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HIGHLIGHTS

e Single-atom Co-MoS, (SA Co-MoS,) is prepared successfully to serve as a proof-of-concept nanozyme model, which exhibits

peroxidase-like performance comparable to that of natural enzymes.

e The different mechanisms between the single-atom metal center and the support are investigated experimentally and theoretically.

ABSTRACT The single-atom nanozyme is a new concept and has tremendous pros-

ingle-atom Co-MoS; peroxidase mimics

pects to become a next-generation nanozyme. However, few studies have been carried
out to elucidate the intrinsic mechanisms for both the single atoms and the supports in

single-atom nanozymes. Herein, the heterogeneous single-atom Co—MoS, (SA Co—

MoS,) is demonstrated to have excellent potential as a high-performance peroxidase & e (% y $ ,;‘\?\ P
mimic. Because of the well-defined structure of SA Co—MoS,, its peroxidase-like mecha- ' '\/"V ? \ \¢ \\.7 i ¥ I

nism is extensively interpreted through experimental and theoretical studies. Due to ; ey 20 4
the different adsorption energies of substrates on different parts of SA Co-MoS, in

the peroxidase-like reaction, SA Co favors electron transfer mechanisms, while MoS,

relies on Fenton-like reactions. The different catalytic pathways provide an intrinsic
understanding of the remarkable performance of SA Co—-MoS,. The present study not only develops a new kind of single-atom catalyst
(SAC) as an elegant platform for understanding the enzyme-like activities of heterogeneous nanomaterials but also facilitates the novel

application of SACs in biocatalysis.

KEYWORDS Biocatalysis; Nanozymes; Peroxidase mimic; Reaction mechanisms; Single-atom catalysts
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1 Introduction

The high extraction cost and low stability of natural enzymes
caused by denaturation and deactivation hinder their practi-
cal applications [1]. Nanomaterials with enzyme-like char-
acteristics (nanozymes) have become promising alternatives
to traditional enzymes and have the unique advantage of
bridging nanotechnology and biology [2, 3]. Many types of
nanozymes have been reported and applied in the catalysis
of a broad range of reactions [4—-6]. However, the activity
and specificity of nanozymes still differ substantially from
those of natural enzymes. There is an urgent need to obtain
a deep understanding of the intrinsic catalytic mechanisms
and kinetics to design and develop more efficient enzyme
mimic systems, but meeting this need remains a significant
challenge [7].

The atomistic-level exploration of the original active sites
of nanozymes is mainly performed by simplifying the single-
component catalysts of noble metal nanoparticles [§—10],
transition metal oxides [11], and carbon-based materials [12,
13]. The cascade reactions catalyzed by multiple enzymes
in an organism provide great impetus for preparing compos-
ite catalysts by integrating different kinds of nanozymes to
mimic the complexity of biocatalysis [14, 15]. Moreover,
natural horse radish peroxidase is composed of a heme group
and two calcium atoms, and the integrity of this complex
protein is crucial for the high selectivity and efficiency of
the natural homogeneous enzyme [16]. However, the struc-
ture of heterogeneous nanozymes is too inhomogeneous to
achieve satisfactory enzyme-like activity and selectivity. In
addition, the internal relationship between homogeneous
molecular enzymes and heterogeneous nanozymes is still
poorly understood and poses a challenge for achieving an in-
depth understanding of enzyme-like catalytic mechanisms.
Single-atom catalysts (SACs), which act as a bridge between
homogeneous and heterogeneous catalysis, not only offer a
simple ideal model for the design of rational nanozymes at
the atomic level but also provide an appropriate platform for
studying the origins of enzyme-like activities thanks to their
advantages of homogeneous active sites and single atoms
in low-coordination environments [17-19]. However, stud-
ies on single-atom nanozymes are confined to only single-
atomically dispersed metal-N, on a carbon support (M—N-C)
[20-25]. Further systematic studies are required to develop
more kinds of heterogeneous single-atom catalysts and
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deeply investigate the enzyme-like catalytic mechanisms
for both the single atoms and the supports.

Herein, we chose single-atom Co-MoS, (SA Co-MoS,)
as a proof-of-concept nanozyme for examination of a high-
performance peroxidase-like reaction. Through experiments
and calculations, we explored in detail how the introduc-
tion of SA Co affected the peroxidase-like activity, substrate
affinity, and corresponding reaction energies. The results of
these studies facilitated the identification of the different
catalytic sites in the hybrid SA Co-MoS, catalyst and the
reaction mechanism. This research may enhance the knowl-
edge on the intrinsic properties of enzyme-like activities
and pave the way for the rational design of highly effective
nanozymes.

2 Experimental Section
2.1 Chemicals and Materials

All chemicals were used as received without further puri-
fication. H,0, (30 wt%), 3,3',5,5'-tetramethylbenzidine
(TMB), o-phenylenediamine (OPD), 2,2'-azinobis(3-eth-
ylbenzthiazoline-6-sulfonate) (ABTS), horse radish per-
oxidase (HRP), phosphate-buffered saline (PBS) (0.1 M),
D-(+)-glucose, terephthalic acid (TA), uric acid (UA),
L-ascorbic acid (AA), dopamine hydrochloride (DA),
cytochrome ¢ (Cyt ¢,>95%), trioctylphosphine oxide
(TOPO, C,,Hs,0P, 90%), anhydrous o-dichloride benzene
(DCB, C4H,,CI,N,), and cobalt carbonyl (Co,(CO)g, Co
content >90%) were obtained from Sigma-Aldrich (USA).
Nafion-ethanol solution was purchased from Adamas-beta
Chemical Co., (Switzerland). Ammonium heptamolybdate
tetrahydrate (NH,)sMo,0,,-4H,0, AR), thiourea (CH,N,S,
AR), n-hexane (C¢H 4, AR), potassium thiocyanate (KSCN,
AR), sodium acetate (NaAc, AR), sodium chloride (NaCl),
fructose, lactose, xylose, L-cysteine, mannose, sucrose, urea,
serine, arginine, cysteine, acetic acid (HAc, AR), ethanol
(CH;CH,0H, AR), and dimethyl sulfoxide (DMSO) were
purchased from Sinopharm Chemical Reagent (China).
Oleylamine (OA, C,gH;,;N, 80-90%) was purchased from
Acros Organics, USA. Argon (Ar, ultra-purity) was obtained
from Xin’guang Gas Co., China. Carbon fiber paper was pur-
chased from AvCarb, USA. Deionized water from a Milli-Q
system (18.2 MQ cm at 25 °C) was used throughout the
experiments.

https://doi.org/10.1007/s40820-019-0324-7



Nano-Micro Lett. (2019) 11:102

Page 3of 13 102

2.2 Characterization

Transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and energy-
dispersive X-ray (EDX) spectroscopy were performed on
an FEI Tecnai G2 F20 transmission electron microscope
operated at 200 kV. The samples were prepared by drop-
ping ethanol dispersions of the samples onto 300-mesh car-
bon-coated copper grids and then evaporating the solvent.
HRTEM images were acquired using a JEOL-ARM200F
transmission electron microscope operated at 200 kV. The
attainable spatial resolution of the microscope was 78 pm
with a probe spherical aberration corrector. High-angle
annular dark field (HAADF) images were acquired with an
illumination semi-angle of 25 mrad and probe current of
100 pA. The dwell time for image acquisition was set at
10 ps per pixel to ensure the desirable signal-to-noise ratio.
The collection angles for the HAADF images were fixed at
90-250 mrad. To obtain high-quality STEM images with
atomic resolution, SA Co—MoS, was pre-treated at 80 °C in
a vacuum oven for 4 h to remove any organic ligands from its
surface. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with an ESCALAB-250 instrument
(Thermo Fisher Scientific, USA) using a monochromatic
Al-Ka (14, 866 eV) radiation source and a hemisphere
detector with an energy resolution of 0.1 eV. Peak positions
were corrected by the C 1 s spectrum at 284.6 eV. Co K-edge
X-ray absorption spectra were obtained at Beijing Synchro-
tron Facility (BSRF) on beamline 1 W1B (XAFS station)
at 2.2 GeV in fluorescence mode. The EXAFS raw data
were processed using the ATHENA module implemented
in the IFEFFIT software packages according to the standard
procedures of the background-subtracted, normalized and
Fourier transformed. The Raman spectra were obtained by
a Renishaw 1000 spectrometer with an excitation laser line
of 532 nm. Typical UV-Vis spectra were acquired with a
UV-2550 spectrometer (Shimazu Co., Japan). Fluorescence
(PL) spectra were obtained using an LS55 spectrometer
(PerkinElmer Inc., USA). Electrochemical tests were carried
out on a CHI 650D electrochemical workstation (Shanghai,
Chenhua Co., China). Optical photographs were acquired
using an iPhone 6s.

MoS, was synthesized according to the reported pro-
cedure [26]. 24.7 mg of hexaammonium heptamolybdate
tetrahydrate and 53.2 mg of thiourea were dissolved in
20 mL of deionized water under vigorous stirring. Then,
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the solution was transferred into a 30 mL Teflon-lined stain-
less steel autoclave and maintained at 220 °C for 18 h before
the reaction system was allowed to cool down to room tem-
perature. The final product was washed several times with
water and ethanol to remove any possible ions and finally
suspended in ethanol.

Co nanodisks (NDs) were synthesized using standard
air-free procedures [27]. 0.1 g of TOPO was degassed with
argon for 20 min in a three-neck flask, following by the
introduction of 0.1 mL of OA and 15 mL of DCB under
argon, then the regents were heating to reflux (182 °C) and
rapidly injecting 0.54 g of Co,(CO); containing 1-5% hex-
ane diluted in 3 mL of DCB (precursor solution). 10 min
later, the reaction was stopped by quenching in an ice water
bath. The final products were processed by extracting the
solution, washing several times with water and methanol to
remove the possible ions and organic component, and finally
suspending in argon-saturated water for storage.

2.3 Preparation of SA Co-MoS, Catalysts

Assembly of Co NDs onto MoS, [28]. Co NDs were assem-
bled on MoS, nanosheets by mixing the two solutions in a
20 mL conical flask with certain mass ratio and following
by 20 min degassing with argon. The mixture solution was
ultrasonicated for 24 h (800 W at 40 KHz) while keeping at
4 °C in a thermostat system. The product was centrifuged
and washed for three times with water, and finally stored as
argon-saturated water suspension.

The working electrode was prepared by drop casting Co
ND/MoS, onto the carbon fibre paper. The electrochemical
leaching was performed by cyclic voltammetry scanning
between 0.1 Vto — 0.4 Vina 0.5M H,SO, solution for 50
cycles. The final SA Co-MoS, was obtained by sonicating
the electrode in an ethanol solution for 30 min and then
collecting the sedimentation after 6 h. The whole leaching
process was repeated twice to ensure the entirely removing
of Co nanodisks.

2.4 Peroxidase-Like Activity of SA Co-MoS,

The working stock solution of 5.0 M H,0, was prepared by
diluting H,0, (30 wt%), and solutions of different concen-
trations were prepared by sequential dilution of the stock
solution. The peroxidase-like activity of SA Co-MoS,

@ Springer
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was examined in the oxidation of TMB, ABTS, and OPD,
which produced colorimetric changes with different typical
UV-Vis absorbance peaks. The reactions were carried out
as follows: 8 pL of SA Co-MoS, catalyst (1.25 mg mL™"),
16 pL of TMB (10 mM), and 326 pL of acetate buffer
(0.20 mM, pH=4.0) were mixed. Then, 50 pL of a H,0,
solution of different concentrations was added to keep the
total volume at 400 pL. Finally, the mixture was further
incubated at 45 °C for 20 min, and a blue color with major
absorbance peaks at 370 and 652 nm was produced.

2.5 OH Radical and Dissolved O, Measurement

The fluorescence spectra were obtained under the follow-
ing conditions: 50 mM H,0,, 1 mM terephthalic acid (TA),
and different concentrations of the SA Co—MoS, catalyst
were first incubated in 0.1 M HAc-NaAc buffer (pH=5.0) at
40 °C for 8 h, and then the catalysts were then removed from
the reaction solution by centrifugation. The final solutions
were used for fluorometric measurements.

2.6 Apparent Kinetic Analysis

Steady-state kinetic assays of the TMB/H,0,/SA Co-MoS,
reaction system were performed by recording the absorp-
tion spectrum at selected time intervals in scanning kinetic
mode in the above optimized conditions [29]. The TMB con-
centration was determined from its oxidation products and
absorbance values monitored at 652 nm, which were con-
verted by the Beer—Lambert Law as follows: A=¢ebc, where
the molar absorption coefficient & was 39,000 M~! cm™!
and the path length b of the glass cuvette was 0.1 cm. For
TMB and H,0, as substrates, the apparent kinetic param-
eters were fitted based on the double-reciprocal plot
derived from the Michaelis—Menten equation as follows:
1/v = (Kpn/Vmax) X (1/[SD + 1/Vmax, where v is the

reaction initial velocity, V,

‘nax 1 the maximal reaction veloc-

ity, [S] is the concentration of the substrate, and K|, is the
Michaelis—Menten constant.

2.7 Preparation of SA Co-MoS,/GCE
Before modification of a glassy carbon electrode (GCE,

d=3 mm), the bare GCE was carefully polished with emery
paper and chamois leather containing 1.0, 0.3, and 0.05 pm

© The authors

alumina slurries to obtain a mirror-like surface and then
sequentially rinsed with acetone, ethanol, and ultrapure
water in an ultrasonic bath. After polishing, the electrode
was immersed in 0.50 M H,SO, for activation by 10 cycles
between —0.20 and 0.60 V with a scan rate of 50 mV s™! until
a steady profile was obtained. After the electrode was dried
under a nitrogen flow, 5 pL of a dispersion of SA Co—MoS,
or MoS, was coated on the surface of the electrode and dried
under ambient conditions. The doses of the SA Co-MoS, and
MoS, catalysts were kept constant according to the amount
of Mo (17.6 pg cm ™ for Mo) determined by inductively cou-
pled plasma mass spectrometry (ICP-MS). Then, 6 pL of a
Nafion — ethanol solution (0.05 wt%) was pipetted onto the
electrode surface.

2.8 Electrochemical Measurements

PBS buffer (pH="7.4) was bubbled with high-purity nitrogen
for at least 10 min to deoxygenate it prior to each test. Electro-
chemical measurements were carried on a computer-controlled
CHI650D electrochemical workstation with a standard three-
electrode system at room temperature. A bare GCE or vari-
ous modified GCEs served as the working electrode (WE). A
platinum foil electrode (1 cm X 1 cm) was used as the counter
electrode, and a saturated calomel electrode (SCE, Hg/HgCl,
in saturated KCI) was used as the reference electrode. Before
adding H,0,, all modified GCEs were cleaned by cyclic vol-
tammetric (CV) sweeping from —0.7 t0 0.7 V at 50 mV s~! in

electrolyte for 40 cycles.

2.9 DFT Calculations

Our spin-polarized DFT computations were performed
by using the DMol® code [30, 31]. The electron interac-
tions were described by Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional within the generalized gra-
dient approximation (GGA) [32] The empirical correction
in Grimme’s scheme (i.e., DFT + D2) was utilized to treat
the (possible) van der Waals interactions [33] The relativis-
tic effects of transition metals were considered through the
density functional semi-core pseudopotential (DSPP) [34],
in which a single effective potential and some degree of
relativistic corrections replace the core electrons, while the
double numerical plus polarization (DNP) basis set was used
for other elements. Self-consistent field (SCF) computations

https://doi.org/10.1007/s40820-019-0324-7
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were performed with a convergence criterion of 107 a.u.
on the total energy and electronic computations. To ensure
high-quality results, the real-space global orbital cutoff
radius was chosen as high as 5.2 A in all the computations.
The Brilliouin zone was sampled with a Monkhorst—Pack
mesh with a 5x5 X1 grid in reciprocal space during geom-
etry optimizations. The 1T- and 2H-MoS, nanosheets
were built using a 4 X4 supercell containing 16 Mo and 32
S atoms. The vacuum space was set to 20 A, which was
enough to avoid the interactions between periodic images.
The Gibbs free energy change (AG) of every ele-
mental step was determined by the following equation:
AG=AE+ AZPE — TAS. The reaction energy (AE) can be
directly determined by analyzing the DFT total energies.
For example, the adsorption energy of H,0, (E,4) on sub-
strate was defined as: Ey = Eypgrare-n1,0, — Esubstrate — E1,0,
and Ey  are the DFT total
energies for the H,0, adsorbed substrate, free substrate, and

> where Esubslrate—HZO2 4 Esubstrate’
H,0, molecule, respectively. AE,pr and AS are the zero
point energy difference and the entropy difference between
the adsorbed state and the gas phase, respectively, and T is
the system temperature (298.15 K, in our work). For each
system, its E, . can be calculated by summing vibrational
=1/2%hv). The

entropies of the free molecules (H,0,, H,, and H,0) were

zpe
frequencies of/er all normal modes v (E,,.
taken from the NIST database, while the energy contribu-
tion from the adsorbed state is neglected. One-half of the
chemical potential of H, molecule was used as the chemical
potential of the proton—electron pairs. In addition, the con-
ductor-like screening model (COSMO) was used to simulate
the H,O solvent conditions, and its dielectric constant was
78.54.

3 Results and Discussion

3.1 Characterization of SA Co-MoS,

SA Co-MoS, was obtained via our recently developed
assembly leaching method. The as-synthesized material had
the form of ultrathin nanosheets with no Co nanoparticles
or clusters on the surface (Fig. S1a), which was also further
validated by XRD patterns (Fig. S1b). From the images of
EDX, Co was uniformly distributed over the whole catalyst
(Fig. Slc). More interestingly, the high-resolution TEM
images showed that the introduction of Co atoms induced

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

the crystal lattice of MoS, from the well-organized to dis-
ordered arrangement (Fig. S2). Highly abundant single Co
atoms were clearly observed by high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM), as indicated by the bright spots marked by red
arrows in Fig. 1a. The line profile from atomically sensitive
electron energy loss spectroscopy (EELS) provided Co L,
and L; edges of 794 and 779 eV, respectively (Fig. 1b) [35].
The XPS results of Co 2p confirmed that the major state of
SA Co-MoS, was Co** (Fig. S3). The Fourier transform of
the extended X-ray absorption fine structure (FT-EXAFS)
analysis of SA Co-MoS, exhibited a strong peak at 1.79 A
assigned to Co—S coordination (Fig. 1c and S4a) without
Co—Co bond contributions [36]. The formation of a Co-S
bond and lattice mismatch induced the phase change of
MoS, from the 2H phase to the distorted 1T phase, which
was verified by the appearance of new vibration character-
istic peaks of 1T-MoS, in Raman spectra (Fig. S4b) [37].
Based on the quantitative EXAFS fitting analysis in k and R
spaces (Fig. S5 and Table S1), the average Co—S coordina-
tion number within the SA Co-MoS, is 3.4 +0.6 [38]. These
results demonstrated the successful construction of a model
SA Co-MoS, catalyst in which a single Co atom sat on top
of the Mo atoms in 1T, and MoS, was coordinated by three
adjacent sulfur atoms (the inset of Fig. 1c) [39].

3.2 The peroxidase-like Activity of SA Co-MoS,

The catalysis of the 3,3',5,5'-tetramethylbenzidine (TMB)-
H,0, reaction system was assayed and optimized (Fig.
S6) to evaluate the peroxidase-mimicking ability of SA
Co-MoS, [29, 40]. The addition of SA Co—MoS, resulted
in a much stronger absorbance at 652 nm and yielded
a more obvious blue color than the addition of pristine
MoS,, as shown in Fig. 2a, b. The enhanced peroxidase-
like activity of SA Co—MoS, was further confirmed by
the electrochemical response to the oxidation of TMB by
H,0, (Fig. S7) and proven with other chromogenic peroxi-
dase substrates, o-phenylenediamine (OPD) (Fig. S8a) and
2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS)
(Fig. S8b) [39]. The catalytic activity of SA Co-MoS, was
dependent on the pH, temperature, and H,O, concentra-
tion but was less sensitive to these factors than was horse-
radish peroxidase (HRP) (Fig. S9). The typical Michae-
lis—Menten curves for H,O, (Fig. S10a) and TMB (Fig.

@ Springer
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Fig. 1 a Aberration-corrected HAADF-STEM image of SA Co-MoS,. b EELS results of SA Co-MoS,. ¢ FT-EXAFS spectra of SA Co-MoS,
and cobalt foil at the Co K-edge. The inset shows the atomic structure of SA Co—MoS,. Yellow spheres: S; aqua spheres: Mo; slate blue spheres:

Co. (Color figure online)

S10b) were measured and then fitted to Lineweaver—Burk
plots, from which the apparent steady-state kinetic param-
eters were determined and compared with those of HRP
(Table S2) [41]. The double-reciprocal plots obtained by
varying the H,0, concentration with a fixed concentra-
tion of TMB (Fig. S10c) or vice versa (Fig. S10d) showed
nearly equal slopes, which was characteristic of a typi-
cal ping-pong mechanism, as was observed for HRP. All
the above experimental results demonstrated that SA
Co-MoS, could serve as a peroxidase mimic with high
activity and stability. According to previous reports, the
peroxidase mimic-mediated activity of MoS, depended
on the amount of hydroxyl radical (-OH) produced by
the Fenton-like mechanism [42]. Therefore, terephthalic
acid (TA) was used as a fluorescent probe to detect -OH
during the reaction, where TA easily captured -OH and
generated highly fluorescent 2-hydroxy terephthalic acid,
which exhibited emission at approximately 425 nm [43] As
shown in Fig. 2c, the fluorescence at 425 nm was remark-
ably enhanced by both MoS, and SA Co—-MoS,, indicating

© The authors

that more -OH was produced in the presence of the cata-
lysts. However, the MoS, system showed much stronger
fluorescence than the SA Co—MoS, system, which was
opposite the trend in the corresponding peroxidase-like
performance shown in Fig. 2c. This phenomenon sug-
gested that the increased catalytic activity of SA Co-MoS,
toward H,O, did not rely on the Fenton-like reaction [44,
45]. The fluorescence intensity gradually decreased as
the concentration of SA Co—MoS, continued to increase
(Fig. 2d), which further indicated that the introduction of
SA Co exhibited -OH scavenging properties rather than
generating -OH [46-48].

To better understand the role played by SA Co in deter-
mining the catalytic efficiency, we explored the influence
of thiocyanate ions (SCN™) on the peroxidase-like activity
of SA Co-MoS, because SCN™ could form a stable che-
late complex with metal-centered catalytic sites [49, 50].
Interestingly, an appreciable decrease in the catalytic activity
was observed based on the changes in the UV-Vis absorb-
ance at 652 nm (Fig. 3a) and the electrochemical response

https://doi.org/10.1007/s40820-019-0324-7
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Fig. 2 a UV-Vis spectra of different reaction systems: (1) TMB +H,0,, (2) TMB +H,0,+MoS,, and (3) TMB +H,0, + SA Co-MoS,. b The
time-dependent absorbance changes at 652 nm and an optical image depicting the color changes. ¢ The formation of -OH using TA as a fluores-
cent probe in different reaction systems: (1) TA+H,0,, (2) TA+H,0,+MoS,, and (3) TA+H,0,+SA Co-MoS,. d Effects of the concentra-
tion of SA Co—MoS, on the changes in -OH with TA as the fluorescence probe. (Color figure online)

(Fig. S11). Conversely, a significant enhancement in the
fluorescence intensity at 425 nm was observed, as shown
in Fig. 3b, indicating that more -OH was generated in the
system. The above phenomena demonstrated that SA Co was
one of the major active centers responsible for the peroxi-
dase-like activity. Blocking of SA Co caused more H,0O,
to be decomposed by MoS, than by the poisoned SA Co
sites, as illustrated in Fig. 3c. This result further clarified
that the introduction of SA Co did not enhance -OH genera-
tion or decompose H,0, by the Fenton reaction, and more
investigations should be performed. Additionally, no obvi-
ous poisoning of the MoS, catalyst by SCN™ was observed
(Fig. S12) due to the saturated coordination and low stability
constant of molybdenum atoms. The other control experi-
ments demonstrated that the peroxidase-like activity of SA
Co—-MoS, did not result from the effects of dissolved oxygen
(Fig. S13a) or leached cobalt ions (Fig. S13b) [48].

| SHANGHAI JIAO TONG UNIVERSITY PRESS

3.3 Mechanism of the Peroxidase-like Activity of SA
Co-MoS,

The Michaelis—Menten constant (K ) was calculated for the
MoS, and SA Co-MoS, catalysts toward different substrates
(TMB and H,0,) based on the experimental results of a
kinetic analysis (Fig. 4a). K, is an indicator of the binding
affinity between enzymes and substrates. A lower K, value
represents a stronger affinity and vice versa [51]. The appar-
ent K, value of SA Co-MoS, with H,O, was lower than that
of MoS, with H,0,. To explore the internal factors affecting
this phenomenon, we also calculated the adsorption ener-
gies (E,q4,) of H,0, and TMB on MoS, and SA Co-MoS,
by means of density functional theory (DFT) computations.
SA Co-MoS, possessed a higher affinity for H,0,, while
MoS, preferred to adsorb TMB, as shown in Fig. 4b, which
is in good agreement with the trend of K, values determined

@ Springer
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by experiments. Moreover, MoS, is negatively charged and
prefers interactions with positively charged TMB by elec-
trostatic adsorption [42]. These results also indicated that
the H,0, molecule could be weakly adsorbed on pristine 2H
phase MoS, monolayers, with an E,;, of -0.10 eV (Fig. 4b).
.pe and entropy, the AG of H,0,
adsorption on the MoS, monolayers was 0.71 eV, indicat-

When considering AE

ing that the H,0, molecule would easily escape from the
surface. Thus, the MoS, monolayers would exhibit poor
catalytic performance in the peroxidase-like reaction. In
contrast, the H,O, molecule could be chemisorbed on SA
Co-MoS, with an E 4 value of —1.09 eV and a AG value
of —0.28 eV, which led to the formation of one Co—-O bond
with a length of 1.95 A (Fig. 4b). The strong adsorption of
the H,0, molecule on SA Co—-MoS, could also be verified
by the computed partial density of states (PDOSs, Fig. 4c),
from which obvious hybridization between Co 3d orbitals
and O 2p orbitals can be observed. In addition, approxi-
mately 0.32 electrons were transferred from H,0, molecules

© The authors

to the Co-anchored MoS, monolayers, mainly accumulating
in the Co-O bond. Thus, H,0, could be sufficiently acti-
vated by SA Co-MoS, (Fig. 4d), facilitating the subsequent
peroxidase-like reaction.

The different E, , values for MoS, and SA Co—MoS,
were attributed to the different catalytic pathways in the

ads

peroxidase-like catalytic reaction. (1) Due to the stronger
affinity toward H,0, and the high redox potential of Co**/
Co** (1.808 V), we proposed that SA Co can serve as an
electron transfer mediator. Cytochrome ¢ (cyt ¢) is an
active electron transporter in biological oxidation, which
can be used to verify the accepting electron capability of
SA Co-MoS,. The two original UV-Vis absorption peaks
at 520 and 550 nm attributed to cyt ¢ in a reduced state
disappeared with the evolution of a new peak at 530 nm
for the oxidized cyt ¢ after the addition of SA Co—MoS,
without or with pure nitrogen for 0.5 h. All these results
indicated that SA Co—MoS, was able to obtain electrons
from cyt ¢ and did not depend on dissolved oxygen (Fig.

https://doi.org/10.1007/s40820-019-0324-7
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S14) [44, 46, 52]. (2) The intrinsic enzyme-mimick-
ing property of the MoS, support may result from the
occurrence of Fenton-like reactions because the sup-
port was more likely to attract TMB (Fig. 4a, b). The
above conclusion provided further evidence to support

SHANGHAI JIAO TONG UNIVERSITY PRESS

the results of our fluorescence and poisoning experi-
ments and our hypothesis, as shown in Fig. 3. Based
on the logarithmic Arrhenius plots (Fig. 4e), the acti-
vation energies (E,) were calculated to be 11.12+0.51
(MoS,) and 6.11 +0.67 kcal mol~! (SA Co-MoS,). These
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posite material

experimental results verified that SA Co—MoS, effec-
tively reduced the energy barrier. The free energy profile
and the corresponding atomic configurations of various
states are presented in Figs. 4f and S15. Our results indi-
cated that the adsorbed H,0, molecule dissociated into
0" species and one H,0 molecule [53, 54]. This process
was downhill in the free energy profile by 1.57 eV. After
the release of the formed H,O molecule, the remaining O
atom, bound to the Co site with a Co—O length of 1.63 A,
reacted with one proton that originated from the TMB to
form an OH species located at the Co site with a Co-O
bond of 1.76 A. Remarkably, this hydrogenation pro-
cess was exothermic, with a Gibbs energy value (AG) of
—1.50 eV. Finally, the adsorbed OH group reacted with
one proton to form a second H,O molecule. This final step
was also downhill in the free energy profile by 0.23 eV.
Overall, each elementary step in the whole peroxidase-
like reaction was exothermic in the free energy profile,
suggesting the high catalytic activity of a single Co atom
supported on the MoS, monolayer. In addition, the MoS,

© The authors

base of SA Co—MoS, was converted from 2H phase to
distorted 1T phase, which also contributed to the catalytic
efficiency improvement. As shown in Fig. S16a, b, the
peroxidase-like activity of MoS, was enhanced through
the phase transformation from 2H to 1T phase, which
was confirmed by the UV—Vis spectra and electrochemi-
cal responses. The strengthened peroxidase-like catalytic
activity of 1T-MoS, was attributed to the improvement in
conductivity (Fig. S16¢) [55], the decrease in the Gibbs
energies (AG), and the negative thermodynamic energy
(AU) compared with the 2H-MoS, (Fig. S17). All of these
intrinsic and unique characteristics contributed to the
high-efficiency peroxidase-like activity of SA Co—MoS,.

3.4 Application of the Peroxidase-like Activity of SA
Co-MoS,

Sensitive and effective biosensors for colorimetric and elec-

trochemical H,O, determination were constructed on the
basis of SA Co—-MoS, peroxidase-like nanozymes [56]. As

https://doi.org/10.1007/s40820-019-0324-7
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presented in Fig. 5a, the intensity of the absorption spectra
increased with the concentration of H,0, with a satisfactory
linear relationship ranging from 1 pM to 2.5 mM (Fig. 5b).
This established colorimetric method also exhibited spe-
cific selectivity, good reproducibility, and high long-term
storage stability for H,O, (Figs. 5c and S18). In addition,
the electrocatalytic activity of SA Co-MoS, toward H,0O,
presented significantly enhanced CV responses (Fig. 5d).
Compared with the relevant electrochemical H,O, sensors
(Table S3), the SA Co—-MoS,-modified electrode possessed
a more extended linear current response ranging from 50 nM
to 17.241 mM (Fig. 5e) and a lower detection limit of 10 nM
(Fig. S19a) with high selectivity (Fig. 5f), good reproduc-
ibility, and stability (Fig. S19b-d). The high stability of SA
Co-MoS, was confirmed by X-ray absorption fine structure
(XAFS) analysis after the tests (Fig. S20), which indicated
that SA Co-MoS, could be used as an excellent enzyme
mimic. The underlying source of the remarkable perfor-
mance could be the balancing of interactions between the
catalyst and reaction substrates upon the introduction of SA
Co, which adhered to the Sabatier principle of heterogene-
ous biocatalysis quite well [41, 57].

4 Conclusions

In summary, we first demonstrated that SA Co-MoS, is an
excellent peroxidase mimic and revealed the occurrence of
different mechanisms between the single-atom metal center
and support, which provided a complementary strategy for
achieving synergistic peroxidase-like properties. This work
will not only open the door to another practical frontier of
SAC:s but also offer an important new strategy for designing
hybrid nanozymes for biocatalysis.
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