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ABSTRACT 
Replacement of enzymes with nanomaterials such as atomically dispersed metal catalysts is one of the most crucial steps in 
addressing the challenges in biocatalysis. Despite the breakthroughs of single-atom catalysts in enzyme-mimicking, a fundamental 
investigation on the development of an instructional strategy is still required for mimicking biatomic/multiatomic active sites in natural 
enzymes and constructing synergistically enhanced metal atom active sites. Herein, Fe2NC catalysts with atomically dispersed 
Fe-Fe dual-sites supported by the metal-organic frameworks-derived nitrogen-doped carbon are employed as biomimetic catalysts 
to perform proof-of-concept investigation. The effect of Fe atom number toward typical oxidase (cytochrome C oxidase, NADH 
oxidase, and ascorbic acid oxidase) and peroxidase (NADH peroxidase and ascorbic acid peroxidase) activities is systematically 
evaluated by experimental and theoretical investigations. A peroxo-like O2 adsorption in Fe2NC nanozymes could accelerate 
the O–O activation and thus achieve the enhanced enzyme-like activities. This work achieves the vivid simulation of the enzyme 
active sites and provides the theoretical basis for the design of high-performance nanozymes. As a concept application, a 
colorimetric biosensor for the detection of S2– in tap water is established based on the inhibition of enzyme-like activity of Fe2NC 
nanozymes. 
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1 Introduction 
Nanozymes, the nanomaterials with enzyme-like catalytic 
activity, have caused great attention in the field of biosensing, 
biomedicines, and environmental science due to their splendid 
advantages in easy preparation, low cost, high stability, and tunable 
catalytic performance [1–5]. Since the first attempt of magnetic 
Fe3O4 nanoparticles with intrinsic peroxidase-like activities 
has been developed [6], various nanomaterials, such as noble 
metal nanostructures, carbon nanomaterials, and transition 
metal-based nanomaterials, have been discovered to exhibit 
enzyme-like properties [7–12]. However, conventional nanozymes 
always possess diversified size and morphology, complex com-
position and structures, resulting in some inevitable difficulties in 
the precise recognition of active sites and further understanding 
of the catalytic mechanism at the atomic scale. 

Recently, due to the unique geometric/electronic structure, 
high metal atomic utilization efficiency, and the strong interaction 
between metal and support, single-atom catalysts (SACs) exhibit 
exceptional catalytic activity [13–22]. Among them, SACs 

with well-defined atomically dispersed active sites can mimic 
the catalytic activities of some metalloproteases, such as 
peroxidases, catalases, and oxidases, and they are defined as 
single-atom nanozymes [23–28]. Specifically, it is established 
that FeNC single-atom nanozymes can mimic oxidase activities, 
and corresponding mechanism analysis found that the Fe-based 
single site in FeNC single-atom nanozymes tends to adsorb only 
one oxygen atom of O2, resulting in superoxo-like O2 adsorption 
(Fig. S1 in the Electronic Supplementary Material (ESM)) [25, 
29, 30]. Although these FeNC single-atom nanozymes have heme- 
like active sites, their electronic structures and coordination 
environments are still quite different from those of natural 
enzymes. For example, cytochrome c oxidase (CcO) as a typical 
heme-copper oxidase is the terminal enzyme with heme- 
copper hetero-binuclear active center, which could catalyze O2 
to H2O in vivo and thus realize the preparation of adenosine 
triphosphate in aerobic organisms (Fig. S2 in the ESM) [31]. 
In this reaction, the peroxo-like O2 configuration is bonded to 
the binuclear active center. The synergistic effect between the 
heme site and CuB site could accelerate the O–O cleavage and 
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achieve the 4e–/4H+ reduction of O2 (Fig. S3 in the ESM) [32, 33]. 
Also, polyphenol oxidases could catalyze the oxidation of 
monophenols in the presence of O2 molecules, where the process 
of O–O cleavage in polyphenol oxidases occurs at the double 
copper sites, similar to CcO [34, 35]. Significantly, atomically 
dispersed dual-metal atoms have demonstrated superior catalytic 
activity toward O2 reduction in comparison to SACs, where 
atomic pairs with favorable electronic and geometric structures 
metal dimers are beneficial for the adsorption/desorption of the 
reaction intermediate and the cleavage of the O–O bonds [36–40]. 
The binuclear biocatalysis involved in natural systems and the 
exceptional catalytic activity of dual-atom catalysts inspire us 
to further investigate the enzyme-like activities of dual-atom 
catalysts, achieving the ultimate goal of vivid mimicking of 
natural enzymes. 

Herein, to vividly mimic the binuclear active sites of natural 
enzymes, we employed the Fe2NC nanozymes with Fe-Fe dimer 
as a coordination center on zeolitic imidazolate framework 
(ZIF-8)-derived nitrogen-doped porous carbon (Fe2NC) as dual- 
atom nanozymes (Fig. 1). Both experimental and theoretical 
investigations revealed that Fe2NC nanozymes exhibit higher 
oxidase and peroxidase-like activities than Fe1NC (single-atom 
Fe on nitrogen-doped porous carbon). Owing to the unique 
peroxo-like O2 adsorption configuration, Fe2NC nanozymes 
could lengthen the distance of O–O bonding, accelerating the 
O–O cleavage and thus achieving the improvement of enzyme- 
like activities, which provide guidance in the design of high- 
efficient nanozymes. Finally, a colorimetric biosensor was 
established for the detection of S2– in tap water based on the 
inhibition of Fe–N active sites. 

2 Results and discussion 
To accurately design the Fe2NC nanozymes, the Fe2(CO)9 
compounds with well-defined Fe2 dimers as active centers 
were in situ encapsulated in zeolitic imidazolate framework 
(ZIF-8) to form Fe2(CO)9@ZIF-8 complex. After that, the 
Fe2(CO)9@ZIF-8 complex was calcined at 800 °C under the 
argon atmosphere. Accordingly, ZIF-8 was carbonized to form 
porous nitrogen-doped carbon, and Fe2(CO)9 in the cage of 
ZIF-8 was transformed into Fe2 dimers anchored by nitrogen 
on the porous carbon, resulting in the formation of Fe2NC 
nanozymes with atomically dispersed Fe2 dimers [41]. Similarly, 
the Fe1NC was also prepared by using iron acetylacetonate as 
precursors. All these samples possess dodecahedron features 
and are similar to ZIF-8-derived porous carbon (Figs. 2(a) and 
2(d), and Fig. S4 in the ESM). Furthermore, the Fe2 dimers 
interspersed in the support are directly observed from the 
image of the aberration-corrected high-angle annular dark-field 
scanning transmission electron microscopy (AC-HADDF-STEM, 
Fig. 2(e)). Similarly, single-atom Fe could be observed in their 

 
Figure 1 Peroxo-like O2 adsorption configuration of cytochrome c oxidase 
and Fe2NC nanozyme. 

supports (Fig. 2(b)). Previously, the local structural information 
of FexNC has been systematically investigated by the X-ray 
absorption fine structure spectra and corresponding theoretical 
calculations [41]. Fe1NC had the single site Fe with four 
coordinated nitrogen atoms as active sites. The coordination 
numbers Fe-Fe bonding in Fe2NC are 1.2. The active sites of 
Fe2NC are atomically dispersed Fe2N6 species, and each Fe atom 
is bonded with three nitrogen atoms and one Fe atom. The fine 
structure information of FexNC is displayed in Figs. 2(c) and 
2(f). Accordingly, these nanozymes with well-defined active sites 
are the ideal models to investigate their enzyme-like activities 
to fill the gap between the nanoparticles and SACs. 

In nature, oxidase can accelerate the O–O cleavage and 
achieve the reduction of O2. We comprehensively investigated 
the CcO, NADH oxidase (NOX), and ascorbic acid oxidase 
(AAOX) activities of FexNC (x = 1, 2) nanozymes, respectively, 
to evaluate their O2 activation ability through UV–vis 
spectroscopy. Natural CcO can catalyze O2 to oxidize ferrous 
cytochrome C (Cyt c) to produce ferric Cyt c through a direct 
4e– electron transfer process, resulting in the blue-shift of the 
absorption peak at around 410 nm and the decline of signal 
intensity at around 550 nm [42]. As displayed in Fig. 3(a), the 
experimental results demonstrate that Fe2NC nanozymes can 
oxidize ferric Cyt c while Fe1NC nanozymes have almost no 
CcO activity, indicating that dual-site Fe atoms in Fe2NC 
nanozymes can efficiently activate O2 and accelerate the electron 
transfer. The NOX activities of FexNC nanozymes were also 
investigated. In detail, NOX can oxidize NADH to NAD+, 
resulting in the decline of a characteristic peak at around  
340 nm. As shown in Fig 3(b), Fe2NC nanozymes exhibit 
higher NOX-like activities than Fe1NC nanozymes, consisting 
well with the CcO-like activity of FexNC nanozymes. In nature, 
NOX can be divided into NOX (I) and NOX (II). NOX (I) can 
catalyze NADH to NAD+ by O2 to produce H2O2 while NOX 
(II) can catalyze NADH to NAD+ by O2 to produce H2O through 
a direct 4e– process [43, 44]. We further investigated the 
intermediate products in enzyme-like catalytic reactions of 
FexNC nanozymes. As displayed in Fig. S5(a) in the ESM, the 
additional H2O2 is detected by using horseradish peroxidase 
(HRP) and tetramethylbenzidine (TMB) as probes [45]. The 
generation of H2O2 is not observed in NOX-like catalytic 
processes, demonstrating that FexNC nanozymes can mimic 
the activity of NOX (II). 

We next investigated the AAOX-like activities of FexNC 
nanozymes. Ascorbic acid (AA) could be oxidized by AAOX 
to produce dehydroascorbic acid in the presence of O2, leading  
to the decline of signal intensity at around 265 nm (Fig. 3(c), 

 
Figure 2 TEM images of FexNC nanozymes: (a) Fe1NC; (d) Fe2NC. 
AC-HADDF-STEM images of FexNC nanozymes: (b) Fe1NC; (e) Fe2NC. 
(c) and (f) active sites of FexNC nanozymes. 
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pink line). It is found that Fe2NC nanozymes possess higher 
AAOX-like activities than Fe1NC nanozymes, further confirming 
that the O2 molecules are more easily activated on dual-Fe 
sites in Fe2NC nanozymes (Fig. 3(c)). As displayed in Fig. 3(d), 
the additional H2O2 is detected by using HRP and TMB as 
probes. Like natural AAOX, almost no H2O2 is detected in the 
enzyme-like reaction of FexNC nanozymes, indicating that 
FexNC nanozymes can direct catalyze AA and O2 to produce 
dehydroascorbic acid and H2O through a direct 4e– path. To 
quantitatively evaluate the AAOX-like activities of FexNC 
nanozymes, we established a calibration curve based on the 
enzyme activity of the natural AAOX (Fig. S5(b) in the ESM). 
Accordingly, the enzyme activity of Fe2NC nanozymes is  
18.9 U/mg, which is 23.33 times higher than that of Fe1NC 
nanozymes (0.81 U/mg). Although the enzyme activity of Fe2NC 
nanozymes still lags far behind that of natural AAOX (400 U/mg), 
FexNC nanozymes exhibit higher tolerance at high temperatures 
and strong acid/basic conditions (Figs. 3(e) and 3(f)).  

NADH peroxidases and AA peroxidases are the typical 
metalloproteases, which can accelerate the oxidation of NADH 
and AA in the presence of H2O2. As expected, Fe2NC nanozymes 
possess higher NADH peroxidases-like and AA peroxidases-like 
activities than Fe1NC nanozymes, indicating that H2O2 molecules 
are more easily activated on dual-Fe sites in Fe2NC nanozymes 
(Figs. S6(a) and S6(b) in the ESM). Furthermore, the 
peroxidase-like activities of FexNC nanozymes were quantitatively 
evaluated by the Michaelis-Menten kinetics in the colorimetric 
reactions. The Vmax of Fe2NC nanozymes (7.27  10–7 M/s) 
towards H2O2 is about 4.17 times higher than that of Fe1NC 
nanozymes (Fig. S6(c) in the ESM). As for TMB, the Vmax of 
Fe2NC nanozymes (6.61  10–7 M/s) towards H2O2 is about 3.37 
times higher than that of Fe1NC nanozymes (Fig. S6(d) and 
Table S1 in the ESM). The excellent enzyme-like activities 
indicate that Fe2NC nanozymes are more easily activate O2 and 
H2O2 than Fe1NC nanozymes, providing great opportunities 
to accurately tune metal active sites for boosting nanozyme 
activities. 

The theoretical investigations were performed to reveal the 
catalytic nature of FexNC nanozymes at the atomic scale. Previous 
work has confirmed that FexNC nanozymes have comparable 
Fe loading (Fe1NC: 0.35 wt.%; Fe2NC: 0.38 wt.%) and specific 
surface area, demonstrating that the changes of enzyme-like 

activities are closely associated with the coordination environments 
of active sites [41]. As expected, the structural information of 
FexNC nanozymes had been testified by the X-ray absorption 
fine structure spectra and corresponding theoretical calculations, 
which are beneficial for the establishment of theoretical models. 
There are two O2 adsorption configurations including superoxo- 
and peroxo-like features are taken place on the surface of 
nanozymes. Previous works have proved that the O2 adsorption 
configuration at the single Fe sites at Fe1NC single-atom 
nanozymes is the superoxo-like structure [46]. Besides, some 
theoretical calculations have revealed that the peroxo-like O2 
adsorption configuration at the dual Fe sites can accelerate the 
O–O bonding cleavage, which could be attributed to the fact 
that more electrons are donated into the empty orbitals of O2 
toward better activation [41]. Based on the experimental results, 
almost no H2O2 was detected in the oxidase-like catalytic 
reactions. We concluded that the oxidation of Cyt c, NADH, 
and AA follows a four-electron transfer path. As shown in 
Fig. 4(a), we first established the O2 molecule adsorption model 
toward FexNC nanozymes. A superoxo-like adsorbed oxygen 
configuration was observed on Fe1NC with an O–O bond 
length of 1.25 Å. As a comparison, O2 on Fe2NC tends to form 
a peroxo-like configuration with a larger O–O bond length of 
1.45 Å, indicating that the peroxo-like configuration on Fe2NC 
with the significantly extended distance of O–O bond can 
accelerate the O–O cleavage. To explore the origin of the 
enhanced enzyme-like activity, the differential charge density 
was performed to reveal the electronic structure of the active 
site. As can be seen in Fig. 4(b), the local electrons around the 
Fe1NC and Fe2NC active sites are all reduced, showing an 
oxidation state of Fe. The Bader charge of Fe (qFe) was calculated 
to reveal charge changes at the active site quantitatively. The 
Bader charge of Fe1NC is 1.07, which is higher than that of 
Fe2NC (q = 0.81). Obviously, the oxidation state of Fe decreases 
as the number of Fe atoms increases, where Fe2NC shows the 
lowest oxidation state. Therefore, a lower oxidation state of  
Fe will result in a more effective activation of O2. Furthermore, 
the project electronic density of states (PDOS) of oxygen 
adsorption state was calculated on the obtained FexNC nanozymes 
(Fig. 4(c)). Meanwhile, the d-band centers of Fe and the p-band 
centers of O for each sample were also provided. The difference 
between the 3d band center of Fe and the 2p band center of O 

 
Figure 3 Oxidase activity comparison between Fe1NC and Fe2NC nanozymes. (a) UV–vis spectra of Cyt c solution in the presence of Fe1NC and Fe2NC 
nanozymes. (b) UV–vis spectra of NADH solution in the presence of Fe1NC and Fe2NC nanozymes. (c) UV–vis spectra of AA solution in the presence 
of Fe1NC, Fe2NC nanozymes and AAOX (test temperature = 25 °C). (d) UV–vis spectra of supernatant of AA-FexNC nanozymes systems in HRP-TMB 
solution. Effects of temperature (e) and pH (f) for FexNC nanozymes and AAOX. 
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in Fe2NC is smaller than that in Fe1NC, indicating that the 3d 
orbital of Fe and the 2p orbital of O overlap widely at Fe2NC 
active site, which is responsible for the strong adsorption of O2.  

The energy profile of oxygen reduction process is then 
calculated on Fe1NC and Fe2NC respectively (Fig. 4(d)). The 
oxygen reduction pathway was first simulated on the Fe1NC 
sample via the adsorption evolution mechanism (AEM), where 
the intermediates evolved into OOH*, O*, and OH* in sequence 
after the adsorption of O2 (left part of Fig. 4(e)). Notably, for 
the Fe2NC site, adsorbed O2 tends to dissociate directly rather 
than generate the OOH* species. Thereby, the oxygen reduction 
path on Fe2 follows the proposed oxygen dissociation mechanism 
(ODM), where the intermediates evolved into O*, OH* and 
H2O* in sequence after the adsorption of O2 (right part of  
Fig. 4(e)). Obviously, the oxygen reduction intermediates can 
be more thermodynamically stable via ODM on the Fe2 site, 
compared to that via AEM on Fe1NC (Fig. 4(d)). Moreover, 
the oxygen reduction path via ODM was also calculated on 
the Fe1NC site. The insurmountable O2 dissociation energy 
(0.96 eV) indicates that the oxygen reduction path on the Fe1NC 
site does not tend to follow the ODM. Therefore, due to the 
lower oxidation state of Fe2NC site and the strong adsorption 
of O2, the mechanism on Fe2 is converted to ODM rather than 
AEM, which is more conducive to the oxygen reduction process 
and results in superior catalytic performance. Additionally, the 
process of H2O2 reduction was also investigated on Fe1NC and 
Fe2NC nanozymes (Figs. S7–S9 in the ESM). The calculated 
cracking energy of H2O2 on Fe2NC (–5.48 eV) is larger than that 

on Fe1NC (–2.01 eV), indicating the H2O2 can be effectively 
activated at the Fe2NC active site. 

Nanozymes as the efficient biosensing platforms have been 
widely investigated for the detection of small molecules (such 
as metal ions, glucose, and so on) [47, 48], cancer biomarkers 
[49], pathogens [50] and viruses [51], exhibiting satisfactory 
sensitivity and selectivity. In this work, as a concept application, 
we developed a colorimetric biosensor for the detection of 
S2– in tap water based on the enzyme-like activities of Fe2NC 
nanozymes. S2– is the byproduct of petrochemical, leather, and 
food processing industries, being extensively released into the 
environment and thus resulting in environmental pollution 
[52, 53]. Also, the abnormal level of the S2– derivative H2S in vivo 
is closely associated with some diseases, such as Alzheimer’s, 
Down’s syndrome, and diabetes [54, 55]. Hence, sensitive 
and selective detection of S2– plays a crucial role in the fields 
of environmental protection and human health. Herein, the 
proposed Fe2NC nanozymes with enzyme-like activities were 
used to sensitively detect S2– in tap water. The detection principle 
is displayed in Fig. 5(a). TMB as the chromophoric molecules 
could be oxidized by H2O2/O2 with the help of Fe2NC 
nanozymes as catalysts, generating a sharp blue peak at 652 nm. 
The S2– could inhibit the enzyme-like activities of Fe2NC 
nanozymes, causing the color decrease in absorbance. Some 
experimental conditions, such as nanozymes concentrations 
and incubation times, were optimized to amplify the sensitivity 
(Fig. S10 in the ESM). As expected, following the increment  
of S2– concentrations from 1–800 μM, the absorbance values at  

 
Figure 4 (a) Adsorption structure of O2 at Fe1NC and Fe2NC nanozymes. (b) The charge density difference between Fe1NC and Fe2NC. Yellow (blue) 
isosurfaces denote an increase (decrease) of 0.02 e/Å–3 for electronic density. (c) The PDOS of oxygen adsorption state for Fe1NC and Fe2NC. The Fermi 
level is shown as the dash line. The d-band centers of Fe and the p-band centers of O are marked as solid lines for each sample. (d) Free energy diagram of 
oxygen reduction process on Fe1NC and Fe2NC via adsorption evolution mechanism (AEM) and oxygen dissociation mechanism (ODM). (e) The
schematic diagram of oxygen reduction pathways following AEM (left) and ODM (right). 
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Figure 5 (a) Detection principle toward S2– based on the enzyme-like 
activity of Fe2NC nanozymes. (b) Absorbance spectra of the proposed 
colorimetric biosensor with different concentrations of S2–. A calibration 
curve (c) and specificity (d) of the proposed colorimetric biosensor. 

652 nm of oxTMB are gradually decreased (Fig. 5(b)). Accordingly, 
the calibration curve of color change (A0 – A/A0), responding 
to the logarithmic S2– concentrations is established (Fig 5(c)). 
The limit of detection for S2– is calculated as to be 0.61 μM. 
Also, the resultant colorimetric biosensor exhibits satisfactory 
selectivities in some anion and cation solutions (Fig. 5(d)). 
Furthermore, the standard addition recovery was used to evaluate 
the practical feasibility of this detection method. First, no S2– is 
detected in the tap water. Then, the recoveries in Table S2 in 
the ESM are in the range of 94.21%–100.31%, demonstrating 
that this colorimetric biosensor has the potential for practical 
application. 

3 Conclusions 
To sum up, we found that Fe2NC nanozymes with atomically 
dispersed Fe2N6 species as active sites could accelerate the 
O–O cleavage and thus achieve the enhanced oxidase-like and 
peroxidase-like activities. Theoretical investigations demonstrated 
that O2 molecules are more likely to bind with Fe2NC nanozymes 
through a peroxo-like O2 adsorption configuration, which is 
similar to the natural heme-copper oxidase with the binuclear 
active sites. It is the first attempt that Fe2NC dual-atom 
nanozymes exhibit higher enzyme-like activities than Fe1NC 
single-atom nanozymes, which provides a theoretical basis for 
designing high-performance nanzymes. As a concept application, 
the Fe2NC nanozymes were used to sensitively and selectively 
detect S2– in tap water, exhibiting satisfactory feasibility in 
practical samples. 
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