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Introduction

Peroxidases are a class of efficient biological catalysts and have

been widely used in various fields, such as biotechnology, the
chemical industry, and environmental science, among others.[1]

However, these enzymes show many disadvantages, including
the sensitivity of their catalytic activity to environmental condi-

tions and the high costs in preparation and purification.
Hence, much attention has been focused on developing novel

peroxidase mimetics to replace the natural peroxidases. Gao

et al. reported Fe3O4 nanoparticles (NPs) with an intrinsic
enzyme mimetic activity, which is similar to that of natural per-

oxidases.[2] Subsequently, various nanomaterials, such as V2O5

nanowires,[3] CeO2 NPs,[4] Co3O4 NPs,[5] MoS2 nanosheets,[6] Au

NPs,[7] metallic nanoalloys,[8, 9] and carbon nanomaterials,[10, 11]

have also been reported to possess peroxidase-like catalytic ac-
tivities. Compared with natural peroxidases, these peroxidase

mimetics have the advantages of simple synthesis, design flexi-
bility, and high catalytic activity. Peroxidase catalysis of the oxi-
dation of organic dyes to reduce their toxicity is frequently
used in wastewater treatment.[12] Organic dyes, such as methyl
orange, methylene blue, rhodamine B, and methyl red, have
detrimental effects on the environment or human body, and

methods to degrade these toxic compounds are necessary for
environmental protection.[13]

Recently, a variety of hybrid materials (graphene oxide–

Fe3O4 magnetic nanocomposites,[14] AucorePdshell–graphene hy-

brids,[15] Co3O4–reduced graphene oxide[16]) have been demon-

strated to possess peroxidase-like catalytic activity. Hybrid ma-
terials, with well-defined structures, have been extensively ex-

plored to realize practical applications. The hybrid materials fa-
cilitate effective electron transfer and bring better catalytic per-

formances than the corresponding single nanomaterials.
Therefore, great efforts should be made to design and fabri-

cate new hybrid materials with peroxidase-like activity.

Carbon dots (C-dots) are a new type of photoluminescent
carbon nanomaterial and have attracted considerable attention

as a result of their excellent photostability, good water solubili-
ty, favorable biocompatibility, and low toxicity.[17–20] In particu-

lar, the superb conductivity, rapid electron-transfer properties,
and abundant oxygen-containing functionalized groups on the
surface make C-dots much easier for forming environmentally

friendly hybrid materials and can further enhance the catalytic
activities of the original materials. Up to now, some groups
have reported metal (Au,[21] Ag,[22] Pd,[23] Ni,[24] Cu,[25] and PtNi
alloy[26]) nanoparticles@C-dots hybrid materials. The combina-

tion of metal NPs and C-dots provides a successful integration
of the properties of the two components. In this contribution,

we report the fabrication of a Co@C-dots hybrid material by
a simple chemical reduction route. The morphology, structure,
fluorescence properties, peroxidase-like activity, and catalytic
mechanism of the hybrid material were systematically investi-
gated.

Results and Discussion

1. Characterization of C-dots and Co@C-dots

The morphology and microstructure of C-dots and Co@C-dots
are investigated by TEM. Figure 1 indicates that the prepared

C-dots are spherical and well dispersed from each other. The
particle size distribution obtained from dynamic light scatter-
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ing measurements shows that the average hydrodynamic di-
ameter of the C-dots is approximately 4.0 nm (inset of

Figure 1). Figure 2 shows TEM images of the Co@C-dots with
core–shell nanostructures. An ultrathin continuous C-dots layer

covers the Co NP surface. The Co NPs appear to form chainlike

structures embedded within a carbon matrix, which suggests
that the deposition of the Co NPs is initiated from the carbon

particle surface.[25] The high-resolution TEM image also demon-
strates that the Co cores are coated with ultrathin C-dot shells

(Figure 2 c). Notably, the Co cores consist of much smaller NPs,
and this type of structure can further improve the catalytic ac-

tivity of the Co@C-dots as a result of the increased surface

area and catalytic active sites. Figure 2 d shows the corre-
sponding energy-dispersive X-ray (EDX) spectroscopy image of

the hybrid material. The result confirms the presence of the Co
element in the hybrid material. Moreover, the intensity of the

carbon signal with Co@C-dots is stronger than the background
(Figure S1 in the Supporting Information). To evaluate the com-

position and elemental distribution of the hybrid material, EDX

elemental-mapping analysis is performed, and the results
reveal that the elements C, O, and Co are present in the hybrid

material (Figure 3).
The formation mechanism of the Co@C-dots hybrid material

is proposed. If the cobalt salt is mixed with a C-dot suspension,
some Co2 + ions get attached to the surface of the C-dots by

ion exchange or electrostatic interactions. Upon addition of

the reducing agent, the Co2 + ions are reduced in situ to Co
atoms, which serve as the nucleation seeds for the growth of

small Co NPs. The strong magnetic interactions among the
small Co NPs then make the agglomerates into larger quasi-

spherical nanoparticles. At the same time, the C-dots form
a thin layer around the Co NP surface.

The XRD pattern of the as-prepared Co@C-dots is displayed

in Figure S2 in the Supporting Information. It has no obvious
peak for cobalt and implies that the sample is almost in an

amorphous state.[29] Relative to the crystalline state, this type
of amorphous structure has been reported to possess many

more catalytic active sites.[30] The result is in good agreement
with the TEM results.

The surface chemical compositions and the valence states of

the Co@C-dots are determined by XPS analysis. The existence
of C (C 1s), O (O 1s), and Co (Co 2p) elements in the spectrum
suggests the formation of the Co@C-dots hybrid material (Fig-
ure 4 a).[31] Figure 4 b is a typical Co 2p spectrum of the Co@C-
dots, which indicates the hybrid consists of zero-valence cobalt
and cobalt oxide; the result may be caused by surface oxida-

tion during the sample preparation process for XPS measure-
ments.[29]

Moreover, we further investigate the interactions between

the C-dot and Co NP components in the hybrid material. The
FTIR spectra of C-dots and Co@C-dots are shown in Figure S3

in the Supporting Information. The FTIR spectrum of the C-
dots exhibits characteristic absorption bands of O¢H at ñ=

3425 cm¢1, C=O at ñ= 1758 cm¢1, COO¢ at ñ= 1572 cm¢1, and

C¢H at ñ= 1388 cm¢1, respectively. Relative to the spectra for
the C-dots, the C=O stretching peaks (ñ= 1758 cm¢1) have dis-

appeared for the Co@C-dots, and the COO¢ asymmetric
stretching vibration peak (ñ= 1572 cm¢1) of the Co@C-dots is

also decreased and shifted if they are involved in Co NP forma-

Figure 1. TEM image of as-prepared C-dots. (Inset : Size distribution histo-
gram obtained from dynamic light scattering measurements.)

Figure 2. a, b) TEM images of Co@C-dots with different magnifications.
c) HRTEM image of Co@C-dots nanoparticles. d) EDX pattern of Co@C-dots.

Figure 3. High-angle annular dark-field TEM image and mapping results of
the elements C, O, and Co for the boxed area.
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tion, which may be attributed to the bonding interactions be-

tween the carboxylate groups and the metal.[24, 25]

2. Fluorescence properties

To gain further insight into the interaction between the Co

NPs and C-dots, we collected the 3 D and 2 D photolumines-
cence spectra of both C-dots and Co@C-dots (Figure 5 and Fig-

ure S4 and S5 in the Supporting Information). The fluorescence
emission spectra and photoluminescence intensity of the C-

dots depend on the changes of excitation wavelength, which
are similar to the reports in the literature.[32–34] The maximum

intensity region of the C-dots appears in the l= 320–360 nm
range for excitation and the l= 420–460 nm range for emis-
sion.[35] The formation of the Co@C-dots quenches remarkably

the photoluminescence of the C-dots (Figure 5 b and Figure S5
in the Supporting Information). The quantum yield of the

Co@C-dots (0.4 %) is also much lower than that of the C-dots
(7.6 %). We consider that the electron may transfer between

the C-dot shells and the Co cores; therefore, the formation of

the Co@C-dots quenches remarkably the photoluminescence
of the C-dots. This kind of quenching phenomenon has also

been observed in the other metal-NP@C-dots systems.[21–26]

The fluorescence decay of both C-dots and Co@C-dots was

also investigated through the single-photon timing technique
(Figure 6, Table S1 and Figure S6–S8 in the Supporting Informa-

tion). The fluorescence decay of the C-dots in water displays

biexponential behavior, and the biexponential function (t�1.8
and �6.1 ns) is used to fit the decays at all three emission

wavelengths. Additionally, the different emission wavelengths
of the C-dots do not induce an obvious change in the fluores-

cence decay, and the decay times are similar to those reported

in the literature.[24]

The fluorescence decay for the Co@C-dots also reveals

a biexponential behavior, and the shorter lifetime decreased
(from t�1.8 to �1.1 ns) along with an increase in the ampli-

tude (from �42 to �85 %). The longer component remained
almost constant (between t�6.1 to �6.2 ns), and the contri-

Figure 4. XPS spectra of a) Co@C-dots and b) Co 2p.

Figure 5. 3 D excitation–emission intensity maps of a) C-dots and b) Co@C-
dots dispersed in double-distilled water.

Figure 6. Fluorescence decay profiles (lex = 300 nm and lem = 460 nm) of
C-dots and Co@C-dots aqueous suspension.
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bution of this component decreased (from �58 to �15 %).
Figure 6 shows that the fluorescence lifetimes of the Co@C-

dots decrease (become shorter) relative to those of the C-dots.
The photoexcited C-dots can serve as both electron donors

and electron acceptors,[22] and the Co NPs core can also pro-
vide free electrons. The electron is transferred between the C-

dots and Co NP cores and can further quench the excited state
of the C-dots; hence, the fluorescence lifetimes of the Co@C-
dots become shorter than those the C-dots. The different fluo-

rescence properties between the C-dots and Co@C-dots fur-
ther confirm that the Co@C-dots hybrid material is successfully

prepared.

3. Peroxidase-like activity of Co@C-dots

The peroxidase-like activity of the Co@C-dots is tested for the

catalytic oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) in
the presence of H2O2. As shown in Figure 7, the Co@C-dots

can catalyze the oxidation of TMB, with H2O2 employed as the

oxidant, to produce a blue-colored solution, which suggests
that the Co@C-dots possess peroxidase-like catalytic activity.

The maximum absorbance of the reaction system is l=

652 nm, which originates from the oxidation of TMB.[36, 37]

Moreover, we further examined the effects of pH value, tem-
perature, and concentration of H2O2 on the catalytic activity of

both the Co@C-dots and natural horseradish peroxidase (HRP;
see Section 1.3 in the Supporting Information). The experimen-
tal results show that the optimal reaction conditions for the

Co@C-dots are pH 3.0, T = 45 8C, and 25 mm H2O2. The catalytic
activity of the Co@C-dots, similar to that of HRP, is higher in an
acidic medium than in a neutral medium (Figure 8 a).[38] Nota-
bly, the Co@C-dots hybrid material exhibits an improved ther-

mal stability over that of HRP. The HRP starts to lose its activity
above T = 30 8C, whereas the Co@C-dots still have high activity

at T = 60 8C (Figure 8 b). In addition, the catalytic activity of the

hybrid material is inhibited at high H2O2 concentrations (Fig-
ure 8 c). This behavior is similar to that of other NP-based per-

oxidase mimetics[39, 40] and further confirms the peroxidase-like
activity of the Co@C-dots. Additionally, control experiments

show that the absorbance of the Co@C-dots/TMB/H2O2 system
at l= 652 nm is higher than the bare Co NP or C-dot systems

(Figure 8 d), which is probably due to synergistic effects be-

tween the Co NPs[8] (Figure S9 and Section 1.2 in the Support-
ing Information) and the C-dots.[24]

Steady-state kinetic experiments are performed to investi-
gate further the peroxidase-like activity of the Co@C-dots. A

series of experiments are performed by changing the concen-Figure 7. The Co@C-dots/TMB/H2O2 system.

Figure 8. Dependence of the catalytic activity of HRP (black curve) and Co@C-dots (red curve) on a) pH value, b) temperature, and c) H2O2 concentration
(T = 45 8C for Co@C-dots, T = 30 8C for HRP). The maximum point in each curve was set as 100 %. Error bars represent the standard error derived from three
repeated measurements. d) The UV/Vis absorption spectra of TMB in different reaction systems under the optimal reaction conditions.
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tration of TMB and H2O2, respectively. In a certain range of sub-
strate concentrations, typical Michaelis–Menten curves can be

obtained, as shown in Figure 9. The maximum initial velocity
(Vm) and Michaelis–Menten constant (Km) are calculated from

the Lineweaver–Burk plots (Table S2 and Figure S10 in the Sup-
porting Information). The Km value is an important parameter
used to measure the binding affinity of the enzyme for the
substrate and can also be used to study the enzyme mimetic–
substrate interaction. The apparent value for the Co@C-dots

with TMB is Km = 0.32 mm, which is lower than that of HRP
(Km = 0.43 mm).[2] The result indicates that the Co@C-dots have
a higher affinity for TMB than the natural enzyme HRP. In con-
trast, the Km value of Co@C-dots with H2O2 as the substrate

(Km = 4.81 mm) is higher than that of HRP (Km = 3.7 mm), which
indicates that the Co@C-dots have a lower affinity for H2O2

than HRP. The result is consistent with the observation that

a higher H2O2 concentration is needed with the Co@C-dots
than with HRP if the maximum activity is to be obtained.

The Co@C-dots hybrid material is also tested as a peroxidase
mimetic for the catalytic oxidation of methylene blue (MB; see

Section 1.4 and Figure S11 and S12 in the Supporting Informa-
tion). The results reveal that the catalytic efficiency of the

Co@C-dots is more effective than bare Co NPs or C-dots, which

indicates that the Co@C-dots have high catalytic degradation
activity. No obvious decolorization is observed in the absence

of catalyst, which demonstrates that the degradation of MB is
caused by catalytic oxidation of H2O2.

4. Mechanism of peroxidase-like activity of Co@C-dots

To demonstrate the peroxidase-like catalytic mechanism of the
Co@C-dots, we study the steady-state fluorescence changes of

terephthalic acid (TA) in the presence of H2O2 and the Co@C-
dots. TA is a highly sensitive and selective fluorescent probe

for hydroxyl radicals (COH). The weakly fluorescent TA can react
with COH and convert into the highly fluorescent 2-hydroxy-

terephthalic acid (HTA). Figure 10 b displays the photolumines-

cence spectra of a TA/H2O2 system with different volumes of
Co@C-dots. The photoluminescence spectrum of the TA/H2O2/
Co@C-dots system is similar to that of HTA (Figure 10 a), and
the fluorescence intensity of the solution increases with the

addition of Co@C-dots. The fluorescence intensity of the TA/
H2O2/Co@C-dots system has a linear relationship within a cer-

tain concentration range of Co@C-dots (Figure S13 in the Sup-

porting Information). In addition, contrast experiments were
performed with C-dots and Co NPs (Figure S14 in the Support-

ing Information). The results show that the fluorescence inten-
sity of the TA/H2O2/Co@C-dots system is stronger than that of

bare Co NP or C-dot systems under the same conditions,
which indicates that the Co@C-dots can catalyze the decompo-

sition of hydrogen peroxide to produce more hydroxyl radicals.

The above results suggest that the Co@C-dots can effectively
catalyze the decomposition of H2O2 to COH.

Most mechanism studies of peroxidase-like activity focus on
the steady-state fluorescence changes of TA,[41–42] and the time-

resolved fluorescence has not been studied before. The gener-

Figure 9. Steady-state kinetic assays of the Co@C-dots. a) The concentration
of H2O2 was 100 mm and the TMB concentration was varied. b) The concen-
tration of TMB was 8 mm and the H2O2 concentration was varied. Error bars
represent the standard error derived from three repeated measurements.

Figure 10. a) Photoluminescence spectrum of HTA. b) Emission spectra of TA
in the presence of H2O2 and different volumes of Co@C-dots.
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ated highly fluorescent HTA can be employed to study the cat-

alytic mechanism of the Co@C-dots by time-resolved fluores-

cence analysis. Based on the above discussion, we further
study the fluorescence decay of the HTA, TA + HTA, HTA/H2O2/

Co@C-dots, and TA/H2O2/Co@C-dots systems (Table 1 and
Figure 11). The fluorescence decay of neat HTA in water at

lex = 300 nm displays monoexponential behavior (t�9.9 ns).
When the HTA (95 %) is mixed with a small amount of TA (5 %)

in aqueous solution, the result shows biexponential behavior

(t�2.0 and �9.6 ns), and we consider that the two compo-
nents are derived from TA (t�2.0 ns) and HTA (t�9.6 ns;

Table 1). The fluorescence decay of the TA/H2O2/Co@C-dots
system is fitted to the biexponential profile with lifetimes of t

�1.8 and 9.2 ns. The slow decay may be attributed to the life-
time of HTA (TA reacts with COH) molecules, whereas the fast

decay may be attributed to the lifetime of the remaining TA.

The lifetime of the Co@C-dots cannot be found here, which is
attributed to the small amount of Co@C-dots in the reaction

system. Notably, the fluorescence lifetimes of the TA/H2O2/
Co@C-dots (t�9.2 ns) and HTA/H2O2/Co@C-dots (t�9.5 ns)

systems become shorter than that of neat HTA (t�9.9 ns). This
phenomenon may a result of the formation of COH in those
systems, because the extra free radical/electron can further

partly quench the excited state of HTA (Table 1). The time-re-
solved fluorescence data further confirm that the Co@C-dots
can catalyze decomposition of H2O2 to COH.

On the basis of the results and
discussions presented above,

a plausible catalytic mechanism
for the Co@C-dots is proposed
(Scheme 1). Firstly, the H2O2 ad-
sorbs on the Co@C-dots surface,

and the Co@C-dots can decom-
pose the H2O2 into COH radicals.
Subsequently, the good elec-

tron-transport properties of the
C-dot shell facilitate the electron
transfer from the COH radical to
the reaction substrate (TMB or
MB), and the substrates can be

easily oxidized by the COH radicals. For bare Co NPs, there is no

electronic transmission medium to accelerate the electron

transfer. Hence, the reaction rate drops to a lower level relative
to that of the Co@C-dots.

Conclusions

In summary, a Co@C-dots hybrid material has been successfully

prepared by a simple chemical reduction route. The morpholo-
gy, structure, and fluorescence properties of the hybrid materi-

al are studied. Further catalytic experiments demonstrate that
the Co@C-dots material possesses intrinsic peroxidase-like ac-

tivity and its catalytic activity is affected by the pH value, the

temperature, and the concentration of H2O2. In addition, the
obtained Co@C-dots hybrid material exhibits enhanced catalyt-
ic activity for the degradation of methylene blue. The catalytic
mechanism of the Co@C-dots is further investigated by means

of steady-state and time-resolved fluorometry analyses, which
show that the Co@C-dots can effectively decompose H2O2 to

produce reactive hydroxyl radicals (COH). The results suggest
that the Co@C-dots hybrid material can be a promising materi-
al for a wide range of potential applications in biochemical

analysis and water treatment.

Experimental Section

Chemicals

Cobalt(II) chloride (CoCl2·6 H2O; Beijing Chemical Works; �99 %),
sodium borohydride (NaBH4 ; �96 %), and hydrogen peroxide
(H2O2 ; �30 wt %) were purchased from Sinopharm Chem. Reagent
Co., Ltd. Citric acid monohydrate (�99.5 %), sodium hydroxide
(NaOH; �96 %), hydrazine monohydrate (H2NNH2·H2O; �80 %),
and ethylene glycol (HOCH2CH2OH) were purchased from Tianjin

Table 1. Photophysical properties of HTA, HTA + TA, HTA/H2O2/Co@C-dots, and TA/H2O2/Co@C-dots systems.
Decay times t1 and t2 and the relative amplitude are given.

System Excitation wavelength
[nm]

Emission wavelength
[nm]

t1 [ns]
(amplitude [%])

t2 [ns]
(amplitude [%])

TA/H2O2/Co@C-dots 300 440 1.78
(17.5)

9.20
(82.4)

HTA 300 440 9.91
(100)

–

TA + HTA 300 440 1.97
(5.29)

9.57
(94.7)

HTA/H2O2/Co@C-dots 300 440 9.47
(100)

–

Figure 11. Fluorescence decay profiles and residuals of HTA, TA + HTA,
HTA/H2O2/Co@C-dots, and TA/H2O2/Co@C-dots systems with excitation at
l= 300 nm.

Scheme 1. Possible mechanism for theCo@C-dots/H2O2/TMB system.
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Guangfu Reagent Company. 3,3’,5,5’-tetramethylbenzidine (TMB;
�98 %), horseradish peroxidase (HRP; 250 U mg¢1), and 2-hydroxy-
terephthalic acid (HTA; 98 %) were purchased from Energy Chemi-
cal. Terephthalic acid (TA; �98.5 %) and methylene blue (MB;
�98.5 %) were purchased from Chengdu cologne chemical reagent
factory. All reagents and solvents were of analytical grade and
used directly without further purification, and all aqueous solutions
were prepared with Milli-Q water (18.2 MW cm).

Instruments

The morphology and microstructure of samples were analyzed by
transmission electron microscopy (TEM) on a JEM-2100 instrument
equipped with an energy-dispersive X-ray (EDX) spectrometer. The
samples were dispersed in ethanol and then dried on a micro grid.
X-ray diffraction (XRD) measurements were performed on an X-ray
diffractometer (D/max-2400pc, Rigaku, Japan) with CuKa radiation
(l= 1.54178 æ), by using an operating voltage and current of 40 kV
and 60 mA, respectively. The 2q range was from 108 to 908 in steps
of 0.028. For XRD observations, the samples were dispersed in eth-
anol and then dried on a glass slide. X-ray photoelectron spectra
(XPS) were measured on a PHI-550 spectrometer by using MgKa ra-
diation (hn= 1253.6 eV) with a base vacuum operated at 300 W.
The Fourier transform infrared (FTIR) spectra were measured on
a Nicolet 360 FTIR spectrometer by using the KBr pellet technique.

Steady-state UV/Vis absorption and fluorescence
spectroscopy

The absorbances of catalytic reaction processes were recorded on
a UV/visible spectrometer (Cary 100) under experimental condi-
tions. The steady-state excitation and emission spectra were ob-
tained on an FLS920 spectrofluorometer. 3 D maps were collected
with an excitation range of l= 300–500 nm and an emission range
of l= 320–590 nm. Freshly prepared samples in 1 cm quartz cells
were used to perform all UV/Vis absorption and emission measure-
ments.

Quantum yields were determined by an absolute method with an
integrating sphere based upon that originally developed by de
Mello[27] et al. Experiments were conducted on an FLS920 spectro-
fluorometer from Edinburgh Instruments.

Time-resolved fluorescence spectroscopy

Fluorescence lifetimes were measured on an Edinburgh Instru-
ments FLS920 spectrofluorometer equipped with different light-
emitting diodes (excitation wavelengths of l= 300 and 330 nm),
by using the time-correlated single-photon counting technique[28]

in 2048 channels at room temperature. The sample concentrations
were adjusted to optical densities of <0.1 at the excitation wave-
length (l= 300 or 330 nm). The monitored wavelengths were l=
440, 460, and 480 nm.

Histograms of the instrument response functions (by using LUDOX
scattering) and sample decays were recorded until they reached
typically 5.0 Õ 103 counts in the peak channel. The obtained histo-
grams were fitted as sums of the exponentials, with Gaussian-
weighted nonlinear least squares fitting based on the Marquardt–
Levenberg minimization implemented in the software package of
the instrument. The fitting parameters (decay times and pre-expo-
nential factors) were determined by minimizing the reduced chi-
square, c2. An additional graphical method was used to judge the

quality of the fit that included plots of surfaces (“carpets”) of the
weighted residuals versus the channel number. All curve fittings
presented here had minimizing the reduced chi-square, c2, values
of <1.1.

Synthesis of Co@C-dots

C-dots were prepared according to our previous report, and the
details are described in Section 1.1 of the Supporting Informa-
tion.[24] The Co@C-dots hybrid material was prepared by a simple
chemical reduction route. Typically, an amount of cobalt chloride
(1.07 g) was dissolved directly in ethylene glycol (100 mL), and
CoCl2·6 H2O solution (45 mm ; 10 mL) was mixed with an aqueous
suspension of C-dots (10 mL) in a 100 mL round-bottom flask with
a magnetic stirrer bar. After the mixture had been stirred for a few
minutes, hydrazine hydrate (1.125 g) was then added to the above
solution. The mixture was kept vigorously stirring at T = 60 8C for
30 min. Subsequently, a 5 mg mL¢1 NaBH4 aqueous solution was
added dropwise to trigger the reaction. The bright-red solution
became dark, which indicated the formation of Co NPs, and was
kept stirring for another 1 h at T = 60 8C. Finally, the product was
washed with absolute alcohol and dissolved as an aqueous solu-
tion (5 mg mL¢1) to generate a colloidal suspension of Co@C-dots
nanoparticles.

Peroxidase-like activity of the Co@C-dots

The peroxidase-like activity of the Co@C-dots hybrid material was
tested through the catalytic oxidation of the peroxidase substrate
3,3’,5,5’-tetramethylbenzidine (TMB) in the presence of H2O2. Typi-
cally, TMB (8 mm ; 50 mL), H2O2 (30 wt %; 20 mL), and colloidal
Co@C-dots nanoparticles (50 mL) were added into sodium acetate
buffer solution (2 mL; pH 3.0) at T = 45 8C, unless otherwise stated.
The reactions were carried out for 10 min and then were moni-
tored by observing the absorbance at l= 652 nm. The relative ac-
tivity was calculated by A1/A2, in which A2 was the maximum ab-
sorbance and A1 was the sample absorbance measured under the
same conditions.

Kinetic analysis

The kinetic analysis was carried out by monitoring the absorbance
at various times with a spectrophotometer. The experiments were
performed at T = 45 8C with enzyme mimetics (5 mg L¢1; 50 mL) in
a 2 mL reaction volume of sodium acetate buffer solution (pH 3.0)
with 8 mm TMB or 100 mm H2O2 as a substrate, unless otherwise
stated. The Michaelis–Menten constant was calculated by using
the Lineweaver–Burk plot: 1/V0 = (Km/Vm)(1/[S] + 1/Km), in which V0

is the initial velocity, Vm is the maximal reaction velocity, and [S] is
the concentration of the substrate.

The measurement of the hydroxyl free radicals

The reaction was performed in a TA solution (1 mm ; 2 mL) with
H2O2 (30 wt %; 6 mL) and different volumes of Co@C-dots. The fluo-
rescence spectrum was then measured between l= 350 and
600 nm with l= 315 nm as the excitation wavelength. The same
experiments were also performed for C-dots and Co NPs.
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