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Porous Co3O4 nanonetworks (NNWs), converted from precursor CoOOH nanosheets, have been 

synthesized via a controllable chemical reaction route followed by calcination at 400 °C in air. The 

morphologies and microstructures of the precursor nanosheets and the final products were characterized 

by high-resolution transmission electron microscopy and X-ray diffraction, respectively. The growth 

mechanism of CoOOH nanosheets and the structural transformation processes of NNWs were 

investigated in detail. Significantly, the porous Co3O4 NNWs based sensor showed an enhanced response 

to toluene gas at low concentration, which was mainly due to their porous neck-connected networks. 

Introduction 

As a multifunctional p-type semiconductor, spinel Co3O4 has 

attracted much attention in the fields of catalysts, magnets, 

electrochromic, Li-ion batteries, supercapacitors, and gas 

sensors.1-7 In particular, the gas-sensing properties of various 

Co3O4 micro- and nanostructures have been widely explored, 

such as nanorods, nanofibers, nanosheets, and hollow 

microspheres.8-14 Among them, porous architectures are 

expected and confirmed to play a key role in improving the 

sensor performances, due to their high surface area, high gas 

transmission abilities, and special grain interconnectivity.15-17 

Up till now, many efforts have been endeavored to construct 

Co3O4 nanoscale building blocks into complex hierarchical 

nanostructures, including hydrothermal, solvothermal, 

electrospinning, template/template-free, chemical deposition, 

and the combined methods.9, 10, 18-24 But it is still a great 

challenge to develop a simple, economical and large-scale 

synthetic method for the construction of porous Co3O4 

nanostructures. 

Previously our group found that porous NiO nanosheets with 

neck-connected networks could be prepared by a simplified 

chemical bath deposition (CBD) method, and these porous 

networks exhibited enhanced ethanol sensing performances.25 

In this work, ultrathin CoOOH nanosheets have been 

synthesized at proper chemical reaction conditions, while 

transformed into porous Co3O4 nanonetworks (NNWs) after 

calcination at 400 °C for 2 h. The obtained porous NNWs are 

constructed by numerous neck-connected Co3O4 nanoparticles, 

which lie between porous nanosheets and nanoparticles. To the 

best of authors’ knowledge, this is a new strategy to achieve the 

porous Co3O4 NNWs by rebuilding the precursor nanosheets. 

The growth mechanism of CoOOH nanosheets and the 

structural transformation processes of NNWs were mainly 

investigated. Furthermore, the gas-sensing results indicated that 

the sensor based on porous NNWs exhibited high performances 

to toluene at a low operating temperature of 150 °C. 

Experimental details 

Synthesis 

All the reagents in our experiment were of analytical grade and 

used without any further purification. In brief, 10 mL of 0.1 M 

cobalt nitrate hexahydrate (Co(NO3)2·6H2O) and 1 mL of 

aqueous ammonia (NH3·H2O, 25~28%) were mixed, followed 

with a continual stirring for 5 min. Then 5 mL of 0.25 M 

potassium persulfate (K2S2O8) was added into the mixture. 

After stirring for another 20 min, black precipitates were 

obtained and respectively washed with deionized water and 

acetone several times, and slowly dried into a type of puffed 

precursors. All operations were carried out at room 

temperature. Finally, the obtained precursors were calcined at 

350, 400, and 500 °C for 2 h in air, respectively. 

Characterizations and gas-sensing measurements 

The microstructures and morphologies of products were 

characterized by X-ray diffraction (XRD, Rigaku, D/max-2400) 

and high-resolution transmission electron microscope 

(HRTEM, FEI, Tecnai G2 F30), respectively. The specific 

surface area was carried out using the Brunauer‒Emmett‒Teller 

(BET, ASAP 2020) method based on nitrogen (N2) gas 

adsorption. Gas-sensing properties were measured with a WS-

30A system (Weisheng Instruments Co.). As described in our 

previous work, the final products were mixed with proper 

amount of binder, and pasted to an alumina tube with a pair of 

Au electrodes. Then all the sensors were heat treated at 350 °C 

in air for 2 h to remove the organic content of the paste. The 

sensor response (S = Rg/Ra, where Rg and Ra are the sensor 

resistance in mixed gas and in air, respectively) was measured 

at an operating temperature varies from 100 °C to 175 °C (RH~ 
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Fig. 1 XRD patterns of (a) the as-prepared precursors at room temperature, 

and the Co3O4 products calcined for 2 h at (b) 350 °C, (c) 400 °C, and (d) 500 

°C, respectively. 

25%). 

Results and discussion 

Structures of the samples 

The as-prepared and calcined products were characterized using 

X-ray diffraction (XRD), as shown in Fig. 1. The XRD pattern 

of the as-prepared precursors (curve a) shows a broad peak and 

other two low peaks. More data can be seen in Fig. S1 in ESI†, 

which can be indexed to CoOOH (JCPDS 07-0169). TEM 

image in Fig. S1a reveals that the as-prepared samples are 

comprised of ultrathin CoOOH nanosheets, and HRTEM image 

in Fig. S1b shows that the precursors are of low crystallinity, 

which is consistent with the XRD pattern above and due to the 

low reaction temperature. Moreover, the selected-area electron 

diffraction (SAED) pattern inset in Fig. S1b suggests that the 

nanosheets are polycrystalline. These results imply that 

ultrathin CoOOH nanosheets can be synthesized using a 

controllable chemical reaction process at room temperature. 

Once calcined at 350, 400, and 500 °C in air (corresponding to 

curves b‒d, respectively), all of characteristic peaks can be 

assigned to the spinel structure of Co3O4 (JCPDS 42-1467). In 

addition, the peaks of Co3O4 become sharp with the increase of 

calcination temperatures from 350 to 500 °C, mainly owing to a 

faster crystal growth rate at a higher temperature.26 EDX 

analysis (Fig. S2, ESI†) shows the presence of Co and O 

without other impurities (C and Cu peaks in EDX come from 

the copper-carbon grid for TEM). 

To reveal the formation mechanism of CoOOH nanosheets, 

the TEM observations of the precursors collected at different 

moments after adding 5 mL of 0.25 M K2S2O8 are shown in 

Fig. 2. Before adding K2S2O8, the green precursor nanosheets 

and some bursa bubbles are observed (Fig. 2a and b). In Fig. 2c, 

it is hard to find bursa bubbles in the precursors after adding 

K2S2O8 5 min later. Further observation from Fig. 2d can be 

seen that the surface and edge of a nanosheet is very rough, 

namely the self-assembly complex nanostructure is connected 

through a certain way as to reduce the surface free energy of the  

Fig. 2 TEM images of the precursors collected at different moments 

after adding 5 mL of K2S2O8: (a, b) 0 min; (c, d) 5 min; (e, f) 20 min. 

whole system.27 When the reaction reaches a plateau at 20 min, 

the surfaces of CoOOH nanosheets become smooth and the 

edges become neat (Fig. 2e and f). Similar reactions (Reaction 

(1) and Reaction (2), as follows) were reported previously.3  

[Co(H2O)6-x(NH3)x]
2+ + 2OH- ↔ Co(OH)2 + (6-x)H2O + xNH3 

(1) 

2Co(OH)2 + S2O8
2- → 2CoOOH + 2SO4

2- + 2H+                  (2) 

Co2+ can react with aqueous ammonia, and produce green 

Co(OH)2 precursors (nanosheets and bubbles in Fig. 2a and b). 

The Reaction (1) is reversible, and superfluous ammonia can 

drive the reaction to the left, which leads to the dissolution of 

precursor Co(OH)2 into the soluble cobalt ammonia complex 

([Co(H2O)6-x(NH3)x]
2+). In the previous report, Kandalkar et al. 

have directly prepared CoOOH through the conversion of the 

[Co(NH3)6]
2+ at 60 °C.28 However, in this study, the reaction 

temperature was kept at room temperature. The obtained 

precursor Co(OH)2 nanosheets are metastable and most of 

precursors can be simultaneously dissolved during washing 

with deionized water. In an attempt to overcome this 

shortcoming, Hosono et al. have applied an air-oxidation 

method to convert layered hydroxide cobalt acetate (LHCA) 

into a relatively stable CoOOH phase.29 Given this, the addition 

of K2S2O8 (a strong oxidizing agent) can also drive Reaction (2) 

to the right, and ensures a simple, controllable chemical 

reaction. As mentioned above, it is worthy of note that too 

much aqueous ammonia will inhibit the Reaction (1) and 
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Fig. 3 STEM and TEM images of Co3O4 obtained at (a-c) 350 °C, (d-f) 400 °C, and (g and h) 500 °C, respectively. (i) HRTEM image of a Co3O4 

nanoparticle. 

restricts indirectly the Reaction (2), even no precursor CoOOH 

nanosheets are formed. In turn, no any precursors formed 

without the addition of aqueous ammonia (just adding 5 mL of 

0.25 M K2S2O8), which means precipitation reactions are 

stopped completely. Thus controlling the addition amount of 

ammonia is very critical. 

Fig. 3 shows the typical high-angle annular dark-field 

scanning TEM (HADDF-STEM) and TEM images of the 

Co3O4 products calcined at different temperatures. Obviously, 

the Co3O4 products maintained the lamellar structure of the 

precursor CoOOH nanosheets at 350 °C (Fig. 3a and b). It can 

be seen from Fig. 3c that the thickness of nanosheets increases 

slightly and the edges tend to become irregular. However, when 

the temperature reached 400 °C, the nanosheets completely 

decomposed into nanoparticles (Fig. 3d‒f). Different from 

others’ reports, the nanoparticles in Fig. 3f prefer to form 

porous neck-connected networks, rather than form nanoparticle 

aggregates. Fig. S3 in ESI† shows a STEM image of Co3O4 

products calcined at 400 °C, which confirms the porous  

Fig. 4 N2 adsorption‒desorption isotherms and BJH pore‒size‒ 

distribution curves (inset) of the samples. 
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Fig. 5 (a) Response of sensors toward toluene as a function of operating temperature; (b) a typical transient curve of the sensor based on porous 

Co3O4 nanonetworks toward toluene at 150 °C; (c) responses of sensors versus toluene concentration; (d) schematic illustrations of three different 

sensors. 

structure and the puffed products. In addition, the nanoparticles 

become more compact at a calcination temperature of 500 °C 

(Fig. 3g and h). The increased grain size is also consistent with 

the results of XRD characterization in Fig. 1. The HRTEM 

image of a Co3O4 nanoparticle (Fig. 3i) shows a discerned 

lattice spacing of 0.245 nm, which agrees well with the (311) 

plane, and the lattice spacing of 0.401 nm corresponds to a 

double d-spacing of (400) plane. 

To obtain an insight into the porous structure of the samples, 

the N2 adsorption and desorption isotherms were measured at 

77 K. The N2 adsorption‒desorption isotherms of the Co3O4 

products calcined at 350, 400, and 500 °C are shown in Fig. 4. 

The BET surface area of the Co3O4 NNWs is ~72.89 m2 g-1, 

which is 43.5% higher than that of compact Co3O4 (~50.78 m2 

g-1, 500 °C) and is obviously lower than that of Co3O4 

nanosheets (~114.43 m2 g-1, 350 °C). Accordingly, the shape of 

the hysteresis loops is of a type H3, ascribed to the type IV 

isotherms, indicating the existence of mesoporous structure 

(2~50 nm, pore width). The inset of Fig. 4 compares the 

Barrett‒Joyner‒Halenda (BJH) pore-size distribution plots of 

the samples, which indicates that the material contains an 

average pore size of 14.31 nm for Co3O4 nanosheets, 21.48 nm 

for Co3O4 NNWs, and lastly, 28.44 nm for compact Co3O4 

nanoparticles. Above all, the BET surface area decreases with 

the increase of calcination temperature, which are 

corresponding to the TEM images in Fig. 3. The pore-size-

distribution results also reveal the influence of calcination 

temperature on the porous structure of Co3O4. 

Gas-sensing properties 

Toluene (C6H5CH3) was chosen as a target gas because of its 

harmful to human beings even at very low concentrations, 

which has been widely used in chemical industry and found to 

be neurotoxic (paralysis of the central nervous system). The 

lowest observed adverse effect level (LOAEL) of chronic 

occupational toluene exposure is 332 mg m-3 (88 ppm).30 Thus 

the efficient detection of toluene gas becomes very necessary 

for both environment and our own humanity. 

To determine the optimum operating temperature, the 

response of the sensors (Co3O4 calcined at 350, 400, and 500 

°C, respectively, in Fig. 5a) to 100 ppm toluene was tested as a 

function of operating temperature (100~175 °C). The responses 

increase with operating temperatures, then reach their 

maximum values at 150 °C, and decrease at 175 °C. Therefore, 

150 °C is shosen as the optimum operating temperature and 

used for further characterization the gas-sensing properties of 

above three sensors. The corresponding response is 6.08, 11.79, 

and 6.18, respectively. As shown in Fig. 5b, the response and 

recovery behaviors of Co3O4 NNWs based sensor are 

investigated in the presence of different concentrations of 
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Table 1 Toluene sensing characteristics of Co3O4-based sensors surveyed in literatures and in this work

Materials Gas concentration (ppm) Temperature (°C) Response (Rg/Ra) SBET (m2 g-1) Reference 

Co3O4 hollow nanospheres 100 100 ~5.85 120 13 

Co3O4 nanocubes 100 200 ~4.8 ‒ 31 

Co3O4 nanorod arrays 500 160 8.6 12.2 32 

Ordered mesoporous Co3O4 100 190 23.55 102.7 33 

Nanoparticle-assembled Co3O4 nanorods 100 200 26 ‒ 34 

Co3O4 NNWs 100 150 11.79 72.89 This work 

Co3O4 nanosheets 100 150 6.08 114.43 This work 

toluene (1~100 ppm) at 150 °C. The sensor resistance increases 

in toluene gas (Rg) and decreases back to its initial resistance in 

air (Ra ≈ 30.98 kohm) with the removal of toluene, which 

shows typical p-type behavior of Co3O4.  

The relationships between concentrations and responses to 

toluene are shown in Fig. 5c. From the three curves, the 

responses increase rapidly at low toluene concentrations (< 20 

ppm). Above 50 ppm, for all sensors, the responses increase 

slowly with increasing the toluene concentrations, indicating a 

gradual saturation of the sensors toward 100 ppm. The 

responses of the sensors versus the toluene concentrations range 

from 1 to 1000 ppm are shown in Fig. S4 in ESI†. Obviously, 

porous Co3O4 NNWs based sensor shows the highest response 

(1000 ppm, 12.58). This suggests that the sensors in our 

experiment are favorable to detect toluene with low 

concentration. The inset of Fig. S4 shows that the Co3O4 NNWs 

based sensor exhibits a good stability to 100 ppm toluene on 

repeat measurement in three weeks. To eliminate the affects of 

other gases (i.e., ammonia, hydrogen sulfide, acetone, 

hydrogen, and methane, seen in Fig. 6), the sensor response to 

100 ppm of above five gases is 1.10, 2.30, 5.73, 1.09, and 1.16, 

respectively. All of the gases are detected at 150 °C, and the 

sensor based on Co3O4 NNWs shows almost insensitive to  

Fig. 6. Selectivity of the porous Co3O4 NNWs based sensor to various 

gases at 150 °C. 

ammonia, hydrogen, and methane, and obtains lower responses 

to hydrogen sulfide and acetone. Moreover, it can also be 

estimated that the selectivity of the sensor to toluene against 

other five gases is exceeding 2 times. 

Previous reports about Co3O4 based toluene sensors with 

different morphologies are compared in Table 1. The Co3O4 

NNWs based sensor in our work has a medium of operating 

temperature and response. The higher response of ordered 

mesoporous Co3O4 was attributed to high surface area and open 

mesoporous structure, additionally, a unique one-dimensional 

nanostructure to nanoparticle-assembled Co3O4 nanorods. 

However, it should be noted that the sensor response can often 

be influenced by nanostructures of sensing materials and their 

synthetic methods (requires a bit more thought). 

For the gas-sensing mechanism of Co3O4 nanomaterials, it 

should follow a space-charge model.35, 36 In general, oxygen 

molecules adsorb on the surface of the sensing materials, and 

trap electrons from the conduction band of Co3O4 to form 

oxygen species (O2
-, Oads

2-, and O-), which leads to the increase 

of charge (hole) concentrations and a widening thickness of 

charge accumulation layer (the decrease of Ra). When in 

toluene gas, toluene molecules can react with the adsorbed 

oxygen species and release the electrons back to Co3O4, which 

results in the decrease of charge (hole) concentrations and the 

thickness of charge accumulation layer (the increase of Rg).  

As we have known, small grain size, high specific surface 

area and interconnected porous structure of sensing materials 

can greatly enhance their gas-sensing properties. Fig. 5d shows 

possible sensing enhancement mechanisms of the sensors based 

on different microstructures. Co3O4 calcined at 350 °C 

maintains the nanosheet architecture and obatins the highest 

BET surface area (~114.43 m2 g-1) of three samples, but lacking 

surface pores (average pore size of 14.31 nm) and a relatively 

low crystallinity. To a certain extent, it is not conductive to the 

gas exchange of sensing film and limiting the improvement of 

sensor performance. As the average pore size increases across 

the three samples, the Co3O4 calcined at 500 °C (28.44 nm) has 

a highly efficient gas exchange for improving sensing 

performances. However, the compact architectures (~50.78 m2 

g-1) hinder the adsorption of toluene molecules, which leads to 

Page 5 of 6 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



PCCP Journal Name 

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

low responses in high concentrations of toluene. By contrast, 

porous Co3O4 NNWs prepared at 400 °C have a relatively 

modest BET surface area (~72.89 m2 g-1), porous structure 

(average pore size of 21.48 nm), small grain size and relatively 

good crystallinity. In particular, the neck-connected intergrain 

structure of porous Co3O4 NNWs makes the sensor resistance 

can dramatically change in air/toluene gas, which is confirmed 

to attain an optimized toluene sensing enhancement. 

Conclusions 

In summary, metastable precursor Co(OH)2 nanosheets, directly 

prepared by chemical reactions between cobalt nitrate and 

aqueous ammonia at room temperature, were converted into 

relatively stable CoOOH nanosheets with the addition of 

K2S2O8. Both of the adding K2S2O8 and the amount of aqueous 

ammonia play key roles in the formation process of CoOOH 

nanosheets. By controlling the heat treatment at 400 °C for 2 h, 

a special architecture of porous Co3O4 NNWs constructed by 

neck-connected nanoparticles was obtained. Gas-sensing 

measurements of the different products prepared in this study 

indicated that the NNWs based sensor exhibited highest 

response (Rg/Ra to 100 ppm: 11.79) to toluene at 150 °C, with a 

low detection concentration of 1 ppm. 
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