the measurements were performed using Pt mesh as the 

counter electrode and Hg/HgO as the reference electrode. 

Cyclic voltammetry (CV) curves were carried out in both N2 and 

O2 saturated 0.1 M KOH solution at a scan rate of 100 mV/s. 

ORR polarization curves were detected in the O2-satureated 

solution (0.1 M KOH) at a positive scan rate of 5 mV/s from -

0.8 to 0.2 V at 1600 rpm. ORR polarization curves were 

measured with RDE from the rotating speeds of 400 rpm to 

2500 rpm at 5 mV/s. 

3. Results and discussion 

The production of 3D functional porous graphene from 

waste paper needs 3 steps (Scheme 1): hydrolysis,
12

 

carbonization, and carbothermal reaction
13

. Finally, waste 

paper-derived and Co3O4/Co decorated porous graphene was 

successfully prepared at 800 °C and 950°C, respectively 

(labeled as Co3O4/Co@PG). 
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Fig. 2 Raman spectra of MCM (a), TPG (b), Co3O4@PG (c), and Co@PG (d). 

The morphology of the waste paper-derived graphene and 

the composition of the forming particle were investigated by 

SEM, HRTEM, Raman, XRD, and XPS. The particle size with 

wide size distribution increased from 50 nm-100 nm to 200 nm 

cluster with the increasing amount of organometallic 

complexes loaded (Fig. S1A, Fig. S1C). SEM images also showed 

that some pores formed because the carbon atom reacted 

with the metal oxide nanoparticles (Fig. S1B, Fig. S1D).
 
Both 

SEM and HRTEM images (Fig. 1C, 1D, Fig. S2B, and 2C) 

indicated that particles were distributed in and on the 

resulting material. From HRTEM image it can be seen that the 

graphene layer became thinner compared with the graphitized 

pulp because of the effect of etcher (Fig. 1A, Fig. 1B, and Fig. 

S2A). Typical Raman spectra are more informative to show the 

quality of graphene. Three prominent features of graphene, 

the D peak, G peak, and 2D peak appeared after the 

graphitized pulp was activated by cobalt(II) acetate- 1,10-

phenanthroline (Fig. 2b ,c, d).
14

 D-band (at 1338 cm
-1

) reflects 

disordered carbon (sp
3
), G peak (at 1586 cm

-1
) is characteristic 

of sp
2
 hybridization, and 2D peak is the overtone of D peak. 

I2D/IG (intensity ratio between 2D and G peak) combined with 

the full width half maximum (FWHM) of the 2D peak are very 

critical to evaluate the number of graphene layers. For all the 

activated materials, I2D/IG value is lower than 0.75 and W2D 

value is higher than 65 cm
-1

,
15 

indicating that multi-layer 

graphene were obtained from waste paper. Because gaphene 

oxide has a strong diffraction peak at about 2θ=10° with a d-

spacing of 1 nm in XRD spectra, Figure 3 indicates that the 

obtained sample does not have graphene oxide (no peak 

around 2θ=10°).
16

 Furthermore, selected double-layer region 

was marked with a layer-to-layer stacking distance of 0.34 nm 

(Fig. 1B) for graphite also demonstrating that the carbon 

material is graphene.
17

 The ID/IG (intensity ratio between D and 

G peak) is widely used to assess the quality of graphene. With 

a 0.02 wt% loading of cobalt (II) (labeled as TPG), the ratio of 

ID/IG slightly decreased compared with originally graphitized 

pulp at annealing temperature of 800 °C. It may attribute to 

the preferential etching of more reactive amorphous carbon 

components.
18 

To further increase the loading of cobalt (II) 

 

Fig. 3 XRD pattern of MCM (a), Co3O4@PG (b), and Co@PG (c). 

 (0.5 wt%), the ratio of ID/IG increased from 1.20 to 1.51 

indicating that more defects or disorder appeared due to 

further carbothermal reaction between in situ formed metal 

oxide and carbon atoms. However, the ratio of ID/IG decreased 

from 1.51 to 1.22 with both the loading of cobalt (II) (2 wt%) 

and  annealing temperature increasing (950 °C) at the same 

time. These values are lower than porous graphene 

microspheres (an ID/IG ratio of 1.96), but are higher than Ni-

decorated graphene (an ID/IG ratio of 0.5)
7d

 and sugar derived 

graphene (an ID/IG ratio of 1.07).
19

 

The final active species were different. Energy dispersive X-

ray (EDX) analysis preliminary indicated that the formed 

particle was Co3O4 (Fig. S1E) at an annealing temperature of 

800 °C and Co at 950 °C (Fig. S1F). The obtained samples were 

labeled as Co3O4@PG and Co@PG, respectively (Table S1). In 

Fig. 3, the strongest peak located at 36.8°
 
of Co3O4@PG 

corresponds to the Co3O4 (311) plane
20

 and (111) plane at 44.3° 

of Co@PG indicated the formation of Co metal particles.
21 

Lattice fringes of 0.286 nm and 0.24 nm corresponding to the 

Co3O4 (220) plane and CoO (111) plane in Fig. 1D and Fig. S2D 

respectively further confirmed the existence of Co3O4 and Co.
22

 

X-ray photoelectron spectroscopy (XPS) showed the main 

component of the composite (Fig. 4A, and Table S2) and high 

resolution XPS spectra further confirmed the chemical 

compositions of active sites. A doublet bands appeared at 

778.9 eV and 794.5 eV was attributed to Co3O4 (Fig. 4B a).
23

 For 

cobalt metal, the low energy band of Co 2p3/2 located at 777.2 

eV (Fig. 4B b).
24 

Furthermore,
 

the
 

morphology and 

microstructure of graphene also changed because of the effect 

of etcher. The diffraction peaks appeared at 23.5°, 24.0°, and 

26.3° were (002) plane of graphite, corresponding to MCM, 

Co3O4@PG, and Co@PG, respectively. The diffraction peak 

shifted to a higher angle with defect density increased 

indicating that the spacing between the layers of Co3O4@PG 

was reduced. In contrast, interlayer d- spacing of 0.336 nm as 

that of graphite and the decreased value of ID/IG of Co@PG 

exhibited the improved graphitization degree.
25 

The possible 

reason was that more disordered carbon (sp
3
) could be etched 

with the increase of loading amount of cobalt (II) (from 0.5 to 2                
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Fig. 4 X-ray photoelectron spectroscopy (XPS) spectrum of Co3O4@PG (a) and Co@PG 

(b) (A); Co 2p spectrum of Co3O4@PG (a) and Co@PG (b) (B). 

wt%). Furthermore, the Brunauer–Emmett–Teller (BET) 

surface area of Co3O4@PG was 542 m
2
/g which is higher than 

that of Co3O4 nanoparticles anchored reduced graphene 

oxides (139.4 m
2
/g).

26
 The main pore size of Co3O4@PG 

distributed at 0.4 nm and 4 nm. While for Co@PG, a clear 

hysteresis loop appeared in the isotherm with BET surface area 

of 186 m
2
/g illustrating the existence of mesopores and this 

was further confirmed by pore size distribution analysis (18-20 

nm) attributing to the effect of the in situ formed etcher (Fig. 

S3 and Fig. S4). The total pore volumes of Co3O4@PG and 

Co@PG were 0.34 and 0.15 cm
3
/g, respectively. Based on 

sugar-blowing approach, pore size distribution of the prepared 

graphene ranged from 4-30 nm
6b

 and graphene grown by CVD 

possessed pores in the mesopore region (2–7 nm) with total 

pore volume of 2 cm
3
/g.

17
 In this work, through the 

optimization of the concentration of the precursor and 

pyrolysis temperature, we successfully tailored the active 

components as well as pore size distribution (0.4-20 nm) of 

functional porous graphene via a green and facile way.  

For the first step, because of the similar main components 

of paper, such as cellulose and hemicelluloses, and some lignin, 

waste paper could act as an ideal carbon source to high added-

value materials. In fact, various forms of waste paper have 

been employed as the raw material for producing functional 

carbon materials, such as disposable paper cups,
7b

 waste office 

papers,
12, 5b

 and waste newspapers.
27

 In this work, the waste 

office papers were selected as carbon source and other waste 

papers should function in similiar way as well.  

The use of HCl for hydrolysis is a step with low cost, because 

HCl is basic industrial chemical and also basic chemical in lab. 

The high-temperature treatment may cost more, but it is a 

necessary step for the fabrication of most porous carbons. For 

example, preparation of waste paper derived carbon microbelt 

aerogel was pyrolyzed at 850 °C.
12

 Graphene sheets prepared 

from disposable paper cups was heated at 1100 °C.
7b

 Sugar 

derived 3D graphene bubble network was treated at 

1,350 °C.
6b

 

For the second step, pulp carbonization was different from 

small molecule polymerization because of its relatively 

complex composition and structure. To make pulp well-

graphitized, a higher pyrolysis temperature 1350 °C was used. 

With such temperature the degree of graphitic order can be 

improved and oxygen and hydrogen tend to loss from the 

carbonaceous pulp.
28

 Nitrogen sorption analysis was also 

performed to the carbonaceous pulp displaying a Type I 

isotherm with BET surface area of 1050 m
2
/g, main micropore-

size of 0.5 nm and wide size distribution of mesopore (Fig. S3 

and Fig. S4). Low-magnification SEM image (Fig. S5A) showed 

that the pyrolyzed carbonaceous pulp showed belt-like 

structure. Wrinkles, concaves, and flexible thin layer appeared 

in high-magnification SEM images (Fig. S5B, C, and D). Obvious 

aggregation and sparse thin layers could be observed in 

HRTEM (Fig. 1A).  

For the third step, it was reported that the concentration of 

the precursor is a key parameter determining the metal oxide 

particle size and the following pore size of the substrate.
13

 

Herein, cobalt (II) acetate- 1,10-phenanthroline complex 

served as precursor of both etcher and catalyst. The 

organometallic complexes first transformed into metal oxide 

particles as the etcher and then through a carbothermal 

reaction converted to final active catalyst in the form of Co3O4 

or Co particles impregnated in porous graphene. The two 

processes controlled the structure of the graphitized pulp and 

further determined the electrocatalytic activity of the resulting 

material.  

Due to the excellent electrical conductivity, high specific 

surface area, and easier accessibility to the active sites, ORR 

was employed as a model reaction to evaluate catalytic activity 

of the Co3O4@PG and Co@PG composites. Cyclic voltammetry 

(CV) was first performed on the as-prepared samples. CV 
curves in Fig. 5A of Co3O4@PG showed an apparent 

reductionpeak in the O2-saturated 0.1 M KOH electrolyte; 

whereas no electrochemical response appeared under 

nitrogen indicating that the electrocatalytic activity of the 

sample was caused by the reduction of oxygen. To further test 

the electrocatalytic activity of the two samples, the rotating 

disk electrode (RDE) measurements in O2 saturated electrolyte 

(0.1 M KOH) at a scanning rate of 5mV/s was also performed 

to investigate the reaction kinetics and20 wt% Pt/C (Johnson 

Matthey) as well as the TPG were also tested for comparison. 
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Fig. 5 (A) CV curve of Co3O4@PG in N2 (Black)- and O2 (Red)-saturated 0.1 M KOH; (B) ORR polarization curves of PG, Co3O4@PG, Co@PG, and commercial Pt/C catalysts in O2-

saturated 0.1 M KOH with a scanning rate of 5 mV s
-1

 at 1600 rpm; (C) ORR polarization curves of Co3O4@PG in O2-saturated 0.1 M KOH with a scanning rate of 5 mV s
-1

 at various 

rotation rates (400-2500 rpm); (D) K-L plots at different potentials from -0.15 to -0.30 V based on the data from (C). 

ORR polarization curves of Co3O4@PG showed enhanced ORR 

catalytic activity than Co@PG with a 12 mV positive onset 

potential (Eonset) and a 4 mV positive half-wave potential (E1/2), 

and TPG showed less ORR catalytic activity. Furthermore, the 

ORR activity and limiting current density of Co3O4@PG was 

comparable to that of Pt/C (5 μg-Ptcm
-2

) (Fig. 5B). This could be 

attributed to catalytical activity of Co3O4 at the interface of 

porous graphene in ORR.
29

 We chose Pt/C with the platinum 

loading 5 µg cm
-2

 because it has similar metal loading as the 

Co3O4@Graphene (0.6 mg cm
-2

) in which the cobalt loading 

was 3 µg cm
-2

. Cobalt is one of the most promising non-

platinum-group-metal catalysts for the ORR.
31

 

Co3O4@Graphene with a loading of 3 µg-Cocm
-2

 showed 

comparable performance to Pt/C catalyst with a loading of 5 

µg-Ptcm
-2

 demonstrating high catalytic activity of high added-

value Co3O4@graphene composite. 

Fig. 5C showed the ORR polarization curve of Co3O4@PG at 

different rotation speeds from 400 to 2500 rpm. Koutecky-

Levich (K-L) plots (J
-1

 versus ω
-1/2

) at reaction potentials from -

0.3 to 0.1 V was used to further evaluate catalytic performance 

of Co3O4@graphene (Fig. 5D). The good linear relations in K-L 

plots and slightly changed slopes of the fitting lines over the 

potentials of selected region indicated the similar number of 

transferred electron for the ORR. The average electron 

transfer number (n) was calculated based on slopes of 3.5–3.9, 

exhibiting a direct 4-electron reduction process of O2 to H2O.
11 

Based on CV and ORR curves measurements, it is evident that 

Co3O4 decorated porous graphene derived from waste paper 

showed high catalytic activity in ORR. 

Organic ligands have potential effect on precatalyst.
9 

To 

obtain further insight into the role of organic ligand, Co(OAc)2 

and Co(OAc)2-tetraphenylporphrin as precursor loaded on 

MCM (labeled as No ligand@PG and Porphyrin@PG) were 

carried out on RDE measurements (Fig. S6). ORR polarization 

curve of No ligand@PG showed less ORR catalytic activity than 

Co3O4@PG, with a 21 mV negative Eonset and a 30 mV negative 

E1/2. Porphyrin@PG also showed less catalytic activity in ORR. 

The comparative experimental results clearly indicated that 

organic ligand is the key to determine the final electrocatalytic 

activity. In addition, EC-600, another kind of commercially 

available carbon was selected as a supporter for comparison 

for ORR. Poor catalytic activity was observed (Fig. S6). The 

results described in our work demonstrated enhanced ORR 

catalytic activity of Co3O4@PG as electrocatalyst. One of the 

purposes using graphene is to disperse Co3O4 or Co 

nanoparticles and serve as a current conductor. Another 

purpose is the synergistic coupling mechanism between Co3O4 

and graphene, because Co3O4 and CMC alone have little 
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catalytic activity.  At the same time, Co3O4@EC600 also 

showed poor catalytic activity, which was similar to the 

reference 29b report by Dai et al. In fact, Co3O4@graphene 

and Co/CoO@graphene have been extensively used for 

electrochemical reduction of oxygen where graphene 

functioned as supporter. In this work, Co3O4/Co particles were 

in situ deposited in and on the surface of graphene with tight 

contact existing charge-transfer interactions.
30

 Xiao et al. have 

found that Co
2+

 in Co3O4 (Co
2+

Co
3+

2O4) acted as the catalytically 

active sites instead of Co
3+

 sites for ORR.
26

 For Co@PG, 

because of the oxidization of metal cobalt to CoO in air at 

room temperature, nearly 1 nm thick layer of CoO played the 

key role for ORR.
32

 Therefore, excellent electrical conductivity 

of graphene, the synergistic catalytic effects between Co3O4 

and graphene, and hierarchical porous structure for efficient 

mass transport contributed to the enhanced catalytic activity 

of Co3O4@PG. 

A method that can synthesize functional graphene with 

active components in economically beneficial and 

environmental benign ways is the most important for large 

scale application of graphene. Aforementioned results clearly 

showed that high added-value 3D functional porous graphene 

with electrochemical catalytic activity can be simply prepared 

from waste paper. The functional graphene has comparable 

activity to Pd/C for oxygen reduction reaction. These results 

also demonstrated that by prudently screening of ligand, metal, 

and the optimization of the preparation conditions, it is 

possible to produce multi-functional porous graphene with 

application range widely from catalyst to sensor and 

microwave absorption. 

4. Conclusions 

In conclusion, a green, facile and efficient strategy for large 

scale production of functional porous graphene from waste 

paper by in-situ activation of Co (II)-Amine complex was 

demonstrated. The complex served as precursor of both 

catalyst and etcher. The as-prepared Co3O4@PG composite 

showed high-performance catalytic activity in ORR. Hence, this 

green method provides guidance for efficiently design of multi-

functional porous graphene. 
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Graphical abstract: 

 

Using waste paper as carbon source, a strategy for efficient production of 

Co3O4/Co@porous graphene for oxygen reduction reaction was developed, which 

provides a direction for facile preparation of functional porous graphene from wastes. 
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