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ABSTRACT

In this paper, platinum (Pt)–selenium (Se) nanostructures and Pt nanoparticles were

synthesized by a facile one-step chemical reduction route and their catalytic per-

formance was evaluated as oxidase mimic. The results of structure characterization

revealed that Pt–Se nanostructures consist of Pt and Se atoms (the Pt/Se atomic

molar ratio is approximately 7:3), while Pt nanoparticles consist of pure element Pt.

The oxidase-like activity of Pt–Se nanostructures and Pt nanoparticles was evalu-

ated with 3,30,5,50-tetramethylbenzidine (TMB) as substrate. The results indicated

that Pt–Se nanostructures had a lower Michaelis constant (Km) and higher catalytic

constant (Kcat) for TMB oxidation than that of Pt nanoparticles,which mean the

binary Pt–Se hybrid nanostructures had stronger binding affinity with TMB and

higher catalytic activity in comparison with monometallic Pt nanoparticles. The

enhanced oxidase-like activity of Pt–Se nanostructures may be due to element Se

doped in binary Pt–Se hybrid nanostructures, which can accelerate electron trans-

port and provide excellent chemical stability against catalytic performance degra-

dation during the TMB oxidation reaction. Mercury (II) ions (Hg2?) could inhibit the

oxidase mimetic activity of Pt–Se nanostructures and resulted in a color change of

the reaction system. Based on this mechanism, a facile colorimetric assay for Hg2?

was developed with a detection limit as low as 70 nm and a linear range of 0–2.5 lM.

Introduction

Nanomaterials have attracted tremendous interest

due to their unique physicochemical properties other

than their bulk forms, including large surface-to-

volume ratio, quantum size effect, surface plasmon

resonance, and superparamagnetism. A number of

work on the novel properties of nanomaterials

impelled their extensive application in catalysis,

photography, microelectronics, information storage,

Address correspondence to E-mail: hmliu2004@126.com

DOI 10.1007/s10853-017-1181-8

J Mater Sci (2017) 52:10738–10750

Chemical routes to materials

http://orcid.org/0000-0001-9451-3891
http://orcid.org/0000-0001-8463-0349
http://orcid.org/0000-0001-7498-4397
http://orcid.org/0000-0002-5118-9793
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1181-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1181-8&amp;domain=pdf


environmental protection, biological labeling, imag-

ing, and sensing [1, 2]. In contrast, their potential as

enzyme mimetic has long been ignored till ferro-

magnetic nanoparticles with intrinsic peroxidase-like

activity were first reported in 2007 [3]. From then on,

exploring and constructing nanomaterials mimic

enzyme have attracted more and more attention due

to their unique properties relative to nature enzyme.

A variety of nanostructures, including FeSe, CuO,

CeO2, CoFe2O4, Co3O4 nanoparticles, graphene oxide,

noble metal nanoparticles and their various hybrid

nanostructures have been reported to have enzyme-

like properties [4–9]. As compared to nature enzyme,

nanomaterials artificial enzymes possess high stabil-

ity against denaturing, excellent catalytic perfor-

mance, together with easily synthesis and store in

low cost. Thus, these mimic enzymes can replace

nature enzyme using in many fields such as biosen-

sor, colorimetric detection, immunoassays, cancer

diagnostics, and pollutant degradation [10].

As an outstanding catalyst, Pt nanostructures have

been found to possess various intrinsic enzyme-

mimetic activity including peroxidase, oxidase, cata-

lase, and superoxide dismutase [11, 12]. For instance,

Cai et al. [13] adopted a facile method to synthesize

porous Pt nanotube using tellurium nanowires as

templates, and the porous Pt nanotube exhibits supe-

rior intrinsic peroxidase-like activity due to their

specific surface area. Ultrafine lysozyme-stabilized Pt

nanoclusters could catalyze the O2 oxidation of typical

organic substrates 3,30,5,50-tetramethylbenzidine

(TMB) and dopamine as a mimic oxidase, which made

their practical applicability in degrading methylene

blue in the absence of H2O2 [14]. Pt nanoparticles also

had catalase-like activity and significant superoxide

dismutase-like activity of scavenging hydrogen per-

oxide and singlet oxygen under neutral conditions;

these two enzymes play important roles in maintain-

ing redox balance in living organisms by scavenging

excess reactive oxygen species (ROS) [15].

In recent years, hybrid composite materials have

been proved to exhibit enhanced mimic enzyme

performance than their monometallic counterparts

because of the synergistic effect, electronic structures

effect, and the changes in the geometrical. Therefore,

the development of Pt-based binary, ternary, and

quaternary metallic systems including core–shell,

alloy and cocatalysts to optimize the performance of

Pt mimic enzyme has attracted considerable attention

[16]. For example, a novel Au@Pt nanostructures

synthesized as Au nanorods coated with a shell

composed of Pt nanodots exhibited intrinsic oxidase-

like, peroxidase-like, and catalase-like activity, which

could be used in enzyme-linked immunosorbent

assay (ELISA) for the detection of mouse interleukin

2 [17]. Wu reported that mercury (II) ions (Hg2?) can

inhibit the peroxidase-like activity of the DNA-Ag/Pt

co-catalyst; therefore, DNA-Ag/Pt nanostructures

could be used as a simple, rapid, and highly sensitive

colorimetric assay for the detection of Hg2? [18].

Au@PdPt nanostructures as PdPt alloy nanodots on

gold nanorods possessed tuning oxidase-like activity

via the composition of Pd/Pt ratio, which could cat-

alyze the oxidation of TMB, Fe2?, and ascorbic acid

(AA) [19]. A novel aptamer stabilized Pt–Co

bimetallic nanoparticle showed high oxidase-like

catalytic activity, high water solubility, low cell toxi-

city, and superparamagnetic properties, which could

be used as highly sensitive and selective colorimetric

assay for cancer cell detection and other medical

diagnosis [20].

Selenium (Se), an element of the chalcogenide

group with novel chemical, physical, and biochemi-

cal properties, has been widely studied. Se is an

essential trace element of fundamental importance to

human health, such as the regulation of redox bal-

ance that is particularly important to cell growth and

apoptosis [21]. Further, Se is also an excellent semi-

conductor with unique photoelectrical, photocon-

ductivity, catalytic activity toward hydration, and

oxidation, which promote its wide application in

various fields such as xerography, semiconductor

rectifiers, solar cells, and catalysis [22]. Due to its

inspiring properties, element Se exhibits a lot of

advantages as conventional heteroatom doping ele-

ments in a series catalyst. For instance, hybrid cata-

lyst as element Se doped in noble metals (Au, Pt, Ag,

and Ru) showed better stability and catalytic perfor-

mance because of the anchor effect of Se [23–25]. Fuel

cell catalysts modified with Se formed new catalytic

active center due to the surface chemical interaction

and charge transfer between Se and catalyst core

[26, 27]. Furthermore, as Se atoms play a role in

chemically stabilizing the Ru or Pt cluster core

against oxidation, oxygen reduction reaction (ORR)

catalyst (Ru- or Pt-based) with Se incorporation has

high tolerance to methanol and overcome the catalyst

poisoning [28, 29].
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However, whether Pt–Se hybrid nanostructures

have improved mimic enzyme performance remained

unknown. In our previous work, we found for the first

time that monometallic Se nanoparticles had intrinsic

oxidase-like activity, which could catalyze the oxi-

dization of TMB by dissolved oxygen [30]. Since both

monometallic Pt nanoparticles and monometallic Se

nanoparticles have oxidase-like activity, and a series

catalyst modified with element Se showed increased

stability and catalytic performance [25, 31, 32], it is

reasonable to expect that Pt–Se hybrid nanostructures

may possess enhanced oxidase-like activity due to

synergistic effect of the bifunctional properties of the

noble metal and the heteroatom. In order to confirm

this speculation, Pt–Se nanostructures and Pt

nanoparticles were synthesized and their oxidase-like

activity was evaluated with TMB as a substrate in this

work. The results indicated that Pt–Se nanostructures

possess enhanced oxidase-like activity as compared to

monometallic Pt nanoparticles. Furthermore, it was

found that the oxidase mimic enzymatic activity of Pt–

Se nanostructures could be inhibited by Hg2?. Based

on this phenomenon, a facile and rapid colorimetric

detection for the sensing of Hg2? was developed with

a detection limit of 70 nm and a good linear range of

0–2.5 lM. The proposed method has highly sensitivity

and selectivity toward Hg2? over other common metal

ions, which may have a potential application in

detecting Hg2? in environmental and biological

samples.

Materials and methods

Materials

All chemicals were of analytical grade and used

without further purification. Hexachloroplatinic acid

(H2PtCl6�6H2O), polyvinylpyrrolidone (PVP), ascor-

bic acid, Na2SeO3, NaBH4, NaNO3, KNO3, Mn(CH3-

COOH)2�7H2O, Zn(NO3)2�6H2O, Cd(NO3)2�4H2O,

CuSO4, Pb(NO3)2, FeSO4, FeCl3�6H2O, and AlCl3

were purchased from Sinopharm Chemical Reagent

Co., Ltd (Shanghai, China). MgSO4 and CaCl2 were

purchased from Shanghai shiyi Chemical Reagent

Co., Ltd. Hg(NO3)2 was purchased from General

Research Institute for Nonferrous Metals. TMB was

purchased from Aladdin (Shanghai, China). Doubled

distilled water was used throughout the whole

experiment.

Preparation of the Pt nanoparticles and Pt–
Se nanostructures

In a typical synthesis of Pt nanoparticles, 1 mL of

5 mM H2PtCl6 was mixed with 1 mL of 50 mM PVP

under vigorous stirring at room temperature, and

then 1 mL of 50 mM NaBH4 was added into the

mixture. The reaction system was reconstituted to a

final volume of 10 mL with doubled distilled water.

The color of the mixture turned into dark brown,

indicating the formation of Pt nanoparticles. In a

typical synthesis of Pt–Se nanostructures, 17.6 mg of

ascorbic acid was dissolved in 7 ml doubled distilled

water; then 1 mL 5 mM H2PtCl6, 1 mL of 5 mM

Na2SeO3, and 1 mL of 50 mM PVP were added to this

solution. The mixed solution was under vigorous

stirring for 2 h at room temperature until the color of

the colloid became dark brown, which indicated the

formation of Pt–Se nanostructures. The final concen-

tration of Pt nanoparticles or Pt–Se nanostructures in

the colloidal solution was 0.5 mM. Pt nanoparticles

and Pt–Se nanostructures colloidal solution were

washed with ethanol and acetone and then cen-

trifuged at 10000 rpm for the removal of excess PVP.

The precipitate was collected and resuspended in

doubled distilled water to prepare Pt nanoparticles

and Pt–Se nanostructures stock solution (3 mM).

Characterization of Pt nanoparticles and Pt–
Se nanostructures

The as-obtained Pt nanoparticles and Pt–Se nanos-

tructures were characterized by transmission electron

microscopy (TEM), X-ray powder diffraction (XRD),

dynamic light scattering (DLS), X-ray photoelectron

spectroscopy (XPS), UV–Vis absorption, and fluores-

cence spectra. TEM sample was prepared by placing

a drop of the colloidal dispersion onto a copper grid

coated with a perforated carbon film, followed by

evaporating the solvent at room temperature. Then

the TEM graphs were obtained on a Tecnai (G2 20,

FEI Co., Netherlands) at an acceleration voltage of

200 kV. The average particle size and the distribution

were determined from about 200 particles of the

enlarged micrographs. The mean hydrodynamic

diameter of Pt nanoparticles and Pt–Se nanostruc-

tures in aqueous solution was obtained using a DLS

instrument (LB-550, Horiba, Ltd. Japan). XRD pat-

terns were recorded on an X-ray diffractometer

(X’Pert PRO, PANalytical B.V., Netherlands) using
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Cu Ka radiation with 40 kV and 55 mA in the 2h
range 10�–90�. The XPS sample was prepared by

spreading the colloidal ethanol dispersion on a glass

plate and dried under room temperature, and the

XPS patterns were operated on an Axis-ultra Dld-

600 W (Kratos, Japan) photoelectron spectrometer.

UV–Vis absorption spectra were collected on a UV–

Vis spectrophotometer (Shimadzu UV-2550) in the

wavelength range of 200–600 nm. Fluorescence exci-

tation and emission spectra were obtained on a

JASCO FP-6200 fluorimeter.

Oxidase-like activity of Pt nanoparticles
and Pt–Se nanostructures and kinetic
studies

To investigate the oxidase-like activity of the as-

synthesized Pt nanoparticles and Pt–Se nanostruc-

tures, the catalytic oxidation of the peroxidase sub-

strate TMB in the absence of H2O2 was tested. In a

typical experiment, 10 lL 3 mM Pt nanoparticles

(5.8 lg Pt nanoparticles) or 10 lL 3 mM Pt–Se

nanostructures (5.6 lg Pt–Se nanostructures) was

mixed with 1.98 mL 0.2 M NaAc buffer; then 10 lL

4 g/L TMB was added to the mixture solution. As the

reaction proceeded during 10 min, the blue color

product of oxTMB was monitored in time scan mode

at 652 nm using a Shimadzu UV-2450 spectropho-

tometer at an interval of 1 min [3]. The apparent

kinetic parameters were calculated based on the

Michaelis–Menten equation V = Vmax 9 [S]/

(Km ? [S]), where V is the initial velocity, Vmax is the

maximal reaction velocity, [S] is the concentration of

substrate and Km is the Michaelis constant. Catalytic

constant (Kcat) as defined Kcat = Vmax/[E]total was

calculated, where [E]total is the molar concentration of

Pt nanoparticles or Pt–Se nanostructures. To explore

the optimal conditions of the oxidation of TMB with

Pt nanoparticles and Pt–Se nanostructures, a range of

temperatures (20–60 �C) and a range of pH values

(2.7–5.6) for the reaction were measured under the

same conditions mentioned above.

The application of Pt–Se nanostructures
in colorimetric detection of Hg21

The detection of Hg2? was carried out as follows. Ten

microliter of 3 mM Pt–Se nanostructures and a series

concentrations of Hg2? were added into 2 mL 0.2 M

NaAc buffer solution (pH 4.4). After 10 min of

incubation, 15 lL of 4 g/L TMB was injected into the

mixtures, and then the reaction system was incubated

for another 10 min at 40 �C. The absorbance at

652 nm was recorded by a Shimadzu UV-2450

spectrophotometer.

To investigate the detection selectivity and sensi-

bility of the method, effects of other metal ions,

including Na?, K?, Mg2?, Mn2?, Zn2?, Cd2?, Ca2?,

Cu2?, Pb2?, Fe2?, Fe3?, and Al3?, on the oxidase

mimic activity of the Pt–Se nanostructures were also

evaluated. In a typical experiment, 10 lL of 3 mM Pt–

Se nanostructures and 10 lL of 10 mM different

metal ions were added into 2 mL 0.2 M NaAc buffer

solution (pH 4.4). After 10 min of incubation, 15 lL of

4 g/L TMB was injected into the mixtures and the

reaction systems were incubated for another 10 min

at 40 �C. The absorbance at 652 nm was recorded by

a Shimadzu UV-2450 spectrophotometer.

Results and discussion

Characterization of Pt–Se nanostructures

Figure 1a, b shows the typical TEM image and DLS

result of Pt nanoparticles, indicating that Pt

nanoparticles possessed spherical-like morphology

with narrow size distribution and an average size

about 5.4 nm. As shown in Fig. 1c, d, the TEM image

and DLS result revealed that Pt–Se nanostructures

had irregular morphology with narrow size distri-

bution and an average size about 13.5 nm. EDX

attached to the TEM equipment was adopted to

confirm the existence and the ratio of Pt/Se in Pt–Se

nanostructures. As demonstrated in Fig. 1e, the

quantitative analysis of EDX confirmed that Pt–Se

nanostructures were consist of Pt and Se atoms, and

the Pt/Se atomic molar ratio was approximately 7:3.

Overall, the above results indicated that Pt nanopar-

ticles and Pt–Se nanostructures displayed similar

morphology only with differences on the size and

composition.

Figure 2a shows XRD patterns of Pt nanoparticles

and Pt–Se nanostructures. In the Pt nanoparticles

spectrum, three diffraction peaks corresponding to

the (111), (200), and (220) lattice planes were

observed, which was consistent with the literature

values (JCPDS 80-1268) [33]. In the Pt–Se nanostruc-

tures spectrum, the (111), (200), and (220) lattice

planes could be also indexed, but with a small right
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shift, which may be due to the doped Se. This result

indicated that Pt–Se nanostructures formed with

doped Se might possess similar crystal form with

pure Pt nanoparticles. It was worth noting that ele-

ment Se might exist as amorphous form in the Pt–Se

nanostructures, but its typical diffraction peak was

not present in the XRD pattern [30].

To further investigate the composition of Pt–Se

nanostructures, XPS spectrum of the Pt 4f region and

Se 3d region was collected. The typical Pt 4f7/2 and Pt

4f5/2 binding energy was about 70.8 eV and 74.2 eV

in Pt nanoparticles (Fig. 2b), which is indicative of the

reduced platinum Pt (0). The XPS spectrum of Pt 4f

region in Pt–Se nanostructures (Fig. 2c) revealed the

similar result, with Pt 4f7/2 peak at about 71.5 eV and

Pt 4f5/2 peak at 74.4 eV, respectively. This result

showed that Pt–Se nanostructures were composed of

element Pt (0). The XPS spectrum of Se 3d region in

Pt–Se nanostructures showed that the 3d orbit bind-

ing energy of Se was about 55.1 eV (Fig. 2d), which

was consistent with the standard value of element Se

(0). Therefore, it could be clearly observed that Pt–Se

Figure 1 a, b TEM image

(the scale bar was 50 nm) and

DLS result of Pt nanoparticles;

c, d TEM images (the scale

bar was 50 nm) and DLS

result of Pt–Se nanostructures;

e EDX of Pt–Se

nanostructures.
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nanostructures were consist of reduced platinum Pt

(0)- and Se (0)-based on the XPS results.

Figure 3a shows the UV–Vis spectra change during

the formation of Pt nanoparticles and Pt–Se nanos-

tructures. The H2PtCl6 aqueous solution was pale

yellow and shows a peak at about 265 nm in its UV–

Vis spectrum (green line in Fig. 3a) due to the ligand-

to-metal charge transfer transition of the [PtCl6]2-

ions [14]. After the addition of reduction agent

NaBH4, the color of the solution turned into dark

brown within 30 min. The UV–Vis spectrum showed

the peak at 265 nm disappeared (blue line in Fig. 3a),

indicating that the [PtCl6]2- ions were completely

reduced and the Pt nanoparticles was formed. On the

other hand, the mixture solution of H2PtCl6 and

Na2SeO3 showed nearly the same absorption spec-

trum with H2PtCl6 aqueous solution (black line in

Fig. 3a), indicating that there was no interaction with

H2PtCl6 and Na2SeO3 before reaction. After the

addition of reduction agent ascorbic acid, the peak at

265 nm was also disappeared and the absorption

from the visible region to the ultraviolet increased

along with the formation of dark brown solution (red

line in Fig. 3a). It was worth noting that there

appeared an absorption peak at nearly 300 nm, which

was relevant to the formation vibration of Se

nanoparticles [34]. Based on the UV–Vis spectrum of

Pt–Se nanostructures, it could be seen that Pt

nanoparticles and Se nanoparticles coexist during the

process of Pt–Se nanostructure formation. In order to

Figure 2 a XRD patterns of

Pt nanoparticles and Pt–Se

nanostructures; b XPS

spectrum of Pt 4f region in Pt

nanoparticles; c XPS spectrum

of Pt 4f region in Pt–Se

nanostructures; d XPS

spectrum of Se 3d region in

Pt–Se nanostructures.

Figure 3 a UV–Vis spectra

change during the formation of

Pt nanoparticles and Pt–Se

nanostructures; b fluorescence

spectra obtained from the

synthesis of Pt nanoparticles

and Pt–Se nanostructures.

J Mater Sci (2017) 52:10738–10750 10743



further investigate the structure effect of element Se

nanoparticles doped in the Pt–Se nanostructures,

fluorescence spectra of Pt nanoparticles and Pt–Se

nanostructures are shown in Fig. 3b. The maximal

emission wavelength of Pt nanoparticles was about

435 nm as the excitation wavelength fixed in 350 nm,

while the maximal emission wavelength at 435 nm

disappeared for the Pt–Se nanostructures. The fluo-

rescence quenching for Pt–Se nanostructures may be

due to doped Se in the Pt nanoparticles.

The enhanced oxidase-like activity of Pt–Se
nanostructures

The oxidase-like activity of Pt nanoparticles and Pt–

Se nanostructures was evaluated in the catalysis of

typical substrate TMB in the absence of H2O2. As

shown in Fig. 4a, Pt nanoparticles and Pt–Se nanos-

tructures could catalyze the oxidation of TMB with

dissolved O2 in NaAc buffer to produce a typical blue

color product during 10 min, suggesting the oxidase-

like activity of the as-synthesized Pt nanoparticles

and Pt–Se nanostructures. In addition, the Pt–Se

nanostructures showed significantly higher oxidase-

like activity than Pt nanoparticles, since much more

blue product was obtained in the Pt–Se

nanostructures system than that in Pt nanoparticles

system under the same reaction conditions. Pt–Se

nanostructures with enhanced oxidase-like activity

could also be confirmed by UV–Vis spectra. As can be

seen from Fig. 4b, the maximum absorbance peak of

the blue color products of TMB oxidation was located

at 652 nm; the absorbance of the Pt–Se nanostructures

system was much higher, indicating that the activity

of Pt–Se nanostructures was significantly enhanced in

comparison with Pt nanoparticles. The initial oxida-

tion rates of Pt nanoparticles and Pt–Se nanostruc-

tures were evaluated by monitoring the time course

of absorbance at 625 nm (Fig. 4c). The absorbance of

the oxidized TMB at 652 nm was continuously

increased in the presence of Pt nanoparticles or Pt–Se

nanostructures as the reaction time extended, while

the absorbance of the reaction system without cata-

lyst nearly unchanged. As evaluated from the

absorbance of oxidized TMB, the catalytic activity of

the Pt–Se nanostructures was nearly two times that of

Pt nanoparticles.

Similar to other oxidase and peroxidase mimics,

the catalytic activities of Pt nanoparticles and Pt–Se

nanostructures were also dependent on pH and

temperature. Figure 5a shows the effect of pH on the

oxidase-like activity of Pt nanoparticles and Pt–Se

Figure 4 a Color evolutions

of TMB oxidation catalyzed

by Pt nanoparticles and Pt–Se

nanostructures. b The UV–

visible absorption spectra of

TMB-derived oxidation

product in the presence of Pt

nanoparticles or Pt–Se

nanostructures. c Time-

dependent absorbance changes

at 652 nm in the presence of Pt

nanoparticles or Pt–Se

nanostructures (black curve in

b, c represents the control

experiment without catalyst).

Conditions:

[TMB] = 83.2 lM, [Pt] or

[PtSe] = 15 lM.
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nanostructures in a pH range from 2.7 to 5.6. The

results showed that the maximum catalytic activity

for Pt nanoparticles and Pt–Se nanostructures was at

pH 3.8 and 4.4, respectively. And, more remarkable,

Pt–Se nanostructures exhibited more steady catalytic

activity than Pt nanoparticles at a pH range of 3.8–5.6.

The oxidase-like activity of Pt–Se nanostructures

remained about 78% at pH 5.6 compared to that of

optimum pH 4.4. As a contrast, the Pt nanoparticles

lost almost 80% of its activity at pH 5.6 compared to

that of optimum pH 3.8. Different pH can affect the

formation of different hydration shell water in the

surface of nanomaterials, which may result in the pH-

dependent activity of nanoenzyme [35]. Furthermore,

Pt nanoparticles and Pt–Se nanostructures with

maximum catalytic activity at different pH were

likely attributed to their different composition. The

as-synthesized Pt–Se hybrid nanostructures may

affect the interaction between nanomaterials mimic

enzyme and substrate TMB, thereby achieving the

Figure 5 a Effect of pH on the oxidase-like activity of Pt

nanoparticles and Pt–Se nanostructures. Conditions: [TMB] =

83.2 lM, [Pt] or [PtSe] = 15 lM. b Effect of temperature on the

oxidase-like activity of Pt nanoparticles and Pt–Se nanostructures.

Conditions: [TMB] = 83.2 lM, [Pt] or [PtSe] = 15 lM.

Figure 6 a Time-dependent

absorbance changes at 652 nm

of various concentrations of

TMB for Pt nanoparticles.

b The steady-state kinetic

assay of Pt nanoparticles with

TMB. c Time-dependent

absorbance changes at 652 nm

of various concentrations of

TMB for Pt–Se

nanostructures. d The steady-

state kinetic assay for Pt–Se

nanostructures with TMB.

Inset for b, d double

reciprocal plots between

reaction velocity and TMB

concentration. Conditions: [Pt]

or [PtSe] = 15 lM.
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synergistic effect between Pt nanoparticles and Se

nanoparticles.

Effects of temperature on the oxidase-like activity

of Pt nanoparticles and Pt–Se nanostructures were

examined in a temperature range from 20 to 60 �C.

As seen in Fig. 5b, both Pt nanoparticles and Pt–Se

nanostructures remained high oxidase-like activity in

the range of 20–60 �C, and the optimum temperature

for Pt nanoparticles and Pt–Se nanostructures was 30

and 40 �C, respectively. The catalytic activity of Pt

nanoparticles and Pt–Se nanostructures then

decreased as the temperature increased above 50 �C,

and Pt–Se nanostructures lost more activity as com-

pared to Pt nanoparticles. Temperature can not only

alter the reaction efficiency, but also affect the sta-

bility and structure of the nanoparticles involved in

the catalytic reaction. More catalytic sites of Pt

nanoparticles and Pt–Se nanostructures were acti-

vated with increased temperature, leading to increase

of catalytic activity. Furthermore, higher temperature

can provide more energy for the bonding of catalyst

and substrate. However, too high temperature may

bring about the agglomeration of nanoparticles and

cause the loss of stability, which resulted in the sig-

nificant decrease of catalytic activity. Previous study

showed that the structure of Se nanoparticles may

transform into t-Se crystal with the increased size

under excessive high temperature [36]. Therefore,

due to the variation of crystal form and size of ele-

ment Se under high temperature, the construction of

Pt–Se nanostructure may be destroyed, resulting in

the loss of synergistic effect between Pt nanoparticles

and Se nanoparticles. It may be the reason that the

Pt–Se nanostructures exhibited greater deterioration

of catalytic activity in comparison with Pt nanopar-

ticles when the temperature was above 50 �C.

To further comparing the catalytic activity and

acquiring kinetic parameters of Pt nanoparticles and

Pt–Se nanostructures, the apparent steady-state

kinetic parameters of TMB were obtained by varying

TMB concentration. As shown in Fig. 6, a typical

Michaelis–Menten curve was obtained with TMB by

recording the absorbance change at 652 nm for

10 min at an interval of 1 min. The Michaelis–Menten

constant (Km) and maximum initial velocity (Vmax)

were obtained using a Lineweaver–Burk plot. The Km

value of Pt–Se nanostructures with TMB as the sub-

strate was lower than that of Pt nanoparticles

(0.029 mM to 0.051 mM), and the catalytic con-

stant(Kcat) of Pt–Se nanostructures was nearly 2 times

of that of Pt nanoparticles (as shown in Table 1). Km is

an important parameter for measuring binding

affinity of the enzyme to the substrates and affects the

value of the reaction rate. A low Km means the strong

affinity of the enzyme to the substrates and vice

versa. Therefore, our data demonstrated that Pt–Se

nanostructures had higher affinity for TMB than that

of Pt nanoparticles, which provided an explanation

for the enhanced catalytic activity of Pt–Se

nanostructures.

The element Se doped in binary Pt–Se hybrid

nanostructures might play a vital role in their

enhanced oxidase-like activity. Previous researches

showed that Se had several advantages as conven-

tional heteroatom doping elements. For instance, the

excellent electric conductivity of Se can accelerate

electron transport, and the anchoring effect of Se

atom can enhance the stability of catalyst [27, 28].

Furthermore, Se can become metallic when bound to

metals resulting in exceptional chemical stability in

acidic media due to the charge transfer between

metal and Se [26, 29]. Therefore, element Se doped in

Pt–Se nanostructures might accelerate electron

transport between the electron donor TMB and the

electron acceptor oxygen. Additionally, the anchor-

ing effect of heteroatom Se might enhance the toler-

ance of Pt for oxidation products. Anyway, the exact

role of doped Se in the enhanced catalytic activity of

Pt–Se nanostructures should be studied in depth in

the future.

Table 1 Apparent kinetic

parameters of Pt nanoparticles

and Pt–Se nanostructures as

oxidase mimics for TMB

oxidation

[E]total (lM) Km (mM) Vmax (lM min-1) Kcat (min-1)

Pt nanoparticles 15 0.051 6.52 0.43

Pt–Se nanostructures 15 0.029 11.69 0.78

[E]total is the molar concentration of Pt nanoparticles or Pt–Se nanostructures. Km is the Michaelis

constant, and Vmax is the maximal reaction velocity. Kcat is the catalytic constant, where Kcat = Vmax/

[E]total
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The application of Pt–Se nanostructures
in a selective colorimetric assay for Hg21

As one of the most toxic heavy metal ions, Hg2? can

lead to great harm to human health and environment

due to their intrinsic bioaccumulation property.

Various detection methods including chemilumines-

cence, fluorescent, and electrochemical assays have

been utilized to improve the detection sensitivity and

selectivity of Hg2? [37]. Recently, it was found that

Hg2? possesses strong interaction with active

site/center of enzymes and causes the inhibition or

stimulation of their catalytic activity. Therefore, col-

orimetric detections of Hg2? on basis of nanomate-

rials mimic enzyme have become a novel and facile

method [38, 39]. In our work, it was found that the

oxidase mimetic activity of Pt–Se nanostructures

could be inhibited by Hg2?, as shown in Fig. 7a. The

absorbance at 652 nm decreased sharply as the con-

centration of Hg2? ranging from 0 to 10 lM. As Hg2?

concentrations were over 10 lM, the inhibition of

Hg2? to the catalytic activity of Pt–Se nanostructures

leveled off. Notably, it could be observed a good

linear relationship between the absorbance at 652 nm

and Hg2? concentrations in the range of 0–2.5 lM

(the inset in Fig. 7a), with the linear calibration plot of

A652 = 1.0449–0.0002[Hg2?] (R2 = 0.992). The detec-

tion limit of Hg2? using this method is 70 nM as the

signal-to-noise ratio is 3, according to the equation:

the detection limit = 3r/slope [38]. The slope

obtained from the linear calibration plot, and the r
represented the blank standard deviation. The

repeatability expressed as the relative standard

deviation (RSD) was 0.92% (n = 15). This colorimet-

ric assay for Hg2? using Pt–Se nanostructures

showed a lower detection limit and higher sensitivity

in comparison with some other nanomaterial-based

colorimetric assay [40–45].

To evaluate the selectivity of the colorimetric assay

for Hg2?, various common metal ions including Na?,

K?, Mg2?, Mn2?, Zn2?, Cd2?, Ca2?, Cu2?, Pb2?, Fe2?,

Fe3?, and Al3? were used to investigate their effect on

the oxidase-like activity of Pt–Se nanostructures. As

shown in Fig. 7b, even at 50 lM (in comparison with

5 lM Hg2?), other metal ions showed no obvious

inhibition or stimulation to the oxidase mimetic

activity of the Pt–Se nanostructures. Therefore, the

colorimetric assay using Pt–Se nanostructures mimic

enzyme exhibited high selectivity toward Hg2? over

other metal ions. Based on these data, Pt–Se nanos-

tructures can be utilized as a potential candidate for

the detection of Hg2? with high sensitivity and

selectivity.

Previous studies showed that Hg2? ions could alter

the surface properties of Au, Ag, and Pt nanoparticles

through the strongest Hg2?-noble metal nanoparti-

cles interaction, which led to the inhibition of their

catalytic activity [37, 46]. In our colorimetric assay,

Figure 7 a Curve of the A652 values with Pt–Se nanostructures in

the presence of different concentrations of Hg2?, inset: linear

calibration plot for Hg2? detection. Conditions:

[TMB] = 83.2 lM, [PtSe] = 15 lM, pH 4.4 NaAc, reaction

temperature 40 �C. b Effects of metal ions on the oxidase-like

activity of Pt–Se nanostructure. A represents the absorbance of

oxTMB at 652 nm in the presence of Pt–Se nanostructure and

different metal ions. A0 represents the absorbance of oxTMB at

652 nm in the presence of Pt–Se nanostructure. [Hg2?]: 5 lM;

other metal ions: 50 lM. The reaction system was in pH 4.4 NaAc

buffer solution including 15 lM Pt–Se nanostructure and 83.2 lM
TMB. The inset shows the corresponding color evolutions of TMB

oxidation catalyzed by Pt–Se nanostructure in the presence of

various metal ions.
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the notable inhibition of Hg2? on oxidase-like activity

of Pt–Se nanostructures may be attributed to the

interaction of Hg2? and Pt–Se nanostructures. Hg2?

may interact with Pt–Se nanostructures through its

well-known metallophilic property and cause the

formation of Hg/Pt amalgam. Thus, the content of

Pt(0) in the Pt–Se nanostructures decreased in quan-

tity, and a number of oxidase mimetic active centers

of Pt–Se nanostructures may be blocked, which

resulted in the inhibition of the Pt–Se mimic enzyme

catalytic activity. Furthermore, we observed obvious

agglomeration of Pt–Se nanostructures after addition

of 50 lM Hg2?. This means that Hg2? destroyed the

surface electrical structure of Pt–Se nanostructures,

leading to the decrease of the stability of the Pt–Se

nanostructures.

Conclusion

In conclusion, Pt–Se nanostructures and Pt nanopar-

ticles were synthesized by a one-step chemical

reduction route in aqueous solution using PVP as

protective agent. The Pt–Se nanostructures with a

mean diameter of about 13.5 nm formed as the Pt/Se

atomic molar ratio are approximately 7:3, while the Pt

nanoparticles consist of pure element Pt with a mean

diameter of about 5.4 nm. The oxidase-like activity of

Pt–Se nanostructures and Pt nanoparticles was eval-

uated with TMB as substrate. The data exhibited that

Pt–Se nanostructures had an optimum catalytic

activity at pH 4.4 and 40 �C, while Pt nanoparticles

were at pH 3.8 and 30 �C. The maximum catalytic

activity at different pH and temperature for the two

nanomaterials was likely attributed to different

composition and size. The Km values and Kcat of Pt–Se

nanostructures for TMB oxidation were 0.029 mM

and 0.78 min-1, while the Km values and Kcat of Pt

nanoparticles for TMB were 0.051 mM and

0.43 min-1. The lower Km value and higher Kcat mean

Pt–Se nanostructures have stronger binding affinity

with the substrate TMB and higher catalytic activity

in comparison with Pt nanoparticles. The enhanced

oxidase-like activity of Pt–Se nanostructures may be

attributed to element Se doped for the formation of

binary Pt–Se hybrid nanostructures. The binary Pt–Se

hybrid nanostructures can provide more active sites

for the substrate adsorption and accelerate electron

transport; the anchor effect of element Se provides

the exceptional chemical stability. In a word, Pt–Se

nanostructures with enhanced oxidase-like activity

can be achieved due to synergistic effect of the noble

metal and the heteroatom. As compared to other Pt-

based (Au, Pd and Ag) hybrid nanostructures mimic

enzyme, Pt–Se nanostructures can achieve the similar

oxidase-like activity. Furthermore, the oxidase mimic

enzymatic activity of Pt–Se nanostructures could be

efficiently inhibited by Hg2? through the metal-

lophilic interactions, which bring about a facile and

rapid colorimetric detection for Hg2? with a detection

limit of 70 nm and a good linear range of 0–2.5 lM.

The proposed method has high sensitivity and

selectivity toward Hg2? over other common metal

ions, which promotes Pt–Se nanostructures that can

be utilized as a potential candidate for detecting

Hg2? in environmental and biological samples.
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