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ABSTRACT: Although great progress has been made in artificial enzyme
engineering, their catalytic performance is far from satisfactory as alternatives of
natural enzymes. Here, we report a novel and efficient strategy to access high-
performance nanozymes via direct atomization of platinum nanoparticles (Pt NPs)
into single atoms by reversing the thermal sintering process. Atomization of Pt NPs
into single atoms makes metal catalytic sites fully exposed and results in engineerable
structural and electronic properties, thereby leading to dramatically enhanced
enzymatic performance. As expected, the as-prepared thermally stable Pt single-atom
nanozyme (PtTS-SAzyme) exhibited remarkable peroxidase-like catalytic activity and
kinetics, far exceeding the Pt nanoparticle nanozyme. The following density
functional theory calculations revealed that the engineered P and S atoms not only
promote the atomization process from Pt NPs into PtTS-SAzyme but also endow
single-atom Pt catalytic sites with a unique electronic structure owing to the electron
donation of P atoms, as well as the electron acceptance of N and S atoms, which simultaneously contribute to the substantial
enhancement of the enzyme-like catalytic performance of PtTS-SAzyme. This work demonstrates that thermal atomization of the
metal nanoparticle-based nanozymes into single-atom nanozymes is an effective strategy for engineering high-performance
nanozymes, which opens up a new way to rationally design and optimize artificial enzymes to mimic natural enzymes.

1. INTRODUCTION

Nanozymes are generally defined as nanomaterials with
intrinsic enzyme-like properties that have attracted significant
interest owing to their capability to address the limitations of
traditional enzymes such as high costs in preparation, easy
denaturation, and limited practical applications.1−3 Although
great progress has been made in nanozyme engineering, the
activities of these nanozymes are much lower than those of
natural enzymes.4,5 In recent years, with the rapid development
of nanoscience and nanotechnology, the emerging single-atom
catalysts (SACs) featuring isolated metal atoms as active
centers have exhibited excellent performance for a wide variety
of catalytic reactions.6−13 Very recently, by mimicking the
highly evolved catalytic center of natural enzymes, SACs with
well-defined electronic and geometric structures have shown
promise to serve as direct surrogates of traditional
enzymes.14−17 However, common approaches to the prepara-
tion of these single-atom nanozymes (SAzymes) often lack
appropriate interactions between the metal active atoms and
supports, resulting in the instability and leaching of active
species.18−20 In particular, due to the high specific surface free
energy, single metal atoms have a strong tendency to migrate
and aggregate into particles, known as sintering, which leads to
the decline and even deactivation of the catalytic performance
of SAzymes.21−23 If we can reverse the sintering process to

convert nanoparticles into single atoms via thermal atom-
ization at high temperature, it will allow the formation of
thermally stable single-atom materials with single-atom active
species anchored at thermodynamically stable sites, which will
improve the stability and prevent aggregation and leaching of
single-atom active species.24−29 Additionally, the transforma-
tion from nanoparticle-based nanozymes into SAzymes can
make metal species fully exposed and enhance the accessibility
of active sites,30−33 which is beneficial for the enhancement of
enzymatic performance.34,35 Therefore, converting nanopar-
ticle-based nanozymes into SAzymes to access stable and active
SAzymes is highly desired for engineering high-performance
artificial enzymes.
In this work, we achieve for the first time the direct

transformation of platinum nanoparticles (Pt NPs) into single
atoms to synthesize a thermally stable Pt single-atom
nanozyme (PtTS-SAzyme) via reversing the sintering process.
The thermal atomization of Pt NPs into single atoms results in
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an engineerable atomic and electronic structure with a unique
Pt1-N3PS active moiety, which endows PtTS-SAzyme with
remarkable enhancement in peroxidase-like catalytic activity
and kinetics. Therefore, direct thermal transformation of metal
nanoparticle-based nanozymes into SAzymes is a novel and
effective strategy for engineering high-performance nanozymes
and provides a stable and practical model for nanozyme study.

2. RESULTS AND DISCUSSION
The schematic preparation process of PtTS-SAzyme via
reversing the sintering to transform Pt NPs into Pt single
atoms is displayed in Figure 1a. The Pt NPs with uniform sizes

were prepared (Figure S1) and then supported on the surface
of zeolitic imidazolate frameworks (ZIF-8),36,37 followed by
the coating of a poly(cyclotriphospazene-co-4,4′-sulfonyldiphe-
nol) (PZS) layer to give the ZIF-8/Pt NPs@PZS sandwich
structure. As shown in Figure 1b, the transmission electron
microscopy (TEM) image of ZIF-8/Pt NPs@PZS displays that
Pt NPs are confined in the interlayer of ZIF-8 and PZS, as
further confirmed by high-angle annular dark field scanning
TEM (HAADF-STEM) imaging (Figures S2 and S3). Energy-
dispersive spectroscopy (EDS) mapping measurement dem-
onstrates that C, N, P, and S elements are uniformly dispersed
on the entire coating layer of ZIF-8/Pt NPs@PZS (Figure S4),
suggesting ZIF-8 is fully wrapped by a PZS layer. Then the
ZIF-8/Pt NPs@PZS was pyrolyzed at 1050 °C for 5 h in a
flowing N2 atmosphere. During the pyrolysis process, the Pt
NPs gradually disappeared and the substrate of ZIF-8/Pt
NPs@PZS transformed into a uniform N, P, S, and Pt co-
doped hollow carbon polyhedron (Figure 1c−e). Further
observation in the enlarged HAADF-STEM image demon-

strates the absence of Pt clusters (Figure 1c,d). In addition, no
Pt characteristic peaks are detected in the pyrolyzed sample of
the X-ray diffraction (XRD) pattern (Figure S5), and the
signals indexed to Pt species are observed in EDS mapping
analysis (Figure 1e), showing the uniform distribution of Pt
species over the whole N, P, and S co-doped hollow carbon
polyhedron architecture. Inductively coupled plasma optical
emission spectrometry (ICP-OES) analysis further determined
the Pt content is 0.07 wt %. Moreover, the aberration-
corrected HAADF-STEM (AC HAADF-STEM) with atomic
resolution measurement was further carried out to investigate
the pyrolyzed sample at the atomic scale. As shown in Figure 1f
and g, the bright dots associated with Pt atoms are atomically
dispersed on the N, P, and S co-doped hollow carbon
substrate, suggesting Pt NPs are converted into Pt single atoms
via the reversion of sintering to give the final PtTS-SAzyme.
To understand the atomization process from Pt NPs into

single atoms, we performed AC HAADF-STEM measurement
to observe the pyrolyzed sample at 1050 °C at different times.
As shown in Figure S6, the average size of Pt NPs gradually
becomes smaller, the number of Pt NPs gradually becomes
less, and the number of Pt single atoms gradually becomes
more as the pyrolysis time is prolonged from 1 h to 5 h. This
result suggests Pt NPs collide with a N, P, and S co-doped
carbon substrate, gradually become smaller, and finally
transform to single atoms. The high temperature is critical to
provide sufficient activation energy for atom diffusion and to
overcome the energy barrier for breaking the Pt−Pt bond in Pt
nanoparticles to create Pt single atoms. As shown in Figure S7,
when the sample was pyrolyzed at 950 °C for 5 h, the Pt
nanoparticles and single atoms coexisted in the pyrolyzed
sample, suggesting a lower temperature fails to fully disperse Pt
nanoparticles into single atoms. To investigate the effect of
ultrahigh temperature (above 1100 °C), in situ environmental
transmission electron microscopy (ETEM) was performed. As
shown in Figure S8, the representative images obtained at
1100, 1150, and 1200 °C demonstrate that Pt single atoms
reaggregate into Pt particles and the particles gradually become
larger as the temperature rises. Meanwhile, the N, P, and S co-
doped carbon substrate gradually becomes thinner and is even
damaged and collapses, because C, N, P, and S elements begin
to decompose at the ultrahigh temperature (above 1100 °C),
which leads to too few coordination sites to anchor single Pt
atoms, thereby leading to the agglomeration of Pt species.
Therefore, 1050 °C is the optimal temperature for the thermal
atomization of Pt NPs into Pt single atoms.
To investigate the chemical state of C, N, P, and S elements

in PtTS-SAzyme, X-ray photoelectron spectroscopy (XPS)
analysis was carried out. The C 1s spectrum shown in Figure
S9 exhibits four peaks, associated with graphitic CC (284.8
eV), C−N (288.3 eV), C−P (285.6 eV), and C−S (284.5 eV).
The N 1s spectrum as displayed in Figure S10 can be
deconvoluted into five peaks at binding energies of 398.3,
400.2, 401.3, 403.6, and 399.2 eV, which are attributed to
pyridinic N, pyrrolic N, graphitic N, pyridinic N+−O−, and
Pt−N. The fitting result of the P 2p spectrum shows the
coexistence of the P−C peak at the binding energy of 132.7 eV
and P−O peak at the binding energy of 134.2 eV (Figure S11).
The S 2p spectrum matches well with the superposition of the
peak ascribed to the oxidized S (168.8 eV) and the peaks from
2p3/2, 2p1/2 splitting of the S 2p spin orbital (−C−S−C−) at
the binding energy of 164.2 and 165.4 eV (Figure S12).

Figure 1. Synthesis and structural characterizations of PtTS-SAzyme.
(a) Illustration of the preparation process of PtTS-SAzyme. (b) TEM
image of ZIF-8/Pt NPs@PZS. (c) TEM and enlarged TEM image
(inset), (d) HAADF-STEM, and (e) the corresponding EDS mapping
images of PtTS-SAzyme; the scale bars are 50 nm. (f) AC HAADF-
STEM image and (g) an enlarged image of PtTS-SAzyme.
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To further investigate the chemical states and local structure
of the PtTS-SAzyme, structure-sensitive XAFS measurements
were carried out. Figure 2a displays the Fourier transformed

(FT) extended Pt L-edge X-ray absorption fine structure
(EXAFS) spectra of PtTS-SAzyme, which exhibits a main peak
at about 1.5 Å, close to the Pt−O peak in PtO, which suggests
that this peak is associated with the backscattering between Pt
and light atoms. Unlike Pt foil, no obvious peak at about 2.5 Å
ascribed to Pt−Pt coordination is detected in PtTS-SAzyme,
which excludes the formation of metallic crystalline Pt species
and confirms the sole existence of isolated single Pt atoms,
consistent with AC HAADF-STEM results. Furthermore,
EXAFS wavelet transform (WT) analysis was performed,
which is a powerful tool to discriminate the backscattering
atoms even though they overlap substantially in R space. As
shown in Figure 2b, only one intensity maximum at about 3.8
Å−1 was detected in the WT contour plot of PtTS-SAzyme,
indexed to the coordination contribution between Pt and light
atoms, consistent with the analysis result of the WT contour
plot of PtO2. In comparison to Pt foil, there is no intensity
maximum at 7.9 Å−1 associated with the Pt−Pt contribution in
the WT contour plot of PtTS-SAzyme, further confirming that
Pt species in the PtTS-SAzyme are atomically dispersed without
the existence of metal-derived crystalline structures.

Quantitative least-squares EXAFS curve-fitting analysis was
carried out to extract the coordination configurations of the
active center of PtTS-SAzyme. As shown in Figure 2c and d, the
best-fitting results demonstrate that the dominant peak around
1.5 Å is ascribed to the overlap of Pt−N Pt−P, and Pt−S first-
shell coordination (Table S1). For comparison, the fitting
analyses of Pt foil and PtO2 were also performed and are
shown in Figures S13 and S14. X-ray absorption near edges
structure (XANES) spectra are sensitive to the three-
dimensional arrangement of atoms around the center metal,
which can serve as a powerful tool to identify the atomic
configuration. Figure 2e displays the Pt L3-edge XANES
curves, where the absorption edge of PtTS-SAzyme is between
that of Pt foil and PtO2, indicating atomically dispersed Pt
species carry a positive charge. Moreover, the XANES
theoretical calculation was performed, which shows that the
XANES profile of PtTS-SAzyme can be well reproduced by the
Pt1-N3PS moiety from quantitative EXAFS curve-fitting
analysis (Figure 2f), suggesting a porphyrin-based Pt1-N3PS
moiety of PtTS-SAzyme, as schematically displayed in the inset
of Figure 2f.
Pt NPs with intrinsic peroxidase-like catalytic activity attract

significant current interest due to their ability to replace
specific peroxidase enzymes in peroxidase-based applica-
tions.38−41 As shown in Figure 3a, a Pt-NPs nanozyme with
Pt NPs supported on a N, P, and S co-doped hollow carbon
polyhedron was prepared (Figure S15), which exhibits intrinsic
peroxidase-like activity by catalyzing the oxidation of
peroxidase substrates (e.g., 3,3′,5,5′-tetramethylbenzidine
(TMB), diazoaminobenzene (DAB), or o-phenylenediamine
(OPD)) to produce colorimetric reactions. After thermal
atomization of Pt NPs into single atoms, the peroxidase-like
catalytic activity of Pt active sites was significantly increased
from 1.05 units to 21.8 units (U, one activity unit is defined as
the amount of nanozyme that catalyzes 1 μmol of product per
minute42) per nmol of Pt atoms (Figure 3b,c). The dynamic
light scattering (DLS) measurements were carried out to
investigate the diameter distribution of PtTS-SAzyme and Pt-
NPs nanozyme. As shown in Figure S16, the diameter of PtTS-
SAzyme via DLS analysis is about 158.6 nm. The diameter of
Pt-NPs nanozyme via DLS analysis is about 165.3 nm (Figure
S17). The small polydispersity index (PDI) of PtTS-SAzyme
and Pt-NPs nanozyme indicates a high uniformity in the sizes.
The pure support of a N, P, and S co-doped hollow carbon
polyhedron (NPS-HC) without Pt active sites was also
prepared (Figure S18), which exhibits little peroxidase-like
catalytic activity (Figure 3b). We further quantitatively
characterized the catalytic kinetics of Pt-NPs nanozyme and
PtTS-SAzyme, respectively, by plotting the initial reaction
velocity against the varied substrate concentrations (Figure
3d). The thermally atomized PtTS-SAzyme catalyzes the
oxidation of peroxidase substrates according to Michaelis−
Menten kinetics and shows a significantly higher catalytic rate
constant (kcat = 329 s−1) and catalytic efficiency (kcat/Km =
1.06 × 106 M−1 s−1) than that of the Pt-NPs nanozyme (kcat =
8.67 s−1; kcat/Km = 9.96 × 103 M−1 s−1) (Table S3). In
addition, PtTS-SAzyme shows an optimum catalytic activity
under a wide range of temperatures (30−60 °C), and the
optimal pH is approximately pH 4.3 (Figure S19). Moreover,
PtTS-SAzyme exhibits a high storage stability, and no activity
decrease was observed after 2 weeks of storage at 25 °C
(Figure S20).

Figure 2. Atomic structural analysis of PtTS-SAzyme. (a) Fourier-
transformed magnitudes of the experimental Pt L3-edge EXAFS
signals of PtTS-SAzyme, Pt foil, and PtO2. (b) WT curves of PtTS-
SAzyme, Pt foil, and PtO2. (c) EXAFS fitting analysis of PtTS-SAzyme
in R space. Curves from top to bottom are the Pt−N, Pt−P, and Pt−S
three-body backscattering signals, the fitting curve total signal (pink
line), and the experimental signal (gray line). (d) EXAFS fitting
analysis of PtTS-SAzyme in k space. (e) Pt L3-edge XANES spectra of
PtTS-SAzyme, Pt foil, and PtO2. (f) Comparison between the
experimental XANES spectra (pink line) and theoretically simulated
XANES spectra (blue line) of PtTS-SAzyme.
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Meanwhile, PtTS-SAzyme also exhibited superior catalytic
performance when compared with previously reported Pt-
based nanozymes,1−5 further confirming the catalytic advan-
tages of PtTS-SAzyme. The results suggest that thermal
atomization of Pt NPs into single atoms can be an effective
strategy for engineering high-performance nanozymes.
We further performed density functional theory (DFT)

calculations to understand the catalytic reaction mechanism
and shed light on the dramatically improved catalytic
performance of PtTS-SAzyme after thermal atomization from
Pt NPs. We first demonstrated the atomization process from
the Pt10 cluster to PtN3PS and PtN4 single atoms, in which
PtN3PS and PtN4 represent two kinds of Pt single-atom
nanozymes with different coordination of N, P, and S atoms.
As shown in Figure 4a, the single Pt atom formation of PtN3PS
and PtN4 from Pt10 cluster decomposition needs to overcome a
very high barrier of 1.98 and 2.46 eV, but with a large
exothermicity of 1.91 and 3.53 eV, suggesting the Pt single

atom is much more stable than the Pt cluster thermodynami-
cally and the existence of P and S elements can promote the
thermal atomization from Pt NPs to single atoms (1.98 vs 2.46
eV); however the atomization process needs to be accom-
plished at a very high temperature, which is well in agreement
with the thermal atomization process performed at 1050 °C.
The DFT calculation results and experimental results together
well suggest that Pt atoms are gradually stripped from the
surface of Pt NPs driven by high temperature and then are
trapped by anchoring sites of a N, P, and S co-doped carbon
substrate to form thermally stable Pt single atoms.
Subsequently, to understand the origin of the high

peroxidase-like catalytic performance of PtTS-SAzyme, we
compared the adsorptions of the reactants (H2O2 and TMB,
in which TMB is used as the peroxidase substrate and H2O2 as
the oxidant) on the different Pt active centers thermodynami-
cally. Based on the characterized atomic structure of the Pt
active sites anchored by the richly doped P and S atoms of
PtTS-SAzyme (Figure 2), as well as the DFT comparison of the
total energies of different P, S double-doped structures (Figure
S21), three catalyst models of PtN3PS, PtN4, and Pt(111) were
constructed in the calculations (their top and side view
structures are shown in Figure S22), in which Pt-NPs
nanozyme with a Pt(111) surface was used to compare with
the two kinds of Pt single-atom nanozymes with an active
PtN3PS moiety and active PtN4 moiety. As show in Figure 4b,
the adsorption energies of H2O2 and TMB are close on the
front and reverse sides of PtN3PS (−0.20 to −0.30 eV),
indicating both H2O2 and TMB exhibit weak physical
adsorption and that they are competitive. For comparison,
the adsorption of H2O2 is more favorable than that of TMB on
the PtN4 (−0.22 vs −0.01 eV), suggesting the TMB adsorption
is uncompetitive. However, it is clear that the adsorption of
TMB is much more favorable than that of H2O2 (−2.02 vs
−0.30 eV) on the Pt(111), revealing that the TMB is hardly
desorbed from the surface of the Pt cluster because of the very
strong adsorption, which probably leads to catalyst poisoning.
Meanwhile, in view of the fact that the peroxidase substrates

can be oxidized by the free radicals, we also performed the
mechanisms of H2O2 reduction forming surface OH or O
species dynamically. In Figure S23, all the possible routes of
H2O2 dissociation into the surface O species are studied on the
three catalyst models of PtN3PS, PtN4, and Pt(111), and the
most favorable pathways for the oxidation of TMB by the
surface O species at neutral conditions are displayed in Figure
4c. Moreover, the effect of acidic media on the oxidation of
TMB is carried out as well (Figure S24), in which the reaction
of OH + H → H2O, as well as the oxidation of TMB by the
surface OH species from H2O2 dissociation, is investigated.
As shown in Figure 4c, all of the H2O2 cannot be adsorbed

on the three catalysts of PtN3PS, PtN4, and Pt(111); their
adsorption energies are −0.20, −0.22, and −0.30 eV,
respectively. Then, the floating H2O2 will be dissociated into
two surface OH species (H2O2 → 2OH) with barriers of 0.93
and 0.35 eV on the models of PtN3PS and Pt(111), while it is
hardly decomposed on the PtN4 because of the very high
barrier (1.95 eV). Surprisingly, the two surface species of OH
are adsorbed simultaneously on the P atom doped in PtN3PS,
while they are adsorbed on the Pt atom in PtN4 and Pt(111)
models. After that, only on the Pt(111) surface can the two
surface OH species react easily with each other, forming the
surface O species and a floating H2O molecule (2OH → O +
H2O) with a very low barrier of 0.10 eV. However, a similar

Figure 3. Peroxidase-like catalytic activity characterization of PtTS-
SAzyme. (a) Pt-based nanozymes show the intrinsic peroxidase-like
activity and catalyze the oxidation of peroxidase substrates (TMB,
DAB, and OPD) to produce colorimetric reactions. (b) Left,
reaction−time curves of TMB colorimetric reaction catalyzed by
PtTS-SAzyme, Pt-NPs nanozyme, or the inorganic C framework (NPS-
HC) without Pt active sites. Right, the magnified initial linear portion
of the reaction−time curves. A length of 60 s was chosen for the initial
rate period because the R2 coefficients were close to 1 during this
period after a linear-regression analysis. Absorbance measured in
arbitrary units. (c) Specific activities (U/nmol Pt atoms) of PtTS-
SAzyme and Pt-NPs nanozyme. (d) Catalytic kinetics of PtTS-SAzyme
and Pt-NPs nanozyme. The initial reaction velocity (v) was measured
in 0.2 M NaAc/HAc buffer pH 3.6 at 37 °C. The concentration of
H2O2 was 1.0 M, and the TMB concentrations was varied (n = 3
independent measurements, error bars represent mean ± SD).
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reaction can hardly occur because of the very high barriers of
2.08 and 1.43 eV on the PtN3PS and PtN4 models. In addition,
the H2O desorption and the TMB oxidation by the surface O
species are explored. The calculation results show that the H2O
can be desorbed easily on PtN3PS, PtN4, and Pt(111) with
reaction energies of 0.29, 0.26, and −0.56 eV, respectively; the
TMB also can be oxidized by the surface O and OH species
with reaction energies of 1.01, 0.09, and −1.33 eV.
In the acidic media (Figure S24), the calculations reveal that

the H atom still can be strongly adsorbed on PtN3PS, PtN4,
and Pt(111), even if there have been two surface species of
OH from H2O2 dissociation, forming the structures of 2OH +
H, in which the atomic H is located at the top site of the Pt
atom in PtN3PS and Pt(111), while it is located at the top site
of atomic N in PtN4. Starting with 2OH + H, the reaction of
2OH + H → OH + H2O has barriers of 1.44, 0.96, and 0.36

eV, respectively, on the three models of PtN3PS, PtN4, and
Pt(111), reflecting that the acidic media has little effect on the
single-atom Pt catalysts of PtN3PS and PtN4, but it will give
rise to the prompt transformation of surface OH species into
H2O, leading to the interruption of the catalytic cycle.
Clearly, the PtN3PS single-atom nanozyme with an active

PtN3PS moiety possesses a more outstanding enzymatic
performance compared with PtN4 and Pt(111). Thermody-
namically, the adsorption of H2O2 and TMB is competitive on
PtN3PS, which simultaneously favors the H2O2 decomposition
and TMB oxidation. Dynamically, not only can the PtN3PS
dissociate H2O2 into two surface OH species (H2O2 → 2OH,
0.93 eV), but also the OH species can further oxidize TMB
with a matched barrier of 1.01 eV. Unfortunately, the surface
OH species cannot be converted into O species via the
disproportionation reaction (2OH → O + H2O, 2.08 eV),

Figure 4. DFT studies on the catalytic reaction mechanism of PtN3PS-SAzyme. (a) Thermal atomization process of a Pt10 cluster to PtN3PS and
PtN4 single atoms. (b) Thermodynamic adsorptions of H2O2 and TMB on PtN3PS-SAzyme, PtN4-SAzyme, and Pt-NPs nanozyme. (c) Peroxidase-
like activity of the three models. In the energy profiles, the most favorable paths of H2O2 dissociation into surface O species, as well as the oxidation
reaction of TMB in the thermodynamics, are shown. The Pt, C, N, P, S, O, and H atoms are given in pink, gray, blue, green, yellow, cyan, and
white, respectively, while in order to make a distinction, the C atoms in TMB are shown in dark gray.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c08581
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E



which could not further promote the enzymatic performance.
For the Pt single-atom nanozyme with active PtN4 moiety,
although TMB can be oxidized by either OH or O species, the
H2O2 cannot be dissociated into surface OH or O species
(1.95 and 1.43 eV), leading to the lower catalytic activity of the
PtN4 single-atom nanozyme. For the Pt(111) surface, although
the H2O2 can be dissociated easily into surface OH and/or O
species (0.35 and 0.10 eV), the strong adsorption of TMB
(−2.02 eV) will lead to catalyst poisoning, and the acidic
media also can give rise to the failure of the whole catalytic
process.
Furthermore, to investigate the modulation of the local

atomic configuration and electronic structure of the central Pt
atoms by the coordinated P and S atoms, the inverse Bader
charge (Figure S25a) of different kinds of atoms in PtN3PS
and PtN4, the charge density differences (Figure S25b and c)
of Pt atom in PtN3PS and PtN4, the charge density differences
(Figure S25d) of the top-layer Pt atoms in Pt(111), and the
charge density differences (Figure S25e−g) of P and S atoms
in PtN3PS are analyzed. To avoid misunderstanding, the
inverse Bader charge is given here, which can be seen as the
charge of the different atoms. For PtN4, the charge of the Pt
atom is +0.76, and the average charge of the four N and C
atoms is −1.14 and +0.06, indicating the Pt atom and graphitic
layer would donate electrons to the doped N atoms. For the
catalyst of PtN3PS, the average charge of the P atom is +1.41,
the charge of the S atom is −0.13, the charge of the Pt atom is
lower than that in PtN4 (+0.59 vs +0.76), and the average

charge of N (−1.21 vs −1.14) and C (+0.02 vs +0.06) atoms
in the graphitic layer is slightly higher and lower than that in
the PtN4, respectively. The results show that the doped P atom
could intensively donate electron to the Pt atom and C atoms
of the graphitic layer, while the doped S atom is the opposite,
which could slightly accept electrons from the Pt and graphitic
layer. In total, the charge of the metal center Pt (Ptδ+) becomes
less positive, which agrees with the XANES results in our
experiment, as well as the corresponding analysis of the charge
density difference. For comparison, the charge density
differences (Figure S25d) of the top-layer Pt atoms in
Pt(111) are analyzed as well, and the electron accumulation
and depletion areas at the inside and outside of the top Pt layer
can be clearly found, which gives rise to the very strong
adsorption of TMB on the hollow sites of Pt nanoparticles.
Therefore, based on the analysis of the electronic properties of
these three catalysts, it is inferred that the electron donation of
the P atom and electron acceptation of N and S atoms leads to
the unique electronic space structure of PtN3PS and further
enhances the catalytic activity. In other words, the high
catalytic activity of PtN3PS contributes the synergistic effects
of Pt, N, P, and S atoms.
To demonstrate the unique properties of the thermally

stable single-atom enzyme that is synthesized by the
atomization process from nanoparticles, an ordinary Pt
single-atom enzyme (Pt-SAzyme) was prepared by the
common route for the synthesis of a single-atom catalyst,
which undergoes the absorption of the mononuclear metal

Figure 5. Antibacterial effect of PtTS-SAzyme. (a) Comparison of the antibacterial effects of PtTS-SAzyme (0.25 mg/mL) and Pt-NPs nanozyme
(0.25 mg/mL) against E. coli, P. aeruginosa, S. enteritidis, K. pneumoniae, and S. aureus in the presence of H2O2 (1 mM). (b) Representative colony
formation of E. coli in different treatment groups. (c) Representative SEM images of E. coli treated by PtTS-SAzyme (0.25 mg/mL) or Pt-NPs
nanozyme (0.25 mg/mL) in the presence of H2O2 (1 mM). Data are represented as the mean ± SD. All experiments were performed in triplicate.
Statistical significance was assessed using an unpaired Student’s two-sided t test compared to the control group. ***p < 0.001.
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precursor, followed by reduction and stabilization on N, P, and
S co-doped hollow carbon (see details in the experimental
section of the Supporting Information and Figures S26 and
S27). As shown in Figure S28, Pt atoms are atomically
dispersed in the Pt-SAzyme. The XAFS analysis and the
quantitative least-squares EXAFS curve-fitting analysis of Pt-
SAzyme demonstrate that Pt species of Pt-SAzyme exist in the
form of isolated Pt single atoms with the Pt1-N4 active moiety
(Figures S29, S30 and Table S2), which is distinguished from
the PtTS-SAzyme with the Pt1-N3PS active moiety. The above
results reveal that the geometrical and electronic structure of
active sites in PtTS-SAzyme synthesized by the thermal
atomization process from nanoparticles is different from that
in Pt-SAzyme synthesized by a common route. Furthermore,
we compared the enzyme performance of PtTS-SAzyme and Pt-
SAzyme (Figure S31 and Table S3). It can be seen that PtTS-
SAzyme exhibits a peroxidase-like activity of 21.8 U/nmol Pt
atom, which is much higher than that of Pt-SAzyme (4.19 U/
nmol Pt atom), and the kcat/Km of PtTS-SAzyme is 1.06 × 106

M−1 s−1, which is 5.9 times as high as that of Pt-SAzyme (1.79
× 105 M−1 s−1), suggesting better catalytic kinetics of PtTS-
SAzyme. These experimental results are in good agreement
with the DFT calculation, which demonstrates that the unique
structure of PtTS-SAzyme with synergistic N, P, and S
coordination with atomically dipsersed Pt atoms contributes
to the remarkable performance.
Peroxidase-like nanozymes have been widely developed for

antibacterial application by employing their peroxidase-like
catalytic activity to decompose H2O2 into highly toxic free
radicals that disrupt the bacterial membrane and induce
bacterial apoptosis.43−46 We further evaluated the antibacterial
effects of PtTS-SAzyme and Pt-NPs nanozyme against five
representative bacteria: Gram-negative Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), Salmonella enteritidis
(S. enteritidis), and Klebsiella pneumoniae (K. pneumoniae) and
Gram-positive Staphylococcus aureus (S. aureus). In the
presence of H2O2 (1 mM), PtTS-SAzyme (0.25 mg/mL)
shows high antibacterial effects on these five bacteria with an
inhibition rate of ≥90% against E. coli, P. aeruginosa, S.
enteritidis, and K. pneumoniae and an inhibition rate of 81% on
S. aureus (Figure 5a,b). In comparison, Pt-NPs nanozyme
(0.25 mg/mL) exhibits a much lower antibacterial activity than
that of PtTS-SAzyme (Figure 5a,b) under the same
experimental conditions, indicating the significantly improved
antibacterial activity of PtTS-SAzyme after thermal atomization
from Pt-NPs nanozyme. In comparison with other nanozymes
used for antibacterial activity, PtTS-SAzyme shows a broad
sterilization spectrum and a high efficiency (see details in
Table S4). The bacterial morphology of the treated bacteria in
different groups was further characterized by scanning electron
microscopy (SEM). As shown in Figure 5c, the morphology
and structural integrity of E. coli are severely affected after
being treated with PtTS-SAzyme (0.25 mg/mL) in the presence
of H2O2 (1 mM), whereas the group cultured with H2O2 (1
mM) only shows a negligible antibacterial effect. Thus, the
results reveal that the thermally atomized PtTS-SAzyme from
Pt-NPs nanozyme exhibits a remarkable peroxidase-like
catalytic activity and induces a highly effective bacterial
lethality.
H2O2 is the most common disinfectant used to destroy the

active components of bacteria, such as cell membranes,
proteins, and nucleic acids.47−49 However, drug resistance is
easy to develop due to the low efficiency and high

concentration of H2O2 (2 M) required during antibacterial
applications in the clinic.50 The results reveal that a small
amount of PtTS-SAzyme (0.25 mg/mL) can kill ≥90% of E. coli
with a low concentration of H2O2 (1 mM), while the
sterilization efficiency is negligible without the addition of
PtTS-SAzyme (Figure 5a,b). Therefore, developing high-
performance nanozyme-based antibiotics provides a new
strategy for the solving of bacterial infection and bacterial
resistance.

3. CONCLUSIONS
In summary, for the first time we report the direct
transformation of Pt NPs into Pt single atoms to obtain a
high-performance Pt single-atom nanozyme (PtTS-SAzyme) via
reversing the sintering process. The as-prepared PtTS-SAzyme
exhibits an outstanding peroxidase-like activity and kinetics,
which is much higher than those of Pt-NPs nanozyme. AC
HAADF-STEM and XAFS characterizations as well as DFT
calculations demonstrate the synergistic effects of Pt, N, P, and
S atoms for the unique Pt1-N3PS active moiety of PtTS-SAzyme
contribute to the remarkable catalytic activity and kinetics.
This work presents that the thermal atomization of metal NPs-
based nanozymes into SAzymes is an effective strategy to
enhance their enzymatic performance, thus providing a new
method for the design and engineering of high-performance
artificial enzymes to promote alternatives for natural enzymes.
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