
Dynamic Article LinksC<Analyst

Cite this: Analyst, 2012, 137, 5803

www.rsc.org/analyst PAPER

Pu
bl

is
he

d 
on

 1
1 

O
ct

ob
er

 2
01

2.
 D

ow
nl

oa
de

d 
by

 R
en

ss
el

ae
r 

Po
ly

te
ch

ni
c 

In
st

itu
te

 o
n 

01
/1

0/
20

13
 1

2:
04

:5
5.

 
View Article Online / Journal Homepage / Table of Contents for this issue
Metal–organic framework templated synthesis of Co3O4 nanoparticles for
direct glucose and H2O2 detection†

Chuantao Hou, Qin Xu, Lina Yin and Xiaoya Hu*

Received 12th July 2012, Accepted 11th October 2012

DOI: 10.1039/c2an35954e
Co3O4 nanoparticles (NPs) with an average diameter of about 20 nm were synthesized by using MOFs

as a template. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were

employed to characterize the as-prepared Co3O4 NPs. Fourier transform infrared spectroscopy (FT-

IR) and X-ray diffraction (XRD) were used to confirm the structure of the Co3O4 NPs. Then the Co3O4

NPs were modified on a glassy carbon electrode (GCE) to obtain a non-enzymatic glucose and H2O2

sensor. The NPs show electrocatalytic activity toward oxidation of glucose and H2O2 in alkaline

medium. For glucose detection, the developed sensor shows a short response time (less than 6 s), a high

sensitivity of 520.7 mA mM�1 cm�2, a detection limit of 0.13 mM (S/N ¼ 3), and good selectivity. The

high concentration of NaCl does not poison the electrode. Its application for the detection of glucose in

a human blood serum sample shows good agreement with the results obtained from the hospital.

Furthermore, the proposed sensor was used for the detection of H2O2. The results indicate that the

detection limit and sensitivity for H2O2 are 0.81 mM and 107.4 mA mM�1 cm�2, respectively.

Determination of H2O2 concentration in a disinfectant sample by the proposed biosensor also showed

satisfactory result. The high sensitivity and low detection limit can be attributed to the excellent

electrocatalytic performance of the as-prepared Co3O4 NPs. These results demonstrate that the as-

prepared Co3O4 NPs have great potential applications in the development of sensors for enzyme-free

detection of glucose and H2O2.
Introduction

Glucose and H2O2 detection is of critical importance in the fields

of food, chemistry, biology, clinical control, and environmental

protection.1 Until now, many techniques including chem-

iluminescence electrochemistry, titrimetry, and spectrometry

have been employed for the determination of H2O2 and glucose.2

Among them, the electrochemical technique is a promising tool

for the construction of simple, low-cost sensors owing to its high

sensitivity, good selectivity and ease of operation. Enzymes have

great potential for practical application and can be used for

selective detection of glucose and H2O2. However, their inherent

drawbacks, including easy denaturation by environmental

changes, digestion by proteases, time-consuming and expensive

preparation and purification, indeed limit their application for

biosensors.3 As a result, much effort has been devoted for

developing non-enzymatic glucose and H2O2 sensors. In this

respect, various functional materials such as noble metals,

carbon nanotubes (CNTs), and metal oxides have been
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extensively investigated as the candidates for the development of

effective enzyme-less sensors.4 However, the sensors based on

such materials suffer from either low sensitivity or poor selec-

tivity towards the co-existed interfering species.5 Recently,

Co3O4-based electrochemical sensors have attracted consider-

able attention because of their excellent electrocatalytic perfor-

mance toward glucose and H2O2 oxidation.6 It is generally

believed that the electrocatalytic performance of Co3O4 can be

influenced by various factors such as size, surface-to-volume

ratio, and level of crystallinity. Therefore, by adopting a specific

synthetic approach, we can obtain nanoscale Co3O4 with excel-

lent electrocatalytic performance toward glucose and H2O2

oxidation.

Metal–organic frameworks (MOFs) are a rapidly growing

class of porous material with the remarkable characteristics of

well-defined channels and cavities of regular size and shape that

are easily tunable on the nanometer scale.7 These fascinating

properties of MOFs make them an ideal template for synthe-

sizing nanoscale materials of various kinds such as silica nano-

shells, nanoporous carbon, metallic nanoparticles and so forth.8

Zeolitic imidazolic framework-8 (ZIF-8) is a chemically robust

and thermally stable MOF material with ordered cavities of 11.6
�A, which can be used for synthesis of nanoscale metal oxides.9

We expect that Co3O4 NPs synthesized by using ZIF-8 as a
Analyst, 2012, 137, 5803–5808 | 5803
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template would have excellent electrocatalytic performance

toward glucose and H2O2 oxidation.

In this work, Co3O4 NPs with uniform size distribution were

obtained by using ZIF-8 as a template. Scanning electron

microscopy (SEM), transmission electron microscopy (TEM),

X-ray diffraction (XRD), and Fourier transform infrared spec-

troscopy (FT-IR) were applied to characterize the as-prepared

sample. The Co3O4 NP modified glassy carbon electrode (GCE)

shows excellent performance towards glucose andH2O2 detection

in an alkaline medium. Our results prove that the as-prepared

Co3O4 NPs have great potential applications in the development

of sensors for enzyme-free detection of glucose and H2O2.
Experimental

Reagents

Zinc chloride, ammonium hydroxide, ammonium chloride,

sodium hydroxide, sodium chloride, cobalt nitrate hexahydrate,

glucose, and 30% H2O2 were purchased from Sinopharm Chem-

ical Reagent Co. Ltd (Shanghai, China). 2-Methylimidazole was

purchased from Aladdin Reagent Company (Shanghai, China).

All other chemicals and reagents are of analytical grade and were

used without purification. Real human serum samples were used

without any sample pretreatment except a dilution step.
Preparation of Co3O4 NPs

An existing approach was modified to synthesize Co3O4 NPs.10

Briefly, a mixture of ZnCl2 (0.808 g, 5.93 mmol), 2-methylimid-

azole (H-MeIM) (0.975 g, 11.88 mmol), and methane (80 mL)

was heated at 100 �C for 4 h, and then cooled to room temper-

ature. After removal of mother liquor from the mixture, colorless

polyhedral crystals of ZIF-8 were obtained. They were washed

with methane and evacuated at 200 �C before the next use.

Co(NO3)2$6H2O was introduced into the ZIF-8 pores by the

impregnation method. Typically, 0.1 g of ZIF-8 were dispersed in

10 mL of 0.6 g Co(NO3)2$6H2O in ethanol and stirred at room

temperature for 2 h. After being thoroughly washed with ethanol

and water, the resulting powder was heated at 200 �C for 5 h (the

composite obtained at this step was denoted as Co3O4@ZIF-8),

and then to 600 �C for 5 h with a heating rate of 2 �Cmin�1 in an

air flow. The remaining powder was then dispersed in an NH4Cl

(5 M)–NH3$H2O (2.5 M) aqueous solution at room temperature

to remove ZnO, which was formed from the decomposition of

ZIF-8. The black Co3O4 NPs were washed several times with

water and collected by centrifugation, finally dried at 100 �C
overnight in an oven.
Preparation of the Co3O4 NP modified GCE

To modify the electrode surface an aliquot of 5 mL of 1 mg mL�1

as-synthesized Co3O4 NPs suspension in water was dropped onto

the glassy carbon electrode (GCE) surface. After drying in air,

the Co3O4 NP modified GCE was obtained.
Fig. 1 (a) SEM image of the surface of the Co3O4 NP modified GCE

(inset of (a) was the EDX spectrum of Co3O4 NPs); (b) TEM image of the

as-synthesized Co3O4 NPs.
Apparatus and electrochemical measurements

AHitachi S-4800 scanning electron microscope (Japan) was used

to examine the morphology and the size of the surface of the
5804 | Analyst, 2012, 137, 5803–5808
as-synthesized Co3O4 samples. A TEM image was obtained with

a Tecnai T12 transmission electron microscope operated at

120 kV. X-ray diffraction (XRD) patterns were recorded on a D8

Advance X-ray diffractometer (Bruker Co., Germany) at room

temperature. FT-IR spectra were measured with a Tensor 27

spectrometer (Bruker Co., Germany). Electrochemical

measurements were performed on a CHI 760D electrochemical

workstation (Co., CHI, USA). All experiments were carried out

with a three-electrode system with a glassy carbon electrode

(GCE, Ø ¼ 3 mm) as the working electrode, a platinum wire as

the auxiliary electrode and a saturated calomel electrode (SCE)

as a reference electrode. For amperometric detection all

measurements were performed by applying an appropriate

potential to the working electrode and allowing the transient

background current decay to a steady-state value before the

addition of the analyte. A stirred solution was employed to

provide convective transport. All experiments were performed in

compliance with relevant laws and institutional guidelines, and

also approved by the institutional committees. Informed consent

was obtained for any experimentation with human subjects.

Results and discussion

Characterization

A typical SEM image of the surface of the Co3O4 NP modified

electrode is displayed in Fig. 1a. The size distribution of the

Co3O4 NP is relatively uniform. The average diameter of the

Co3O4 NP is about 20 nm, which is shown in the TEM image

(Fig. 1b). It is worth noting that the diameter of the Co3O4 NP is

much larger than that of the cavity of the ZIF-8 (1.16 nm), which

corresponds to the results of Wang’s work.10 This phenomenon is

attributed to the aggregation of cobalt precursor in the pores

during the formation of Co3O4 upon heating.

The energy dispersive X-ray spectrum (EDX), which reveals

the expected elemental constituents (e.g., Co and O), shows no

other impurities in the final Co3O4 NPs. The crystal structure and

the phase purity of the as-synthesized Co3O4 NPs were further

characterized by FT-IR and XRD. Fig. S1† shows the FT-IR

spectrum of the as-prepared Co3O4 NPs. Two sharp peaks at 663

cm�1 and 572 cm�1 observed in the spectrum can be assigned to

the stretching vibrations of the Co–O bonds existing in the

Co(II,III) oxide.11The presence of H2O in the residue might be due

to the moisture adsorption when it was exposed to air. Fig. S2†

shows the XRD patterns of Co3O4 NPs (a) and Co3O4@ZnO (b)

before dissolution of the zinc oxide. The XRD spectrum of
This journal is ª The Royal Society of Chemistry 2012
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Co3O4 NPs matches the standard spectrum of cubic crystalline

Co3O4 (JCPDS 42-1467). The diffraction peaks at 2q values of

19.08�, 31.32�, 36.89�, 38.60�, 44.79�, 55.80�, 59.39�, 65.24�, and
74.09� correspond to (1 1 1), (2 2 0), (3 3 1), (2 2 2), (4 4 0), (4 2 2),

(5 1 1), (4 4 0), and (6 2 0) crystal planes, respectively.10 No other

impurities could be detected in the XRD pattern of the as-

synthesized Co3O4 NPs, indicating that Co3O4 NPs with high

purity and high crystallinity are obtained.
Electrochemical behavior of the Co3O4 NP modified GCE

As previously demonstrated, glucose detection with a Co3O4-

based sensor is optimized in low-strength alkaline solutions.6c In

our study, we also used NaOH solution as the electrolyte. Fig. 2

shows the cyclic voltammetric (CV) curves of the Co3O4 NP

modified GCE in 0.1MNaOH solution at different scan rates. In

agreement with Ding’s report,6c two pairs of redox peaks (I/IV

and III/II) are observed, resulting from the reversible transition

between Co3O4 and CoOOH (I/IV) and the transition between

CoOOH and CoO2 (III/II). These two reversible reactions can be

schematically expressed as eqn (1) and (2):12

Co3O4 + OH� + H2O 4 3CoOOH + e� (1)

CoOOH + OH� 4 CoO2 + H2O + e� (2)
Fig. 2 (A) CVs of the Co3O4 NPmodifiedGCE in 0.1MNaOH solution

at various scan rates of 25, 50, 75, 100, 125, 150, 175, and 200 mV s�1; (B)

plot of peak currents vs. scan rate.

Fig. 3 (A) CV responses of bare GCE in the absence (a) and presence (b)

of 1.0 mM glucose and CV responses of the Co3O4 NP modified GCE in

the absence (c) and presence (d) of 1.0 mM glucose; (B) CV responses of

the Co3O4 NPmodified GCE in the presence of various concentrations of

glucose (0, 0.1, 0.2, and 0.3 mM). (Scan rate: 100 mV s�1).

This journal is ª The Royal Society of Chemistry 2012
With an increase of the scan rate, both of the redox peak

currents increase linearly with the scan rate in the range from

25 mV s�1 to 200 mV s�1, suggesting a surface-controlled elec-

trochemical process.
Electrooxidation behavior of glucose

Fig. 3A shows CV responses of the Co3O4 NP modified GCE in

0.1 M NaOH solution in the absence and presence of 1.0 mM

glucose, at a scan rate of 100 mV s�1 (for comparison purpose,

experiments on the bareGCEunder the same conditions were also

carried out). It can be seen from the figure that there are no CV

peaks for the bare GCE in the presence and absence of glucose. In

contrast, there is a remarkable increase in the anodic current for the

Co3O4 NP modified GCE after the addition of 1.0 mM glucose,

with reference to the anodic peak current of themodified electrode

before its addition. This increase is indicative of the excellent

electrocatalytic activity of the Co3O4 NPs toward glucose oxida-

tion. Careful observation indicates that the current increase with

the addition of glucose at peak III (CoOOH/ CoO2) was much

stronger than that at peak I (Co3O4 / CoOOH), which may
Analyst, 2012, 137, 5803–5808 | 5805
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Fig. 4 Amperometric response of the Co3O4 NP modified GCE on

successive injection of the glucose solution of different concentrations

into 0.1 M NaOH solution. Inset: calibration curve for current vs.

concentration of glucose.
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suggest that the electrooxidation of glucose is mainly mediated by

CoOOH/CoO2 rather thanCo3O4/CoOOHinanalkaline solution.

Fig. 3B shows the CV responses of the Co3O4 NP modified GC

electrode in 0.1 M NaOH solution containing various concentra-

tions of glucose, i.e., 0, 0.1, 0.2, and 0.3 mM. The apparent and

linear increase in current at the potential of about +0.59 V (vs.

SCE) indicates that the modified electrode can be applied for the

detection of glucose with high sensitivity. Therefore, the peak III

potential was applied for subsequent amperometric detection. It is

widely accepted that glucose can be oxidized to produce gluco-

nolactone through 2-electron electrochemical reaction.4a There-

fore, as previously proposed,6c the mechanism of glucose

electrochemical oxidation reaction catalyzed by Co3O4 NPs at

peak III (+0.59 V) can be presumably depicted according to the

following equation (eqn (3)):

2CoO2 + C6H12O6 (glucose) / 2CoOOH

+ C6H10O6 (gluconolactone)(3)

Effect of NaOH concentration on glucose sensing

Since the OH� ion plays a significant role in the oxidation of

cobalt oxide, the concentration of OH� ion in the electrolyte

solution would have a great influence on the sensing performance

of the Co3O4 NP modified GCE. The influence of the NaOH

concentration on the amperometric detection of glucose was

investigated. As shown in Fig. S3,† the optimal concentration of

NaOH is 0.1 M for obtaining the best sensitivity for glucose.

Amperometric detection of glucose

As the oxidation (anodic) peak current at ca. +0.59 V increases

significantly with the increase of glucose concentration, an

applied potential of +0.59 V (peak potential of peak III) was

applied to conduct non-enzymatic amperometric detection of

glucose in 0.1 M NaOH solution. Fig. 4 shows the typical

amperometric response curves at the Co3O4 NP modified GCE

on successive injection of glucose to the stirring NaOH solution.

The proposed electrode achieved 95% of the steady-state current

within 6 s, indicating a fast response time toward glucose

detection on this sensor. The indicated concentration in Fig. 4

has considered the dilution effect. It is noteworthy that the slight

baseline drift was observed after multiple injections of glucose,

which may be attributed to a small variation of local pH, the

faster glucose consumption than its diffusion, or the adsorption

of intermediates on the active sites.6c The response increased

linearly with the increase of glucose concentration ranging from

5 � 10�6 M to 8 � 10�4 M (R2 ¼ 0.9939) with a low detection

limit of 0.13 mM (S/N ¼ 3). The sensitivity for the Co3O4 NP

modified GCE was calculated to be 520.7 mAmM�1 cm�2, which

was higher than 1.06, 10.71, and 36.25 mA mM�1 cm�2 for the

glucose electrochemical sensor based on single-walled carbon

nanohorns,13 platinum–gold alloy,14 and Co3O4 nanofibers.
6c In

addition, the detection limit is among the lowest reported values

for non-enzymatic glucose sensors.4 The high sensitivity and low

detection limit can be attributed to the excellent electrocatalytic

performance of the as-prepared Co3O4 NPs. This result

demonstrates that the Co3O4 NPs synthesized by using ZIF-8 as
5806 | Analyst, 2012, 137, 5803–5808
a template may have high specific surface area and numerous

active sites which result in the excellent electrocatalytic property

of the Co3O4 material.10

Interference test and detection of glucose in serum samples

The selectivity of the Co3O4 NP modified GCE was also inves-

tigated against normally co-existed interfering species with

glucose such as ascorbic acid (AA), uric acid (UA), and acet-

aminophen (AP). As the concentration of glucose in human

blood is more than 10 times higher than those of the other three

compounds,15 the molar ratio of 1 : 10 was used for interferents

in order to estimate their interference in the sensing of glucose.

Fig. S4† shows the amperometric response of the Co3O4 NP

modified GCE on successive injection of 0.2 mM glucose at

different stages and for the addition of 0.02 mM UA, 0.02 mM

AP, and 0.02 mM AA to the solution of 0.1 M NaOH, at an

applied potential of +0.59 V. One can see that there is nearly no

current response for 0.02 mM UA and 0.02 mM AP. Only 16%

increase of amperometric response is observed for 0.02 mM AA

compared to the response for 0.2 mM glucose; this current

response is not significant. It is to be noted that glucose was

added to the solution after each addition of the three interferents.

The current response for each addition of glucose is still in a

linear relationship, despite the additions of interferents. Such

good selectivity against UA, AP and AA at +0.59 V may be

contributing to the repelling effect between the negatively

charged Co3O4 NPs and interferents in 0.1 M NaOH solution.6c,d

Since chloride ions can poison most of the non-enzymatic

glucose sensors based on precious metals and alloys,16 the

influence of 0.1 M Cl� on the amperometric detection of glucose

was investigated (Fig. S5†). It was found that there is nearly no

current change between the amperometric responses for 0.2 mM

glucose in the presence and absence of 0.1MNaCl, implying that

the Co3O4 NP modified GCE can work well for the sample with

high concentration of chloride ions (e.g. blood sample).

In order to verify the above-mentioned reliability of the sensor,

it was applied to detect the concentration of glucose in a human

serum sample. The serum sample was analyzed by a OneTouch
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 CV responses of bare GCE (a and b) and the Co3O4 NP modified

GCE (c and d) in 0.1 M NaOH solution in the presence (b and d) and

absence (a and c) of 1 mM H2O2.

Fig. 6 (A) Amperometric response of the Co3O4 NP modified GCE on

successive injectionof theH2O2solutionofdifferent concentrations into0.1M

NaOH solution. (B) Calibration curve for current vs. concentration of H2O2.

Table 1 Determination of H2O2 and the recovery test in a disinfectant
sample

Determined by
potassium
permanganate
titration methoda

(10�5 mol L�1)
Added
(10�5 mol L�1)

Determined by the
proposed biosensora

(10�5 mol L�1)
Recovery
(%)

1.68 � 0.22 — 1.63 � 53 —
2.0 3.71 � 42 104
4.0 5.69 � 65 102
6.0 7.56 �73 99

a Average of five determinations � standard deviation.
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Ultra glucose meter using glucose paper (Johnson and Johnson

Medical Ltd., Shanghai, China) in the laboratory of clinical

pathology division of a local hospital before our experiments.

Fig. S6† demonstrated the amperometric response to successive

two repeated additions of the glucose and serum sample in 0.1 M

NaOH. The concentration of glucose in the human blood serum

sample measured by our electrochemical method agrees well with

that obtained in the hospital. The relative standard deviations

(R.S.D.) are less than 5% for each serum sample, demonstrating

good intra-electrode reproducibility. And then, we used corre-

lation to compare the glucose meter method and our proposed

method. The correlation coefficient between the two methods of

six measurements is 0.77. These results imply the applicability of

our Co3O4 NP modified GCE as a non-enzymatic sensor for the

detection of glucose in human blood serum.

Electrooxidation behavior of H2O2

In order to verify the electrocatalytic activity of the Co3O4 NP

modified GCE for H2O2 oxidation, the electrochemical experi-

ments in the presence ofH2O2were carried out. Fig. 5 shows cyclic

voltammograms of the modified GCE and bare GCE in the

absence and presence of 1 mMH2O2 in 0.1MNaOH solution. As

shown for bareGCE, no redox response ofH2O2 can be seen in the

potential range from 0 to 0.7 V (Fig. 5a). However, for the Co3O4

NP modified GCE, the oxidation current (peak I) related to

Co3O4/CoOOH was greatly increased due to catalytic oxidation

of H2O2 (Fig. 5d),
6e indicating that the as-prepared Co3O4 NPs

have high catalytic ability for H2O2 oxidation. The mechanism of

the electrocatalysis can be shown by the following reactions:

6CoOOH + H2O2 / 2Co3O4 + O2 + 4H2O (4)

Amperometric detection of H2O2

In order to evaluate the performance of the Co3O4 NP modified

GCE toward H2O2 detection, an applied potential of +0.42 V

(Co3O4/CoOOH) was applied to conduct non-enzymatic

amperometric detection of H2O2. Fig. 6 displays the typical
This journal is ª The Royal Society of Chemistry 2012
steady-state catalytic current–time response of the proposed

GCE in 0.1 M NaOH with successive injection of H2O2 at an

applied potential +0.42 V (vs. SCE). It can be seen from the

calibration curve that the anodic current increases linearly with

the increase of concentration of H2O2 up to 200 mM (R2 ¼
0.9964). From the slope of the inset, the sensitivity of the Co3O4

NP modified GCE for H2O2 was determined to be 107.4 mA

mM�1 cm�2. The detection limit was found to be 0.81 mM

according to the sensitivity obtained from the calibration curve.

Overall, the proposed sensor toward H2O2 detection has a higher

sensitivity, a faster response speed, and a lower detection limit

compared to the previously reported non-enzymatic sensors.17
Analyst, 2012, 137, 5803–5808 | 5807
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And then, the concentration of H2O2 in a disinfectant sample

was determined by the proposed biosensor. The disinfectant sample

was diluted with water, and the concentration of H2O2 contained in

the diluted disinfectant sample was tested using the proposed

biosensor. The result was compared with that obtained by the

potassium permanganate titration (see Table 1). The recovery

experiments were also performed. As shown, the result obtained by

the proposed biosensor was in good agreement with this measured

by the oxidation–reduction titration. The recovery rate was in the

range 99–104%. These results indicated that it is feasible to apply

the proposed electrode to determine H2O2 in real samples.

Conclusions

In summary, Co3O4 NPs with an average diameter of about

20 nm were synthesized by using MOFs as a template, and

subsequently modified on the GCE to obtain a non-enzymatic

glucose and H2O2 sensor. To the best of our knowledge, this is

the first report of direct detection of glucose and H2O2 by using a

non-enzymatic electrochemical sensor. The Co3O4 NP modified

GCE shows a broad linear sensing range, short response time,

high sensitivity and low detection limit toward glucose andH2O2.

For glucose detection, the proposed sensor has good selectivity

against AP, UA, and AA. The amperometric detection of glucose

in the serum sample implies the reliability of detection of glucose

in human blood. This work demonstrates that the obtained

Co3O4 NPs can serve as an ideal material for constructing fast,

sensitive and stable amperometric sensors for the direct detection

of glucose and H2O2. Since the size and morphology of the

nanoscale Co3O4 can be tuned by adopting various MOFs with

different cavities and channels, efforts are underway in our

laboratory to construct Co3O4-based sensors with higher sensing

performance toward glucose and H2O2.
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