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a b s t r a c t   

Spinel CoMn2O4 hollow nanospheres with diameter of ~200 nm were facilely prepared using poly
vinylpyrrolidone (PVP) as structure directing agent, which possessed hierarchical pore distribution and 
large surface area of 43.5 m2 g−1. The above nanomaterials were simply drop-coated on the surface of bare 
glass carbon electrode (GCE) to generate CoMn2O4/GCE. In phosphate buffer (PBS, pH = 7), the modified 
electrode presents rapidly sensitive response and low detection limit (0.38 μM) to H2O2. Especially, its linear 
detection range (0.0012–100.4 mM) is the widest among reported spinel oxide-based electrochemical 
sensors to date. This excellent electrocatalytic H2O2 sensing performance primarily derives from the sy
nergism of unique hollow nanosphere structure and the redox coupling of Co3+/Co2+ and Mn3+/Mn2+. In 
addition, the CoMn2O4/GCE sensor also shows good H2O2 recovery in rat serum and commercial disin
fectant, indicating that it has a certain potential application in related environmental and biological fields. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Hydrogen peroxide (H2O2) with good redox and microbial control 
properties has been widely used in food processing, clinical medi
cine, and environmental testing. Especially, as a general-purpose 
green oxidant, it is often used as food antiseptic additives in milk 
and beverages, as well as disinfectants in household detergent and 
contact lens care solutions. However, excessive use or intake of H2O2 

can pose serious risks to human health and environmental safety  
[1,2]. Therefore, it is of great practical significance to quickly and 
accurately detect H2O2 in real time. Very recently, in contrast to 
single transition metal oxides, nanostructured spinel-type AB2O4 

bimetallic oxides have been considered as promising electrocatalysts 
for H2O2 detection with high response and good stability owing to 
their excellent conductivity and catalytic activity [3–5]. Never
theless, their very narrow range of linear detection concentrations 
reported so far still needs to be widened, which can reduce the 
complex process of sample preparation and the detection period of 
electrochemical analysis, and also facilitate portable operation in 

some practical applications [6,7]. Thus, it is necessary to develop an 
electrochemical sensor based on spinel oxides with wide linear de
tection and high sensitivity to H2O2. 

CoMn2O4 is known to be an important spinel-type manganese- 
based electrocatalytic material, which may be related to the superior 
potential and fast electronic transport characteristics of cobalt and 
manganese ions. Some recent reports have illustrated that synergism of 
the two metal cations can effectively reduce the activation energy of 
charge transfer between them, and the existence of Co3+/Co2+ and 
Mn3+/Mn2+ redox coupling also improves the catalytic active site of 
electrode materials [8,9]. Hence, CoMn2O4-based electrocatalysts have 
attracted great interest and shown excellent competitiveness in elec
trochemical analysis. For example, CoMn2O4/rGO composite modified 
nickel foam electrode reported in 2021 presented good electrochemical 
sensing performance to glucose [10]. CoMn2O4 microspheres/GCE 
fabricated in 2020 showed highly sensitive response to Rizatriptan 
benzoate [11]. Simultaneously, CoMn2O4-based electrochemical sen
sors still presented good detection capabilities towards heavy metal 
ions (Pb2+, Cd2+ and Hg2+) [12–15]. However, there has been only one 
report concerning on its application as electrochemical H2O2 sensor to 
date. In 2018, Liu et al. assembled a novel self-powered bio-electro
chemical sensor with bio-anode and CoMn2O4/graphite cathode, which 
presented good electrochemical response to H2O2 with linear detection 
range of mM-level concentrations [16]. It should be pointed out that 
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electrochemically active bacteria needed more than three months of 
culture to obtain a stable electrical signal output before the above 
sensor being actually used, which is not conducive to simple, fast and 
real-time monitoring. Meanwhile, the high detection limit (40.2 μM) 
and narrow linear range still needed to be further improved. 

The sensing performance of enzyme-free electrochemical sen
sors largely depends on the microstructure of electrocatalytic ma
terials, such as morphology, particle size, pore structure and specific 
surface area [17,18]. The hollow nanospheres assembled from small- 
size particles have rich mesoporous structure and large specific 
surface area, which is beneficial to increase the mass transfer effi
ciency and expose more electrochemical active sites. At the same 
time, the synergistic effect of mixed valence cobalt and manganese 
ions can significantly improve the conductivity and electrochemical 
sensing performance of CoMn2O4 sensors [11], further helping to 
broaden the linear detection range of H2O2 in combination with 
hollow nanosphere structure. In view of these points, CoMn2O4 

hollow nanospheres with diameter of ~200 nm were facilely pre
pared with PVP as structure directing agent, which were then drop- 
coating onto bare GCE surface. The CoMn2O4/GCE modified electrode 
shows rapidly sensitive response and low detection limit of 0.38 μM 
to H2O2 in PBS medium. In particular, its linear detection range 
(0.0012–100.4 mM) is the widest among reported spinel oxide 
electrochemical sensors. Meanwhile, the modified electrode has a 
good recovery rate for H2O2 in rat serum and commercially available 
disinfectant, indicating its potential practical applications in relevant 
environmental, food and biological fields. 

2. Experimental 

2.1. Chemical reagents 

The reagents of Mn(Ac)2∙4H2O, Co(Ac)2∙H2O, KOH, ethylene glycol 
(EG), nafion, Na2HPO4, NaH2PO4, glucose (Glu), dopamine (DA), uric 
acid (UA), ascorbic acid (AA), epinephrine (E), glutamic acid (Gln), L- 
cysteine (Lcy), sodium nitrite (NaNO2), sodium chloride (NaCl) and 
30 wt% H2O2, were analytically pure and directly utilized. The rat 
serums were provided by Harbin Medical University, China, and the 
disinfectant (containing 3% H2O2) were purchased from local su
permarket. The instruments for the characterization of materials 
were all presented in Supplementary material. 

2.2. Preparation of mesoporous CoMn2O4 hollow nanospheres 

The synthesis process of spinel CoMn2O4 hollow nanospheres is 
shown in Scheme 1. PVP (0.11 g), Co(Ac)2∙4H2O (1 mmol) and Mn 
(Ac)2∙4H2O (2 mmol) were added in 60 mL ethylene glycol (EG) in 
turn to generate transparent solution. Subsequently, the obtained 
solution was transferred into a round bottom flask with reflux for 
120 min in oil bath at 170 °C. After cooling to room temperature, 
light purple precipitations (precursor) were isolated through cen
trifugation and cleaned twice using ethanol followed by drying at 
60 °C. Ultimately, the precursor was calcined at 600 °C in air for 2 h 

(heating rate: 1 °C min−1) to obtain dark green powder. Moreover, 
similar synthesis method was used to prepare Co3O4 and Mn2O3 

control samples. 

2.3. Preparation of modified electrodes 

At the beginning, 4.0 mg CoMn2O4 samples were dispersed into 
0.5 wt% nafion-ethanol solution (1 mL) to form a uniform suspension. 
Before modifying the bare GCE, its surface (5 mm in diameter) was 
polished by Al2O3 with particle size of 0.05 µm, and then ultrasonic 
cleaning was performed in dilute HNO3 (1:1), ethanol and distilled 
water solutions. Finally, the above-mentioned suspension (10 μL) was 
evenly drop-coating onto the clean GCE surface followed by drying at 
room temperature to obtain the CoMn2O4/GCE modified electrode. 
Additionally, the Mn2O3/GCE and Co3O4/GCE modified electrodes were 
also prepared in a similar manner. 

2.4. Electrochemical tests 

The electrochemical tests were carried out at CHI-760E work
station (Shanghai Chenhua Instrument Co., Ltd., China) using three- 
electrode system with the modified GCE, saturated Ag/AgCl and 
platinum mesh as the working, reference and auxiliary electrodes, 
respectively. Electrochemical impedance experiments were con
ducted in 5 mmol L−1 [Fe(CN)6]3-/4- (1:1) containing 0.1 mol L−1 KCl 
with a frequency range of 10−2–105 Hz and an amplitude of 5 mV. 
The apparent activity area of the modified electrode was determined 
by chronocoulometry in 0.1 mmol L−1 [Fe(CN)6]3-/4- solution con
taining 2.0 mol L−1 KCl. Electrochemical tests of different con
centrations of H2O2 were performed in 0.05 mol L−1 phosphate buffer 
(PBS, pH = 7.0) using cyclic voltammetry. The electrocatalytic H2O2 

reduction was tested by amperometric method in the above PBS. 
Before these electrochemical experiments at room temperature, the 
electrolyte was purged with high-purity nitrogen to remove dis
solved oxygen and maintain the nitrogen atmosphere during 
the test. 

2.5. Preparation of real samples 

Rat serum sample and commercial disinfectant were treated in 
advance before electrochemical test. The rat serum sample was 
centrifuged at 4000 rpm for 5 min, and the supernatant (serum) was 
collected and diluted to 100 times by the addition of PBS to form a 
1% serum solution. Furthermore, the commercial disinfectant was 
also diluted by 10 times with PBS. 

3. Results and discussion 

3.1. Material characterization 

The IR spectrum of precursor in Fig. 1A shows a broad absorption 
peak at 3337 cm−1 that can be attributed to the stretching vibration 
of O-H in absorption water. The absorption peaks at 2920 and 

Scheme 1. Synthetic diagram of spinel CoMn2O4 hollow nanospheres.  
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2846 cm−1 can refer to the stretching vibrations of C-H in -CH3 and 
-CH2- groups. The peaks at 1672 and 1293 cm−1 are assigned to the 
C]O and C-N stretching vibrations of PVP molecules [19], while the 
absorption peaks at 1587, 1352 and 1091 cm−1 are the stretching 
vibrations of νas(CO2

-), νs(CO2
-) and ν(C-O), respectively. The char

acteristic vibrations of MneO and CoeO coordination bonds appear 
at 456 and 620 cm−1 [20]. Accordingly, the as-synthesized precursor 
may be Co/Mn acetate containing a small amount of PVP and EG. The 
TG curve of precursor in air atmosphere is shown in Fig. 1B, in which 
the continuous weight loss appears prior to 600 °C, being ascribed to 
the loss of adsorbed water, decomposition of PVP, EG and acetate, as 
well as the formation of metal oxide nanocrystals. The final residual 
amount remains 53.37%. Therefore, the precursor was calcined in air 
at 600 °C for 2 h to obtain dark green product. It can be seen from the 
IR spectrum of calcined product (Fig. 1A) that the characteristic vi
bration peaks of organic groups in precursor disappear, indicating 
the complete removal of PVP, EG and acetate. The two strong ab
sorption peaks at 617 and 509 cm−1 represent the characteristic vi
brations of octahedral Mn-O and tetrahedral CoeO bonds [21], while 
the peak at 430 cm−1 can be referred to the characteristic vibration of 
CoeOeMn bond, indicating the formation of spinel CoMn2O4 after 
calcination [22]. 

XRD characterization was performed in order to determine the 
crystal phase of precursor and calcined product. As shown in Fig. 1C, 
almost no diffraction peaks are observed in the XRD pattern of 
precursor, indicating its amorphous state. After the precursor being 
calcined in air at 600 °C, its XRD pattern shows clear diffraction 
peaks, all of which fully correspond to the crystal planes of standard 
card (JCPDS No. 18-0408) of tetragonal CoMn2O4 spinel structure. It 
should be noted that weak diffraction peaks indicate the small 
particle size of nanomaterial and no other additional peaks are ob
served, demonstrating the formation of pure CoMn2O4 nanomaterial 
after the precursor being calcined in air at 600 °C. In addition, the 
XRD patterns of the two control samples synthesized by the same 
method are shown in Fig. S1. All of their diffraction peaks separately 
correspond to the crystal planes of Mn2O3 (JCPDS No. 24-0508) and 
Co3O4 (JCPDS No. 43-1003), indicating that the as-synthesized con
trol samples are pure Mn2O3 and Co3O4 materials. 

The full XPS spectrum of calcined product in Fig. S2 shows that 
only Co, Mn and O elements are observed with the atomic ratio of Co/ 
Mn being 1:2. This result further proves that the calcined product at 
600 °C is spinel CoMn2O4. Fig. 1D is the high-resolution Co 2p XPS 
spectrum, in which the binding energies of 795.9 and 780.3 eV can be 
attributed to Co 2p1/2 and Co 2p3/2 of Co2+ ion, while the binding 
energies of 798.1 and 782.2 eV refer to Co 2p1/2 and Co 2p3/2 of Co3+ 

ion. The integral area ratio of Co3+/Co2+ is 0.31:0.69, indicating that 
the Co ions exist in mixed valence state of Co3+ and Co2+ [23]. In  
Fig. 1E, the binding energy peaks at 653.9 and 642.9 eV are assigned to 
the Mn 2p1/2 and Mn 2p3/2 of Mn3+ ion, while the peaks at 652.4 and 
641.3 eV can refer to Mn 2p1/2 and Mn 2p3/2 of Mn2+ ion. The integral 
area ratio of Mn3+/Mn2+ is 0.59:0.41, which indicates that Mn ions also 
exist in the form of mixed Mn2+ and Mn3+ [24]. Therefore, spinel 
CoMn2O4 hollow nanospheres have inherent Co3+/Co2+ and Mn3+/ 
Mn2+ redox coupling, and the synergism of Co and Mn ions in dif
ferent valence states can increase the conductivity and catalytic ac
tivity of electrode materials, thereby effectively enhancing the 
electrocatalytic properties of CoMn2O4 hollow nanospheres. Fig. 1F is 
the high-resolution O 1s XPS spectrum, in which the binding energy 
peaks at 529.4, 530.6 and 531.9 eV correspond to the metal-oxygen 
bond (OΙ), surface adsorbed oxygen (OⅡ) and surface adsorbed water 
(OⅢ) in the CoMn2O4 hollow nanospheres, respectively [16]. 

The SEM image of amorphous precursor in Fig. 2A shows the 
morphology of nanospheres with good dispersion, which has 
smooth surface and average particle diameter of 200–300 nm. It can 
be seen from Fig. 2B that the calcined product better retains the 
nanosphere morphology of precursor. In comparison, the surface 
becomes rough and the average particle diameter reduces to 
~200 nm. The obvious change of morphology may be originated from 
the decomposition of residual organic matters in precursor during 
the calcination process, resulting in the cross-linkage of nano
particles and the shrinkage of microstructure. To further observe the 
fine structure of nanospheres, we carried out TEM characterization. 
As can be seen from the TEM image in Fig. 2C, the morphology of 
CoMn2O4 material is hollow nanosphere structure with particle size 
of ~200 nm. The shell of nanosphere is cross-linked by small-size 
nanoparticles, which also generate abundant pores on its surface. 

Fig. 1. (A) IR spectra of precursor and calcined product; (B) TG curve of precursor in air atmosphere; (C) PXRD patterns of precursor and calcined product; High-resolution XPS 
spectra of CoMn2O4 product: Co 2p (D), Mn 2p (E) and O 1s (F). 
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Such hollow structure is conductive to increase mass transfer effi
ciency and accommodate more target analytes, which in turn 
broadens the linear detection range of electrode materials [25]. The 
HRTEM image (Fig. 2D) clearly shows the lattice fringe spacing of 
0.251 and 0.213 nm, which correspond to the d-values of (311) and 
(440) planes in tetragonal CoMn2O4 spinel. The diffraction rings in 
the selected area electron diffraction (SAED, Fig. 2E) pattern corre
spond to the (511), (311), (113) and (202) planes of polymorphic 
CoMn2O4. In addition, the N2 adsorption-desorption curve (Fig. 2F) 
of CoMn2O4 nanomaterial belongs to type IV isotherms accompanied 
by an obvious H3 hysteresis loop, indicating the existence of hier
archical pores originating from cross-linkage of nanoparticles and 
pyrolysis of organic components [26]. The pore size distribution 
mainly concentrates at 10.7 and 35.2 nm, and the specific surface 
area is as large as 43.5 m2 g−1. This hierarchical pore structure is in 
favor of the rapid analytes diffusion and charges transfer, and the 
large specific surface area can expose more active sites and promote 
the contact probability between target molecule and electrocatalyst. 
Meanwhile, Co3+/Co2+ and Mn3+/ Mn2+ redox coupling can effectively 
improve the conductivity and catalytic efficiency of electrode ma
terials [27]. Therefore, it could be predicted that the porous 
CoMn2O4 hollow nanospheres should have good electrocatalytic 
H2O2 sensing performance. 

3.2. Electrochemical properties of modified electrodes 

Electrochemical impedance spectrum (EIS) is often used to 
monitor the electron transfer and surface resistance change of 
modified electrodes [28]. Fig. 3A shows the Nyquist plots of different 
modified electrodes in 5 mM [Fe(CN)6]3-/4- containing 0.1 M KCl and 
the inset is the Randles equivalent circuit model. The semicircle 
diameter of high frequency region reflects the value of charge 
transfer resistance Rct. Large semicircle diameter indicates high Rct 

value and low electron transfer efficiency of modified electrodes  
[29]. It can be seen from Fig. 3A that bare GCE (curve a) shows the 
lowest Rct, indicating the fastest electron transfer rate between bare 
GCE and [Fe(CN)6]3-/4- probe. When the three metal oxides were 
modified onto bare GCE surface, the semicircle diameter of high 
frequency region gradually increases in the order of CoMn2O4/ 
GCE < Mn2O3/GCE < Co3O4/GCE. The increased Rct demonstrates the 
successful assembly of the above modified electrodes. In contrast to 
the large Rct values of Mn2O3/GCE (curve b, 1070 Ω) and Co3O4/GCE 
(curve c, 2327 Ω), the relatively small Rct value of 920 Ω for 
CoMn2O4/GCE (curve d) indicates its good electrical conductivity, 
which can facilitate the rapid electron transfer between [Fe(CN)6]3–/ 
[Fe(CN)6]4– and electrode. The cyclic voltammetry (CV) curves of 
different modified electrodes are illustrated in Fig. 3B, in which the 

Fig. 2. SEM images of precursor (A) and calcined product (B); TEM (C), HRTEM (D), SAED (E) and N2 adsorption-desorption isotherm (F) of CoMn2O4 nanomaterial (inset: pore size 
distribution). 

Fig. 3. EIS (A), CV curves (B) and Q-t1/2 plots (C) of bare GCE and modified electrodes [inset in A: equivalent circuit diagram; inset in C: the Q-t curves of GCE (a), Mn2O3/GCE (b), 
Co3O4/GCE (c), CoMn2O4/GCE (d)]. 
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peak current of CoMn2O4/GCE is higher than those of Co3O4/GCE and 
Mn2O3/GCE, further proving that CoMn2O4 hollow nanospheres have 
better charge conductivity than single metal oxides (Co3O4, Mn2O3). 
These results are consistent with the above EIS analyses. 

The Q-t curves (inset in Fig. 3C) of bare GCE and modified elec
trodes were tested with chronocoulometry. The apparent electrode 
area (A) of different electrodes is calculated by combining with An
son's equation [30]: 

Q t
D t

Q Q( )
2nFAc 1/2 1/2

1/2 dl ads= + +
(1)  

Among them, n is the number of transferred electrons, A is the 
apparent electrode area, c is the concentration of [Fe(CN)6]3-/4- so
lution, F is the Faraday constant, D is the diffusion coefficient 
(7.6 × 10−6 cm2 s−1) [31], Qdl is a double-layer charge, and Qads is a 
Faradic charge. As illustrated in Fig. 3C, the Q-t1/2 curves of the four 
electrodes have good linear relationships, and the slopes of four 
fitted lines (a, b, c, d) are 37.5, 53.26, 25.2 and 70.1 μC s−1/2, respec
tively. According to Eq. (1), the calculated values of A for bare GCE, 
Co3O4/GCE, Mn2O3/GCE and CoMn2O4/GCE electrodes are separately 
0.125, 0.084, 0.177 and 0.233 cm2, indicating that the modified 
CoMn2O4/GCE has the largest apparent electrode area A, which may 
be related to the large specific surface area of CoMn2O4 hollow na
nospheres. The large A value increases the reaction active sites on 
the electrode surface and the adsorption sites of target analytes, but 
also provides a more effective platform for electrolyte penetration 
and electron migration, thereby enhancing the electrochemical 
sensing properties of CoMn2O4 nanomaterial to H2O2. 

3.3. Electrocatalytic behavior of modified electrodes towards H2O2 

Amperometric method is often used as a technique for esti
mating the sensing properties of electrochemical sensors. For the 
sake of studying the electrocatalytic H2O2 properties of CoMn2O4/ 
GCE, we firstly optimized the electrochemical experimental condi
tions. The current–time curves of CoMn2O4/GCE at different negative 
operating potentials with continuous addition of 5 mM H2O2 in 
0.05 M PBS (pH = 7.0) were tested by amperometric method. As 
shown in Fig. 4A, as the negative working potential changes from 
−0.3 V to −0.6 V, the change in current response (ΔI) of modified 
electrode gradually increases. Meanwhile, the corresponding re
sistance also shows a decreasing trend with the increment of ne
gative working potential from −0.3 to −0.6 V (Fig. S3), which is 
consistent with the current change (ΔI), thereby verifying the re
lationship between negative operating potential and current/re
sistance. Furthermore, considering the significantly larger current 
signal noise at −0.6 V, we select −0.5 V as the better negative working 
potential to ensure larger current response and smaller noise. 

The electrocatalytic reduction behavior of CoMn2O4/GCE to 
5 mM H2O2 in PBS solution with different pH values was studied under 
negative working potential of −0.5 V. As illustrated in Fig. 4B, as the pH 
value increases, the current response increases gradually and reaches 

the maximum at pH of 7.0. After that, the current response decreases 
when pH value is larger than 7.0. Thus, the better pH value during 
electrochemical test is determined as 7.0 (RSD < 3.9%). Furthermore, the 
amount of liquid containing the sample dropped onto the surface of 
bare GCE was also examined. As depicted in Fig. 4C, the amperometric 
response to H2O2 reaches the maximum at dropping amount of 10 μL. 
Afterwards, the amperometric response decreases with the dropping 
amount of 12 μL. Such results illustrate that the increased material 
thickness on GCE surface as the dropping amount increases hinders the 
rapid electron transfer and reduces the transfer efficiency. Thus, the 
best dropping amount is 10 μL (RSD < 3.2%). Based on the above ex
periments, the optimum conditions for testing the electrocatalytic 
H2O2 sensing performance of CoMn2O4/GCE are as below: negative 
working potential being −0.5 V, pH value of PBS being 7.0, and the 
dropping amount being 10 μL. 

As shown in the CV curves (Fig. S4), no obvious redox peaks were 
detected between −0.5 and −0.4 V for bare GCE and different modified 
electrodes in PBS (pH = 7.0) without H2O2. In comparison, when 
25 mM H2O2 was added to the above system, it can be seen from the CV 
curves in Fig. 5A that the modified electrodes have obvious reduction 
peaks around −0.5 V, indicating that they all have a certain electro
catalytic capacity for H2O2. The current responses gradually increase in 
the order of Mn2O3/GCE < Co3O4/GCE < CoMn2O4/GCE, which shows that 
the CoMn2O4/GCE has better electrocatalytic H2O2 sensing performance. 
This excellent catalytic performance originates from the synergism of 
large electrochemical effective area and small Rct, as well as the unique 
CoMn2O4 hollow nanosphere structure and Co/Mn redox coupling. 

Fig. 5B illustrates the CV curves of CoMn2O4/GCE to 25 mM H2O2 
in PBS at different scan rates, and the inset is a partial enlarged view 
during the range of −0.6 to −0.4 V. One can see that the reduction 
peak current value gradually increases as the scan rate increases. 
During 0.24–0.40 V s-1, the reduction peak current (Ipc) value shows 
linearly increase to the square root of scan rate (v1/2) with the linear 
regression equation being Ipc = −189.30v1/2 -129.50 (R2 = 0.998,  
Fig. 5C), indicating that the electrochemical reaction on the elec
trode surface is an irreversible process of diffusion control [30]. Si
multaneously, as the scan rate increases, the reduction peak 
potential of CoMn2O4/GCE shifts to the negative value, and its re
duction peak potential (Epc) is linearly related to and logarithm scan 
rate (lnv) during 0.24–0.40 V s−1 (Fig. 5D). The linear regression 
equation is Epc = −0.029lnv - 0.557 (R2 = 0.996). Generally, for an 
irreversible electrochemical reaction process, the electron transfer 
coefficient (α) is 0.5 [32]. According to the Laviron's equation [32], 
the number of transferred electrons (n) in the diffusion process can 
be calculated to be 1.8 based on the linear slope of −2.303RT/αnF, 
indicating that the electrocatalysis of modified CoMn2O4/GCE to 
H2O2 is a redox process with double electron transfer. 

3.4. Amperometric detection of H2O2 on CoMn2O4/GCE 

At −0.5 V, the electrocatalytic sensing performance of CoMn2O4/ 
GCE was measured by adding different amounts of H2O2 to PBS 

Fig. 4. (A) Current responses under different negative working potentials; (B) pH-dependent current intensity change; (C) Volume-dependent current intensity change.  
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(0.05 M, pH = 7.0). As shown in Fig. 6A, the current response rapidly 
generates and gradually increases with the continuous injection of 
H2O2. And the current response of electrochemical sensor to H2O2 

quickly reaches 95% balance within 5 s, thus confirming that 
CoMn2O4 hollow nanospheres have excellent electrocatalytic activity 
to H2O2. At the meantime, the current response is linearly related to 
the concentration of H2O2 (Fig. 6B) with equation being Ipc(µA) 
= 6.742 C(mM) - 1.009 (R2 = 0.998, RSD = 4.02%). The electrochemical 
sensor exhibits high sensitivity of 28 μA mM−1 cm−2 and low detec
tion limit of 0.38 μM (LOD = 3σ/Sd) to H2O2, which are obviously 
better than those of reported CoMn2O4/GCE [16]. Especially, its linear 
detection range (0.0012–100.4 mM) is the widest among reported 
spinel oxide-based electrochemical sensors (Table 1), which can 
avoid the complicated sample preparation process and shorten the 
period of electrochemical detection of H2O2, thereby facilitating 
portability and real-time operation in some practical applications. 

In general, the adsorption of H2O2, breaking of OeO bond and 
generation of radical ∙OH are important steps in the electrocatalytic 
H2O2 redox reaction. Hence, according to the above electrochemical 
results and related literature reports [38,39], the excellent electro
catalytic H2O2 sensing performance of porous CoMn2O4 hollow nano
spheres may originate from the following reasons: (1) Compared with 
simple Mn2O3 and Co3O4 materials, the low-valence Co2+ and Mn2+ 

ions in CoMn2O4 spinel structure can promote the rapid capture and 
effective adsorption of H2O2 molecules on the surface of CoMn2O4 

nanomaterial and form Co OHHO Mn2 ads ads 2+ + transition state, 
which in turn increase the effective adsorption of H2O2 molecules on 
the surface of electrode; (2) Because transition metal ions with low- 
valence state have strong electron-donating ability, the electrons of 
Co2+ and Mn2+ ions can be quickly transferred to O atoms in H2O2. In 

this sense, the barrier potential of OeO bond fracture reduces, thus 
resulting in the rearrangement of O-O electrons and the rapid forma
tion of .OH radicals, accompanied by the oxidation of low-valence 
metal ions (Co -·OHHO·-Mn )3 3+ + ; (3) The redox coupling of different 
valence metal ions can promote the rapid charge transfer and provide 
more electrocatalytic activity centers, which makes the H2O2 molecules 
can be quickly dissociated into 2OH- ion (H O 2e 2OH2 2

- -+ ). Then, the 
generated 2OH- ion further combine with 2H+ protons to form water 
molecules (2OH 2H 2H O-

2+ + ). In addition, the excellent electro
catalytic H2O2 sensing performance is also related to the unique mi
crostructure characteristics of CoMn2O4 nanomaterial. The hollow 
nanospheres constructed by small-size nanoparticles possess broad 
pore size distribution and large specific surface area, which can not 
only efficiently shorten diffusion path of electrons and analytes, pro
moting the charge transfer capacity and transfer efficiency, but also 
expose more electrochemical activity sites, ensuring high contact rate 
between target analytes and electrocatalyst. Especially, the internal 
hollow structure can accommodate more H2O2 molecules in the cavity 
to broaden the linear detection range of modified electrode, thus 
providing an efficient platform for electrochemical detection of H2O2. 
Hence, the excellent electrochemical sensing performance of CoMn2O4/ 
GCE sensor to H2O2 is derived from the synergism of Co3+/Co2+ and 
Mn3+/Mn2+ redox couplings, as well as the inherent microstructure 
characteristics of hollow nanospheres. 

3.5. The selectivity, stability and practicality of CoMn2O4/GCE 

The selectivity, stability and reproducibility are important in
dicators for evaluating the practical application of electrochemical 
sensor. Generally, during the detection of H2O2 in biological samples, 

Fig. 5. (A) CV curves of different electrodes in the presence of 25 mM H2O2: GCE (a), Mn2O3/GCE (b), Co3O4/GCE (c), CoMn2O4/GCE (d); (B) CV curves of CoMn2O4/GCE to 
25 mM H2O2 in 0.05 M PBS (pH = 7.0) at different scan rates (gradient of 0.02 V s−1); (C) Plots of Ipc vs. square root of scan rate (v1/2); (D) Plots of Epc vs. the logarithm scan rate. 
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the common interfering substances in body fluids, for instance as
corbic acid (AA), dopamine (DA), epinephrine (E), glucose (Glu), uric 
acid (UA), L-cysteine (Lcy), glutamic acid (Gln), sodium nitrite 
(NaNO2), sodium chloride (NaCl), etc., may interfere with the accu
rate detection of H2O2 by modified electrode. Fig. 7A shows the 

current-time curve of CoMn2O4/GCE to H2O2 in 0.05 M PBS (pH = 7.0) 
buffer with the successive addition of the above-mentioned inter
fering compounds (50 mM). The result shows that the presence of 
these interferents has almost no influence on the determination of 
H2O2 although their concentration is 10 times higher than that of 

Fig. 6. (A) The i-t curve of CoMn2O4/GCE with continuous injection of H2O2 under negative working potential of −0.5 V (inset: enlargement i-t curve within 470 s); (B) The 
calibration plots of current response to concentration of H2O2. 

Table 1 
Comparison of CoMn2O4/GCE and reported electrochemical H2O2 sensors based on spinel oxides.       

Electrochemical sensors Electrolytes Linear detection range (mM) Detection limit (μM) Refs.  

CoMn2O4/GCE 0.05 M PBS 0.0012–100.23  0.38 This work 
CoMn2O4/GEa 0.1 M PBS 1–1000  40.2 [16] 
ZnMn2O4/GCE 0.2 M NaOH 0.02–15  0.13 [33] 
ZnMn2O4/rGO/GCEb 0.2 M NaOH 0.0003–6  0.012 [34] 
ZnCr2O4/CNTs/GCEc 0.1 M PBS 0.05–34.8  0.11 [35] 
ZnCrCoO4/NCNTs/GCEd 0.1 M PBS 0.001–7.33  1.0 [36] 
NiCo2O4/GCE 0.1 M PBS 0.00026–6.6  0.009 [37] 
NiCo2O4/GNC/GEe 0.1 M NaOH 0.02–0.7  1.7 [4] 
NiCo2O4/CoNiO2/rGO/GCE 0.1 M PBS 0.005–12  0.41 [38] 
CuCo2O4/GCE 0.1 M NaOH 0.01–8.9  3.0 [3] 
CuCo2O4/CeO2/CNTs/GCE 0.1 M PBS 0.001–7.31  0.16 [39] 
CoFe2O4/GCE 0.1 M KOH 0.005–17  0.5 [40] 
CoFe2O4/SPCEsf 0.05 M PBS –  2.59 [41] 
CoFe2O4/CNTs/GCE 0.1 M PBS 0.005–0.05  0.05 [42] 
CoFe2O4/CdSe/RIF/GCEg 0.1 M PBS 0.007–1.43  0.38 [43] 
MnFe2O4/GCE 0.1 M PBS 0.001–24  0.3 [44] 
MnFe2O4/SPCEs 0.05 M PBS –  5.64 [41] 
MnFe2O4/rGO/GCE 0.1 M PBS 0.001–22  0.35 [45] 
CuFe2O4/PCF/GCEh 0.1 M NaOH 0.11–22.0  1.2 [46] 
CuFe2O4/rGO/GCE 0.1 M PBS 0.001–11  0.35 [47] 
CuFe2O4/rGO/CPEi 0.1 M PBS 0.002–0.2  0.52 [48] 
ZnFe2O4/Pt/rGO/GCE 0.1 M PBS 0.0005–10.2  0.1 [49] 

Note: a-GE: graphite electrode; b-rGO: reduced graphene oxide; c-CNTs: carbon nanotubes; d-NCTs: nitrogen-doped carbon nanotubes composite; e-GNC: graphene nanoclusters; 
f-SPCEs: screen-printed carbon electrodes; g-RIF: rifampicin; h-PCF: porous carbon nanowires; i-CPE: carbon paste electrode.  

Fig. 7. (A) Current-time curve of CoMn2O4/GCE electrode with continuous addition of H2O2 at the presence of different interference substances; (B) Stability of 5 different 
CoMn2O4/GCE; (C) Reproducibility of 5 different electrodes to 5 mM H2O2. 
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H2O2. When 5 mM H2O2 is added, obvious current response gen
erates and quickly reaches stability, indicating that the CoMn2O4/ 
GCE electrode has a good selectivity for the detection of H2O2 in PBS. 
The stability of five individual CoMn2O4/GCE is tested every six days 
with the addition of 5 mM H2O2 into the PBS solution over a 30-day 
period. As shown in Fig. 7B, although the current responses for the 
five electrodes are slightly reduced, it can still be maintained at 90% 
of the initial value with the relative standard deviation (RSD) during 
the range of 2.53–3.25%, indicating the good stability of fabricated 
CoMn2O4/GCE electrochemical sensors. In addition, reproducibility 
of the above five individual electrodes are investigated by adding 
5 mM H2O2 into PBS buffer, and each electrode is successively 
measured for five times. The results in Fig. 7C show that the RSD of 
current signal for each electrode falls in the range of 1.96–3.08%. 
Meanwhile, the RSD for five different electrodes during the same test 
process is 1.02–3.32%. Both results illustrate the good reproducibility 
of the modified sensors. Therefore, the above electrochemical results 
show that the simply prepared CoMn2O4/GCE electrode exhibits 
satisfactory selectivity, stability and reproducibility. 

To estimate the practical application ability of the CoMn2O4/GCE 
electrode, it was applied to detect H2O2 in rat serum sample and 
commercial disinfectant. The above-mentioned serum and disin
fectant samples containing different H2O2 concentrations were 
measured by standard addition method. Each sample was measured 
in three parallel times with the obtained results being listed in  
Table 2. It can be seen that the recovery rate of serum sample is 
between 96.50% and 98.87% with the RSD falling in the range of 
2.08–3.24%, while the recovery rate of disinfectant sample is be
tween 96.77% and 102.35% with the RSD falling in the range of 
1.92–2.73%. It should be pointed out that the present CoMn2O4/GCE 
electrochemical sensor has a better accurate recovery rate close to 
100% and a smaller RSD rather than most reported electrochemical 
H2O2 sensors to various serums from different animals (Table S1). 
These results demonstrate that CoMn2O4/GCE has a satisfactory re
covery rate for H2O2 in rat serum and commercial disinfectant, and 
further prove the good accuracy of the above-mentioned method. 
Therefore, the electrochemical sensor constructed from simply 
prepared CoMn2O4 hollow nanospheres has certain application po
tential in related environmental and biological fields. 

4. Conclusions 

In summary, CoMn2O4 hollow nanospheres with diameter of ~ 
200 nm were facilely prepared by using PVP as structure directing 
agent, which assembled from small-size particles and has multi- 
level pore distribution. The enzyme-free electrochemical sensor 
obtained from simple drop-coating CoMn2O4 hollow nanospheres 
onto the surface of bare GCE presents better electrochemical H2O2 

sensing performance, which mainly derives from the inherent mi
crostructure characteristics of hollow nanospheres and the sy
nergistic effect of Co3+/Co2+ and Mn3+/Mn2+ redox coupling. At 

optimum negative working potential of −0.5 V, the CoMn2O4/GCE 
sensor exhibits rapidly sensitive response and low detection limit of 
0.38 μM to H2O2 in PBS buffer (pH = 7.0), good selectivity and sta
bility. Especially, the linear detection range of 0.0012–100.4 mM is 
the widest among reported spinel oxide-based electrochemical 
sensors. Meanwhile, the CoMn2O4/GCE sensor shows good H2O2 

recovery rate in rat serum and commercial disinfectant. Therefore, 
the electrochemical sensor constructed from simply prepared 
CoMn2O4 hollow nanospheres has potential practical application in 
related fields of environment, food and biology. 
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