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Abstract: We present a facile route towards a dual
single-atom nanozyme composed of Zn and Mo, which
utilizes the non-covalent nano-assembly of polyoxome-
talates, supramolecular coordination complexes as the
metal-atom precursor, and a macroscopic amphiphilic
aerogel as the supporting substrate. The dual single-
atoms of Zn and Mo have a high content (1.5 and 7.3 wt
%, respectively) and exhibit a synergistic effect and a
peroxidase-like activity. The Zn/Mo site was identified
as the main active center by X-ray absorption fine
structure spectroscopy and density functional theory
calculation. The detection of versatile analytes, including
intracellular H2O2, glucose in serum, cholesterol, and
ascorbic acid in commercial beverages was achieved.
The nanozyme has an outstanding stability and main-
tained its performance after one year’s storage. This
study develops a new peroxidase-like nanozyme and
provides a robust synthetic strategy for single-atom
catalysts by utilizing an aerogel as a facile substrate that
is capable of stabilizing various metal atoms.

Introduction

Metal catalysts supported on a substrate exhibiting high
catalytic efficiency have been widely employed in industry,[1]

but mainly in cases where the active center only occupies a
very limited portion of the total metal atoms.[2] As a “rising
star” in catalysis, single-atom catalysts (SACs) have drawn

substantial attention in heterogeneous catalysis research
because of the superiority in maximized atomic utilization
and unsaturated coordination.[3] To date, various synthetic
approaches for SACs have been demonstrated, under which
numerous SACs have been successfully produced. Previous
examples confirm that the catalytic performance of a SAC is
strongly dependent on the coordination circumstances,[4] an
intimate interaction between metal atoms and the support,[5]

and the loading amount of the metal atoms.[6] Increase of
the metal loading while conserving the dispersal status of
the metal atoms is a recognized strategy to improve the
performance. However, the atomically dispersed metals
have a sharp increase in their surface free energy, resulting
in the extreme ease of site aggregation into particle size with
attenuated activity.[2] In spite of the efforts devoted to the
fabrication of SACs, like the defect construction on metal
hydroxide/oxide supports,[7] nanospace confinement,[8] and
employment of strengthened interactions between metal
atoms and coordinating heteroatoms,[9] these strategies still
have their own demerits. For example, the pyrolysis treat-
ment of metal organic frameworks (MOFs) often causes
structural collapse of MOFs and leads to shrunken volume,
which is not favorable to single dispersion of metal atoms.[10]

Sometimes, an acid etching process is required to remove
the non-single metallic species, which would impair the
loading amount of the single atoms.[11] Moreover, the
stabilizing sites on the substrate are usually required to be
carefully engineered, and in most conditions the nanoscale
size of the substrates also limits the loading amount of the
metal atoms. These features explain the reason why current
SACs exhibit low atom loading (<2 wt%). Taking the
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dimension of the substrate into account, we consider that
the utilization of a substrate with macroscopic dimension
may be a way to practically increase the loading amount of
the metal atoms, preferably with the capacity to stabilize
various metal atoms simultaneously.

Heteroatoms (O, N, or S, etc.) have been confirmed to
have the ability to stabilize the single-atom species.[9] Hence,
a macroscope aerogel with an abundance of heteroatoms on
the surface may be an ideal candidate. Benefitting from the
richness in hydroxyl groups (-OH), the aerogel product
based on poly(vinyl alcohol) (PVA) has an abundance of
oxygen-containing groups (ester, epoxy, and hydroxyl
groups, etc.) on the surface.[12] PVA is accessible through a
straightforward synthesis route and the raw materials are
low-cost and widely available. Moreover, the self-assembling
process of the PVA chain under hydrothermal conditions
allows for easy tuning of the pore size of the aerogel. The
surface groups together with the tunable pore size can
provide the complexation sites as well as the spatial confine-
ment effect for metal atoms. As a three-dimensional macro-
scope substrate, such an aerogel is expected to work as a
novel stabilizing support for SACs. It has been previously
reported that dual single atoms exhibit a synergistic effect in
catalysis,[13] hence, to verify the feasibility and flexibility of
the aerogel in stabilizing different metal atoms, a precursor
with two distinct metals is a preferred choice.

Polyoxometalates (POMs), composed of metal oxide
clusters, are a class of nanoscaled molecular metal oxides
with redox activity.[14] POMs are always connected with
other materials through covalent or non-covalent interac-
tions to achieve certain functionalities, such as tailoring
electrochemical properties, for example.[15] Amongst them,
electrostatic interactions provide a vast platform for the
combination of the negatively charged POMs with diverse
cationic species.[16] Discrete supramolecular frameworks
consisting of explicit coordination sites as the constitutional
units, possess rigorous structures and precise positive

charges. Previous research has indicated that in such
inorganic–organic arrangements with different structural
features, thermal and electrochemistry properties can be
induced.[17] There are many reports on non-covalent assem-
bly of such anions and cations, which have resulted in
materials with desirable properties.[18] Hence, we conceived
the idea of utilizing the non-covalent assembly of
supramolecular coordination complexes (SCCs) and POMs
to guide the synthesis of SACs in a controlled manner,
preferably yielding dual single-atoms with a synergistic
effect assisted by the intimate relationship between the
SCCs and POMs.

Herein, we employed the nano assembly of SCCs and
POMs (NSPs) as the metal precursor, the amphiphilic PVA
aerogel as the substrate to synthesize the dual single-atom
catalyst (DSAC). The formation of NSPs relies on the
electrostatic interactions between the metallotriangle
[Zn3L3][PF6]6 (L: ligand; structure is shown in Figure S1, in
the Supporting Information) (possessing six positive
charges) and Lindquist-type POM [TBA]2[Mo6O19] (TBA:
tetrabutylammonium) (possessing two negative charges),[19]

which were utilized as the Zn and Mo precursors, respec-
tively. Both species are soluble in acetonitrile and the
combination of both results in a yellow precipitate that is
insoluble in most common solvents. The pre-synthesized
amphiphilic aerogel was soaked with the acetonitrile
solution of [Zn3L3][PF6]6 and [TBA]2[Mo6O19], respectively,
followed by a pyrolysis process at 800 °C in a N2 atmosphere.
The resulting product of a Zn/Mo dual single-atom catalyst
supported on the macroscope aerogel (Zn/Mo DSAC-SMA)
was obtained without post-treatment, thus avoiding the acid
etching procedure that may decrease the loading amount of
the metal atoms. The Zn/Mo DSAC-SMA was found to
have remarkable peroxidase (POD)-like activity, and was
applied in glucose detection in serum, ascorbic acid (AA)
detection in beverage, cholesterol determination, and intra-
cellular H2O2 detection (Scheme 1).

Scheme 1. a) Schematic illustration of the fabrication process of the confined Zn/Mo dual single-atom nanozyme loaded on PVA-based aerogel;
b) Versatile applications in intracellular H2O2 detection, glucose detection in serum, cholesterol determination, and ascorbic acid in beverage
detection.
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Results and Discussion

The aerogel substrate is flexible in tuning of the pore size
and surface chemistry by altering the concentration of PVA
precursor and the dosage ratio between PVA and maleic
acid (MA).[12b,c] To equip the aerogel surface with an
abundance of oxygen-containing groups to accommodate
the single-atom sites, the MA dosage was determined to
make the total number of � COOH groups in the MA
molecule 50% of that of the � OH groups on the PVA chain,
in theory. The pristine aerogel (PA) possesses a continuous
porous structure as shown in Figure S2a,b in the Supporting
Information. In the absence of the aerogel, the combination
between [Zn3L3][PF6]6 and [TBA]2[Mo6O19] yields a prod-
uct with rod-like structure (Figure S3a, Supporting Informa-
tion). However, when [Zn3L3][PF6]6 and [TBA]2[Mo6O19]
infiltrate the aerogel successively, they interact with each
other and the NSPs were formed in situ, showing spheroidal
structures (Figure S3b, Supporting Information). This phe-
nomenon indicates the spatial confinement and complex-
ation effect provided by the aerogel. The pyrolyzed pristine
aerogel (PPA) can preserve its porous structure and three-
dimensional (3D) character without structural collapse (Fig-
ure S4, Supporting Information). Such a feature lays the
foundation of effective loading and increase in the loading
amount of metal single atoms. The NSPs-loaded aerogel was
transformed into the final product after the pyrolysis process

at 800 °C for 30 min. PA, PAA, NSPs-loaded aerogel, and
Zn/Mo DSAC-SMA were characterized by Fourier trans-
form infrared (FT-IR) spectroscopy (Figure 1a). For PA and
NSPs-loaded aerogel, the remarkable absorption band
around �2925 cm� 1 and �1706 cm� 1 can be assigned to
aliphatic � CH2�

[29] on the PVA chain and � COOH on
aerogel surface,[12b] respectively, which are not present for
PAA and Zn/Mo DSAC-SMA. The grey area in the spectral
region indicates the existence of aromatic C=C stretching[30]

in the three samples except PA. For PAA and Zn/Mo
DSAC-SMA, this results from the pyrolysis process, and for
the NSPs-loaded aerogel, it comes from the NSPs encapsu-
lated in the aerogel matrix. The characteristic bands for
PF6

� [31] and Mo� O stretching[32] can be easily identified for
the NSPs-loaded aerogel, of which the former bands almost
disappear in Zn/Mo DSAC-SMA, and the latter bands are
weakened, suggesting the presence of a Mo� O bond in the
Zn/Mo DSAC-SMA product. Notably, the faint absorption
band at 560–660 cm� 1 suggests the existence, but small
quantity, of an Mo� N moiety.[33] Aberration-corrected high-
angle annular darkfield scanning transmission electron
microscopy (HAADF STEM) was utilized to investigate the
local distribution of Zn and Mo atoms. Figure 1b is the high-
magnification STEM image of the red square region in
Figure 1d, which shows a dense distribution of the single
atoms, whereas Figure 1c presents a sparse scene. Although
it is hard to differentiate Zn and Mo atoms owing to their

Figure 1. a) FT-IR spectra for PA, PAA, NSPs-loaded aerogel, and Zn/Mo DSAC-SMA; b, c) STEM images of Zn/Mo DSAC-SMA. The white circles
highlight single Zn or Mo atoms, and the white squares indicate clusters; b) is the high-magnification STEM image of the red square region in (d).
d–i) Elemental mapping of Zn/Mo DSAC-SMA by energy-dispersive X-ray spectroscopy.
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close atomic numbers, Mo atoms are brighter than Zn atoms
and the single-dispersed atoms are distinctly recognized with
merely a small number of clusters noticed (indicated by the
white squares in Figure 1b,c). Elemental mapping confirms
the homogeneous distribution of Zn, Mo, O, and N over the
aerogel surface (Figure 1d–i). Simultaneously, these results
indicate that the loading amount of Zn is lower than that of
Mo. The ICP-atomic emission spectroscopy (ICP-AES)
measurement verified this finding, showing the metal
loadings of Zn and Mo as 1.5 and 7.3 wt%, respectively. In
terms of metal loading, our material is superior to most
previous reports on Zn- or Mo-based single-atom materials
(Table 1). Such a delightful feature originates from the
competence of the aerogel as the supporting substrate for
single metal atoms. The self-equipped oxygen-containing
groups as well as the continuous pores can provide the
coordination sites for the atoms, avoiding the acid etching
procedure that may violate high metal loading. The firm
aerogel skeleton maintains a three-dimensional feature with-
out structural collapse after pyrolysis at high temperature
and has a surface area of 203.3 m2g� 1 according to the
Brunauer–Emmett–Teller (BET) test. Compared with pre-
vious efforts in improving the atom loading, such as the
versatile multilayer stabilization approach,[34] our system
provides a more straightforward and cost-effective route to
reach this goal.

We utilized X-ray absorption fine structure (EXAFS)
spectroscopy to acquire the coordination chemistry of the
samples. According to the EXAFS spectra from the K-edge
of Mo and Zn, information about the coordination environ-
ment of the central Mo/Zn atoms can be acquired. As shown
in Figure 2a,b and Table S1, the structures of Zn� N5.6,
Mo� N2.9, Mo� O2.3, and Mo� Zn0.54 correspond to an ad-
equate fitting. These results indicate that the Mo and Zn
atoms are atomically distributed on the aerogel substrate.
From the X-ray photoelectron spectroscopy (XPS), the
binding energies (BEs) of 235.2 and 232.1 eV in the high-
resolution Mo 3d spectrum can be assigned to MoVI 3d3/2 and
Mo 3d5/2, respectively (Figure 2c).[35] The peaks at 1044.9 and
1021.8 eV correspond to Zn 2p1/2 and Zn 2p3/2

[36] (Figure 2d).

The slightly lower BE than the standard one for ZnO
(1022 eV)[37] may indicate the existence of some Zn� N
bonds in Zn/Mo DSAC-SMA. Such a decrease in BE is
ascribed to the decrease in ionicity, and for Zn� N, the
ionicity is weaker than that for Zn� O according to the
Pauling theory.[23,37,38] The O 1s spectrum deconvoluted into
four individual peaks at 534.3, 533.4, 532.1 and 530.6 eV can
be correlated to the Zn� O bond,[20] C� O� C/C=O[39] and
Mo� O bond,[24,40] respectively (Figure 2e). In the deconvo-
luted spectrum of nitrogen, three peaks at 398.3, 400.6 and
402.8 eV are responsible for pyridinic-N, pyrrolic-N, and
graphitic-N[41] (Figure 2f). Previous studies have concluded
that pyridinic-N and pyrrolic-N are capable of stabilizing
atomically dispersed Zn[23] or Mo[28] metals. Such results
reveal the talent of NSPs as a precursor of SACs by virtue
of intrinsic possession of the ability to stabilize metal single
atoms.

The POD-like activity of Zn/Mo DSAC-SMA was
systematically investigated by monitoring the ultraviolet-
visible (UV/Vis) absorbance at 652 nm for the oxidation
form of 3,3’,5,5’-tetramethylbenzidine (TMB) substrates
(oxTMB) in the presence of H2O2 (Figure 3a, black curve).
In contrast, the negligible absorbance of the solution
containing only Zn/Mo DSAC-SMA and TMB excludes the
oxidase (OXD)-like activity of Zn/Mo DSAC-SMA (Fig-
ure 3a, red curve). The catalytic activity of free-standing
NSPs was also compared and neither POD-like nor OXD-
like activity was found, suggesting the negligible activity of

Table 1: Comparison of the Zn or Mo single-atom content between
previous studies and our work.

Materials Single-atom content [wt%][a] References
Zn Mo

Zn-TpPa 0.5 N.A. [20]
0.2Zn1-Sn1/CuO 0.2 N.A. [21]
ZnNx/C 0.1 N.A. [22]
ZnNx/BP 1 N.A. [23]
Mo-NP/AC N.A. 3.72 [24]
Mo� SAs N.A. 1.32 [25]
Mo� O/N� C N.A. 0.4 [26]
Co� Mo� S N.A. 0.3 [27]
MoSA� N3� C N.A. 0.83 [28]
W1Mo1� NG N.A. 2.55 [13b]
Ir1Mo1/TiO2 N.A. 0.06 [13a]
Zn/Mo DSAC-SMA 1.5 7.3 This work

[a] N.A.=not available.

Figure 2. The fitting curves of the EXAFS spectra in R-space for a) Mo
and b) Zn, and the XPS spectra of Zn/Mo DSAC-SMA c) Mo 3d, d) Zn
2p, e) O 1s and f) N 1s.
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NPSs before pyrolysis (Figure 3a, green and blue curves).
Considering that the specific conditions of the pyrolysis
process, and the content of the metal atoms are both
decisive factors for the catalytic performance, we tried
altering the pyrolysis temperature and time, as well as the
loading amount of NSPs to seek the optimal activity. It can
be concluded that a pyrolysis temperature of 800 °C with a
time of 30 min can create the product with best performance
(Figure S5, Supporting Information). An excessively high or
low loading amount of NSPs would lead to a deterioration
in activity. As indicated by the previous report, the
monotypic single atom of Zn or Mo was found to have
POD-like activity.[28,42] In our research, [Zn3L3][PF6]6 and
[TBA]2[Mo6O19] was solely used to infiltrate the aerogel
prior to the pyrolysis to fabricate monotypic single atoms of
Zn and Mo, named Zn SAC and Mo SAC, respectively. In
order to demonstrate the synergic effect between Zn and
Mo atoms, we compared the catalytic performance of Zn
SAC, Mo SAC, and their simple mixture. As revealed by
Figure S6 in the Supporting Information, the monotypic Zn-
and Mo-based SACs are also active as POD mimics, but the
performances are only �30% and �33% of Zn/Mo DSAC-
SMA. Such a result suggests the indispensable synergic
effect between Zn and Mo in this work.

The POD-like activity of Zn/Mo DSAC-SMA is also
concentration, pH, and temperature dependent (Figure S7,
Supporting Information), as with HRP. The kinetics of the
TMB oxidation process catalyzed by Zn/Mo DSAC-SMA
was studied by changing the concentration of TMB or H2O2

while the concentration of the other was sustained. The Km

and Vmax values were calculated and are listed in Table 2, in
which the kcat/Km values, which have been used to evaluate
the catalytic performance,[46] are also exhibited. The Zn/Mo
DSAC-SMA has higher kcat/Km values than those of the
nanozymes singly based on zinc or molybdenum elements.
Such a result also validates the synergistic effect of Zn and
Mo in enhancing the catalytic performance. The double
reciprocal plots for the reaction between TMB and H2O2

showed a set of linear and parallel lines when one
concentration was fixed and the other one was varied
(Figure S8, in Supporting Information), indicating a ping
pong type of mechanism. In terms of the catalytic mecha-
nism, we first investigated whether the reactive oxygen
species (ROS) is involved during the reaction. Hydro-
ethidine (HE) was used to detect the production of super-
oxide anions (O2

*� ). HE can be oxidized by O2
*� to form a

fluorescent compound with red fluorescence (Figure S9a,
Supporting Information, red curve). The fluorescence
decreased when Zn/Mo DSAC-SMA was introduced, in-
dicating the possible superoxide dismutase (SOD)-like
activity of Zn/Mo DSAC-SMA that can scavenge O2

*�

rather than produce it (Figure S9a, Supporting Information,
black curve). Electron spin resonance (ESR) technology was
utilized to detect short-lived free radicals. A 1:1:1 triplet
signal with g value of 2.030 was observed when 2,2,6,6-
tetramethyl-4-piperidone (TEMP) was present with Zn/Mo
DSAC-SMA and H2O2 (Figure S9b, Supporting Informa-

Figure 3. a) UV/Vis absorption spectra comparison for H2O2+TMB+Zn/Mo DSAC-SMA, TMB+Zn/Mo DSAC-SMA, H2O2+TMB+NSPs, TMB
+NSPs, H2O2+TMB, TMB, and H2O2; b) The H2O2-concentation dependence of the chromogenic reaction with the inset showing the linear
relationship in the range of 0–3 mM; c) Selectivity test for H2O2 detection.

Table 2: Comparison of the Km, Vmax, kcat/Km under different substrates between some previous studies and our work.

Materials H2O2 as substrate TMB as substrate kcat/Km References
Km

[mM]
Vmax

[10� 8 Ms� 1]
Km

[mM]
Vmax

[10� 8 Ms� 1]
H2O2

[s� 1M� 1]
TMB
[s� 1M� 1]

Zn/Mo DSAC-SMA 40.32 33.33 0.43 3.84 17.48 (Zn) 188.80 (Zn) This work
5.44 (Mo) 58.79 (Mo)

HRP 3.70 8.71 0.43 10.00 0.94 9.22 [43]
MoSA� N3� C nanozyme – 37 0.79 – 100 75.95 [28]
PMCS 40.16 12.15 0.224 10.66 – – [44]
Zn� N� C-800 0.14 3.31 2.13×10� 4 3.04 0.014 8.5 [45]
FeBNC – – – – 14.65 234.23 [46]
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tion), and suggests the formation of singlet oxygen (1O2)
species in the system.

Taking advantage of the remarkable POD-like activity,
the colorimetric detection of H2O2 has been realized. The
absorbance caused by the produced oxTMB gradually
increased with the increasing concentration of H2O2 (Fig-
ure 3b), with a linear relationship in the range of 0–3 mM,
from which a limit of detection (LOD) of 24.4 μM can be
acquired (Figure 3b, inset). Dopamine (dopa), ascorbic acid
(AA), citric acid (CA), glucose (glu), Mn2+, Zn2+, and Ca2+

were employed as some possible interference substances in
H2O2 detection, none of which interfered with the detection
(Figure 3c). The detection of H2O2 produced by Hela cells
was achieved by short-term stimulation of Hela cells with
phorbol-12-myristate-13-acetate (PMA). The generated
H2O2 was transformed by Zn/Mo DSAC-SMA into 1O2,
which can induce the formation of oxTMB. A cell number
of 105 produces a colorimetric response under PMA
stimulation. An absorbance value of 0.24 was obtained,
which can be utilized to calculate the average amount of
H2O2 released by a single cell to be 1.72×1011. This result is
consistent with those reported previously.[47]

To understand the catalytic mechanism and identify the
active center, density functional theory (DFT) calculations
were performed. The plausible reaction pathways for POD-
like nanozymes were proposed as shown in Figure 4a. In
both pathways, the hydroxyl-adsorbed structure is one of
the key intermediates and the � OO� adsorbate in the
pathway may yield the ESR signal of 1O2 in the presence of
TEMP, as observed experimentally. According to previous
theoretical studies, the adsorption energy of hydroxyl
(Eads,OH) could be a descriptor for the catalytic performance
of POD-like nanozymes.[48] The POD activity window
defined by Eads,OH was � 3.5 to � 1.6 eV and the optimal
value of Eads,OH was predicted to be � 2.6 eV. The DFT-
calculated Eads,OH suggests that the dual Zn/Mo site is better
than the other two single-atom sites, because its Eads,OH

(� 3.01 eV) is closer to the optimal value than the other two
(� 2.17 eV and � 3.44 eV for Zn SAC and Mo SAC,
respectively; Figure 4b–d). These results indicate that the
combination of Zn and Mo sites synergistically improved the

POD-like activity. Another possible explanation for the
synergetic effect in Zn/Mo DSAC-SMA is that H2O2

dissociation occurs easily on the Mo site owing to its strong
affinity to hydroxyl species. Then, the hydroxyl migrates to
the Zn site, which usually occurs with a small energy barrier.
Finally, it reacts with TMB to form H2O and oxTMB. The
Zn site has a weaker hydroxyl affinity, therefore, such a
reaction could be possible with a smaller barrier. As a result,
the overall POD-like activity was improved.

Based on the POD-like activity, we also demonstrated
the applicability of Zn/Mo DSAC-SMA in the detection of
glucose and cholesterol, with the aid of glucose oxidase
(GOx) and cholesterol oxidase (ChOx), respectively. Glu-
cose detection was accomplished following one- and two-
step strategies, whereas cholesterol detection was accom-
plished through a two-step method owing to the distinct
optimal pH environments for ChOx and Zn/Mo DSAC-
SMA. For glucose, the linear ranges from 0–1 mM and 0–
1.8 mM were obtained with LODs by one- and two-step
strategies of 21.4 μM and 15.6 μM, respectively (Fig-
ure 5a,b). The cholesterol detection exhibited a linear range
of 0–250 μM and a LOD of 7.44 μM (Figure 5c). The glucose
detection in diluted human serum (1% and 2%) has a high
recovery rate (Table 3), further suggesting the practicality in
real sample detection.

AA, an antioxidant that can scavenge free radicals, is
able to impede the chromogenic reactions triggered by a
nanozyme. When AA is pre-added into the Zn/Mo DSAC-
SMA/TMB/H2O2 mixture, the production of oxTMB will be
inhibited leading to rapid decrease in absorbance at 652 nm
(Figure 6a). The AA detection has a wide detection range
from 0.1–5000 μM with two linear ranges of 0.1–1000 μM
and 1000–5000 μM (Figure 6b,c) and a LOD of 0.76 μM.
Some potential interfering substances (including histidine,
glutamic acid, leucine, alanine, phenylalanine, tryptophan,
threonine, valine, cysteine, glucose, maltose, fructose, gly-
cine, saccharose, Na+, and K+) were employed to investigate
the selectivity in AA detection. Most of them posed no
interference towards the detection except cysteine (Fig-
ure 6d). Some commercial beverages that contain AA were
used as the real samples to manifest the competence of Zn/

Figure 4. a) Proposed reaction pathways for POD-like nanozymes. Computational models and optimized hydroxyl adsorption structures at the
b) Zn-SAC, c) Mo-SAC, and d) Zn/Mo DSAC-SMA active sites (top view and side view). The corresponding adsorption energy of hydroxyl (Eads,OH)
for each site is listed at the bottom.
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Mo DSAC-SMA in AA detection. To comfirm the depend-
ability of the standard curves, as well as the applicability of
Zn/Mo DSAC-SMA in real sample detection, the real
samples were prepared by diluting the beverages to a low
concentration and also with the extra addition of AA to a
high concentration, both of which exhibited a satisfactory
recovery rate (Table 4).

Another notable feature of Zn/Mo DSAC-SMA is the
super long-term stability, including both the structural
stability and the long-term durable performance for catal-
ysis. For the Zn/Mo DSAC-SMA sample that was extracted
by freeze-drying after being immersed in water for a time of
one year, the dense distribution of the single atoms can be
easily spotted (Figure S10, in Supporting Information). Such
an observation verifies the capacity of the aerogel substrate
in stabilizing the dual single atoms of Zn and Mo. The
durable catalytic performance was evidenced by both
catalyzing the reaction between TMB and H2O2 (Figure 7a)
and the detection of AA with concentrations of 0.01 mM
and 2 mM (Figure 7b), using the Zn/Mo DSAC-SMA newly
made, six months old, and one year old. No attenuation in
the performance was observed, indicating the excellent
stability of the material. Such a feature has rarely been
reported in the previous reports, demonstrating the great

Figure 5. The linear ranges for a) one- and b) two-step detection of glucose and c) detection of cholesterol.

Table 3: Glucose detection results in different concentrations of human serum.

Samples Added glucose
[mM]

Found [mM] Recovery rate [%]

1% human serum
(0.083 mM)

0 0.088�0.001 106.0
0.2 0.292�0.031 103.2
1 1.240�0.072 114.5

2% human serum
(0.166 mM)

0 0.191�0.007 115.1
0.2 0.392�0.019 107.1
1 1.250�0.002 107.2

Figure 6. a) The attenuation of the absorbance with the increasing
concentration of AA; linear ranges for AA detection: b) 0.1–1000 μM
and c) 1000–5000 μM; d) Selectivity test for AA detection.

Table 4: AA detection results in different commercial beverages.

Beverage 1 [%] Beverage 2 [%] Beverage 3 [%] Beverage 4 [%] Beverage 5 [%]

Recovery rate
(Diluted sample)

100.14 101.05 101.95 101.05 102.22

Recovery rate
(Standard addition)

97.48 98.29 98.47 99.06 97.90

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202116170 (7 of 10) © 2022 Wiley-VCH GmbH



feasibility of our synthetic strategy for the fabrication of
other single-atom-based catalysts with a long-lasting storage
stability.

Conclusion

In summary, we utilized the non-covalent nano-assembly of
POMs and SCCs as the metal precursors, and the 3D
macroscope amphiphilic aerogel as the supporting substrate
to prepare a Zn/Mo dual single-atom catalyst. The aerogel
has intrinsically oxygen-containing groups on the surface
that work as the complexing sites and has a tunable pore
size that provides a spatial confinement effect for metal
atoms. The singly dispersed metal atoms are readily
acquired after the pyrolysis process without either an acid
etching procedure or the structural collapse of the aerogel,
which promotes a high loading amount of the metal atoms
(Zn 1.5 wt%, Mo 7.3 wt%). The XAFS and DFT calcula-
tions jointly revealed that the Zn/Mo site is the main active
center and the synergistic effect between Zn and Mo atoms
leads to the superior activity of the Zn/Mo DSAC-SMA.
More impressive, the nanozyme possesses a super-long
stability so that the catalytic performance is maintained for
more than one year. The detection of versatile analytes
including intracellular H2O2, glucose in serum, cholesterol,
and the ascorbic acid in commercial beverages are realized.
Our report not only proposes a new-type of nanozyme as a
POD mimic with a super long-term stability, but also
provides a novel synthesis strategy for single-atom catalysts
by making full use of the unique architecture of POMs and
SCCs to facilitate the formation of metal single atoms and
the peculiar surface state of polymer-based aerogels to
stabilize the metal atoms. The conceptual synthesis ap-
proach is also expected to provide the possibility to stabilize
other categories of metal atoms and extend the design
strategy for nanozymes and other single-atom catalysts.
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