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 ABSTRACT 

Enhancing the activity of Pt-based nanocatalysts is of great significance yet a 

challenge for the oxygen reduction reaction (ORR). In this work, a series of

porous Pt/Ag nanoparticles (NPs) were fabricated from regular PtxAg100–x (x = 25, 

50, 75) octahedra by a facile and economical dealloying process. Remarkable

enhancement in multiple enzyme-mimic activities related to ORR was observed 

for the dealloyed Pt50Ag50 (D-Pt50Ag50) NPs. This effect can be attributed to the 

resulting Pt-rich surface structure, increased surface area, and a synergistic effect

of Pt and Ag atoms in the D-Pt50Ag50 NPs. Furthermore, the D-Pt50Ag50 NPs 

exerted excellent antibacterial effects on two model bacteria (gram-negative 

Escherichia coli and gram-positive Staphylococcus aureus). The present work 

represents a significant advance in the exploration of the relation between

controllable synthesis of high-quality nanoalloys and their novel catalytic 

properties for various promising applications, including catalysts, biosensors, 

and biomedicine. 

 
 

1 Introduction 

The oxygen reduction reaction (ORR), as an important 

cathode reaction, is widely employed in fuel cells and 

metal-air batteries for renewable-energy applications 

[1–3]. For many years, various Pt-based nanocatalysts 

with well-defined shapes and controllable facets have 

been extensively studied [4–14], aimed at enhancing 

the ORR activity. 
Recently, dealloyed Pt-based bimetallic nanoparticles 

(NPs) have attracted considerable attention as electro-

catalysts for ORR [15–19]. The chemical or electro-

chemical dealloying treatment leads to a change  

in the arrangement and configuration of the surface 

and/or topmost few layers of Pt atoms, which 

dramatically affect the adsorption and activation of 

oxygen, accompanied by enhancement of ORR activity. 

Depending on the structure of bimetallic NPs as 

templates, several typical examples include production 

of ultrathin icosahedral Pt-enriched nanocages from 

Nano Research 2017, 10(6): 2056–2069 

DOI 10.1007/s12274-016-1395-0 

Address correspondence to Rong Yang, yangr@nanoctr.cn; Chen Wang, wangch@nanoctr.cn 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

2057 Nano Res. 2017, 10(6): 2056–2069 

PdPt core–shell NPs [20], construction of a Pt-skin 

structure on the FePt and CoPt alloy nanowires [21], 

and formation of thin Pt skin (ca. 1 nm in thickness) 

on the Cu3Pt/C intermetallic NPs [22]. Nonetheless, 

extension of this facile and economical method to 

high-quality nanoalloys and their novel catalytic 

properties still lack due research. 

An octahedron, which is one of the simplest platonic 

solids, is composed of 8 equilateral triangle faces. 

Owing to many intriguing properties such as high 

symmetry, the existence of critical edges and complete 

{111} facets, face-centered cubic (fcc) metal nano- 

octahedra [23–27] have previously been used as typical 

models for catalysis (e.g., hydrogenation and ORR), 

photonics, and surface-enhanced Raman spectroscopy 

(SERS) studies. Meanwhile, nanoporous materials have 

found broad applications in catalysis involving ORR, 

resulting from their large surface area, low density, 

and high catalytic efficiency [28–32]. Thus, nanoporous 

octahedra could be anticipated to show greatly 

enhanced ORR activity. 

Herein, we report a series of porous Pt/Ag NPs 

obtained by chemical dealloying of regular PtxAg100–x 

(0 < x < 100) octahedra. By means of the dealloying 

process, some Ag atoms are selectively removed, 

producing the Pt-enriched surface structure with 

increased surface area. Remarkable enhancement in 

ORR-related activities of the dealloyed Pt50Ag50 NPs 

as multifunctional enzyme mimics was observed: 

oxidase- and peroxidase-like activities in the oxidation 

of 3,3',5,5'-tetramethylbenzidine (TMB) as a classic 

chromogenic substrate as well as catalase-like activity 

in the decomposition of hydrogen peroxide (H2O2) to 

water and oxygen. Besides, the dealloyed Pt50Ag50 

NPs have excellent antibacterial effects on two model 

bacteria (Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus)). Based on these fascinating observa-

tions, the dealloyed Pt/Ag NPs demonstrate a great 

potential for various important applications in catalysis, 

biosensing, and biomedicine. 

2 Experimental 

2.1 Materials 

Polyallylamine hydrochloride (PAH, molecular weight 

120,000 to 200,000), 3-carbamoyl-2,2,5,5-tetramethyl- 

3-pyrroline-1-yloxyl (CTPO), and silver nitrate (AgNO3) 

were supplied by Alfa Aesar. Chloroplatinic acid 

hexahydrate (H2PtCl6·6H2O) was provided by J&K 

Scientific Ltd. (Beijing, China). TMB was obtained 

from Acros and catalase (from bovine liver) was bought 

from TCI. A formaldehyde (HCHO) solution (40%) 

was purchased from Xilong Chemical Co., Ltd. (Shantou, 

China). H2O2 solution (30%) and nitric acid (HNO3) 

solution (65%–68%) were provided by Beijing Chemical 

Works (Beijing, China). Other reagents and chemicals 

were at least analytical-reagent grade. Ultrapure water 

was prepared by means of a Milli-Q ultrapure system 

(18 MΩ·cm). 

2.2 Characterization 

Transmission electron microscopy (TEM) images  

of NPs were obtained using a transmission electron 

microscope (FEI Tecnai G2 20 S-TWIN) operating at 

an accelerating voltage of 200 kV. The crystalline 

structure and phase purity were determined using an 

X-ray powder diffractometer (XRD, Bruker D8 focus) 

with Cu Kα radiation (λ = 1.5406 Å) at room tem-

perature and a high-resolution transmission electron 

microscope (HRTEM, JEM-2010F). Partial images were 

collected under a transmission electron microscope 

(FEI Tecnai G2 F20 U-TWIN). The composition of the 

products was analyzed by the inductively coupled 

plasma optical emission spectrometer (ICP-OES, 

Thermo Scientific iCAP 6300), and energy dispersive 

X-ray spectrometer (EDX) analysis. UV–Vis absorption 

spectroscopic measurements were carried out using a 

UV/Vis spectrophotometer (PerkinElmer Lambda 950) 

and a multimode plate reader (PerkinElmer EnSpire®). 

Zeta potential was measured using a Malvern Zetasizer 

Nano system. Brunauer–Emmett–Teller (BET) mea-

surements were conducted on an ASAP2020 (M+C) 

surface area analyzer. X-ray photoelectron spectra 

(XPS) were recorded using an X-ray photoelectron 

spectrometer (Thermo Fisher ESCALAB 250Xi). Binding 

energies (BE) were calibrated by setting the measured 

BE of C 1s to 284.8 eV. Electron spin resonance (ESR) 

spectra were recorded at room temperature on a JEOL 

JES-FA200 ESR spectrometer. All the photos were 

taken by means of a Canon camera. 
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2.3 Preparation of Pt/Ag NPs 

By changing the molar ratio between the metal 

precursors of chloroplatinic acid hexahydrate and 

silver nitrate, a series of octahedral PtxAg100–x (0 < x < 100) 

NPs were prepared, where x represents the molar 

percentage of Pt atoms. For example, in the synthesis 

of Pt50Ag50 NPs, 122 μL of AgNO3 (0.0492 M), 236.2 μL 

of H2PtCl6·6H2O (0.0254 M), and 200 μL of HCHO 

were added to 4 mL of a PAH solution (10 mg·mL–1), 

followed by 10 min of vigorous stirring. The resulting 

homogeneous solution was transferred into a 10-mL 

Teflon-lined stainless-steel autoclave. The sealed vessel 

was then heated at 200 °C for 4 h before it was cooled 

down to room temperature. The final product was 

separated by centrifugation, washed with ultrapure 

water, and then dispersed into 4 mL of ultrapure water 

to obtain a stock solution.  

Porous Pt/Ag NPs were obtained by the chemical 

dealloying method. Briefly, 1 mL of the stock solution 

of Pt/Ag NPs was etched with 4 mL of HNO3 solution 

at room temperature under ultrasonic condition 

(frequency 40 kHz). When the required etching time 

was completed, the samples were then immersed   

in deionized water for several minutes to stop the 

dealloying process and remove the residual nitric acid. 

2.4 Catalytic activity test 

The oxidase- or peroxidase-like activity of dealloyed 

Pt/Ag NPs was investigated through TMB oxidation 

without or with H2O2 to generate a colorimetric reaction 

with a total volume of 500 μL. Typically, the reactions 

were carried out in acetate buffer (0.2 M, pH 4.0) 

using 10 μL of dispersion of dealloyed Pt/Ag (1 mM 

based on total metals) and 10 μL of TMB (50 mM)  

in the absence or presence of 10 μL of H2O2 (50 mM). 

After incubation for 10 min at room temperature, the 

absorbance of the resulting solution at 652 nm was 

determined immediately. 

The catalase-like activity of dealloyed Pt/Ag NPs 

was studied with H2O2 decomposition to form oxygen 

and water. Typically, a stock solution containing 

CTPO, a water-soluble spin label and H2O2 was   

first deoxygenated with N2. After that, the catalase 

(1 mg·mL–1, 5 μL) or Pt/Ag NPs (1 mM based on metals, 

10 μL) were added. Then the as-prepared samples  

were transferred into 50-μL glass capillary tubes, sealed, 

and placed in the ESR compartment. Final concentra-

tions were 0.1 mM CTPO and 0.25 mM H2O2 in 50 mM 

phosphate buffer saline (PBS) (pH 7.4). ESR experi-

ments were run by a JEOL JES-FA200 spectrometer. ESR 

signals were obtained with 2 mW incident microwave 

power, 0.06 G field modulation, sweep width 2.5 G, 

and time constant of 0.03 s.  

2.5 Analysis of antibacterial effects 

Gram-negative bacteria E. coli (ATCC25922) and the 

gram-positive bacteria S. aureus (ATCC6538) were cul-

tured in lysogeny broth (LB) medium at 37 °C overnight 

at a rotation speed of 150 rpm. Then, the cultures were 

centrifuged at 5,000 rpm for 5 min. The bacteria were 

washed with 1× PBS twice to remove growth medium 

constituents. Later, the bacteria were resuspended in 

1× PBS to final concentration of 108 CFU·mL–1, serving 

as a bacterial stock suspension. 

A mixture of 10 μL of the bacterial stock suspension 

and H2O2 at different concentrations was incubated at 

37 °C for 12 h in a 96-well microplate. The proliferation 

ability of bacteria treated with H2O2 was determined 

by recording absorption of the solutions at 600 nm. 

The suspension of dealloyed Pt50Ag50 NPs was sonicated 

(100 W, 40 kHz, 10 min) before dilution with 1× PBS 

to the desired test concentrations (5–20 μg·mL–1). After 

that, 10 μL of a bacterial suspension was mixed with 

suspension of dealloyed Pt50Ag50 and H2O2 (10 or 

200 μM for E. coli and S. aureus, respectively), followed 

by incubation at 37 °C for 2 h during 150 rpm rotation. 

Then, 20 μL of the bacterial suspension with 10-fold 

dilution was spread on the solid medium and further 

incubated at 37 °C for 24 h. The antimicrobial activity 

of dealloyed Pt50Ag50 NPs was determined by counting 

the bacterial colonies. 

2.6 Lipid peroxidation measurements and a lactate 

dehydrogenase (LDH) release assay 

As an indicator of lipid peroxidation, malondialdehyde 

(MDA) was tested. Typically, reagents of the MDA 

Assay Kit were added in a row according to the 

manufacturer’s instructions, and absorbance was 

recorded at 535 nm. Protein concentrations were 

quantified by an Enhanced BCA Protein Assay Kit. 
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After exposure to NPs, the bacteria were lysed in 

lysis buffer at 4 °C for 30 min. Then, BCA working 

solution was added to each well and incubated at 

37 °C for 30 min. The absorbance was recorded at 

450 nm. 

Intracellular contents would be released outside if 

cell membrane was broken, and a LDH release assay 

kit was used to evaluate bacterial membrane integrity. 

Briefly, the bacterial stock suspension was first incubated 

with dealloyed Pt50Ag50 (20 μg·mL–1) and H2O2 (10 or 

200 μM) for 2 h. Then, the supernatant was collected 

by centrifugation at 5,000 rpm for 5 min. After the 

reagents of LDH assay kit were added, the absorbance 

was recorded at 450 nm. 

3 Results and discussion 

3.1 Synthesis and characterization of porous Pt/Ag 

NPs 

In a typical synthesis, a series of monodisperse   

and homogeneous PtxAg100–x (0 < x < 100) NPs   

were fabricated by the hydrothermal method, where 

H2PtCl6·6H2O and AgNO3 served as precursors, for-

maldehyde as a reducing agent, and PAH as a 

surfactant. Figure S1 in the Electronic Supplementary 

Material (ESM) shows typical TEM images of the as- 

prepared Pt75Ag25, Pt50Ag50, and Pt25Ag75 NPs, whose 

morphology is octahedral and the average edge length 

was found to be in the range of 20.9 to 22.1 nm. The 

EDX spectroscopy analysis and ICP-OES confirmed 

that the Pt/Ag atomic ratios were close to the designed 

composition of PtxAg100–x NPs (Table S1 in the ESM). 

The XRD patterns show that these octahedral NPs 

exhibit a fcc structure (Fig. S2 in the ESM). The 

diffraction peaks gradually shift toward a lower angle 

as the Ag content increases, which is due to the 

increase in the lattice constant by alloying Pt with Ag. 

Collectively, Pt/Ag octahedra with different Pt/Ag 

molar ratios were successfully synthesized. Furthermore, 

we studied the effects of reaction conditions such as 

temperature and surfactant concentration on the edge 

length of the NPs. The results are shown in Fig. S3  

in the ESM where Pt50Ag50 NPs were chosen as an 

example.  

Subsequently, the as-prepared PtxAg100–x (0 < x < 100) 

octahedra were dealloyed with nitric acid at room 

temperature for 15 min. The products are hereafter 

referred to as D-Pt75Ag25, D-Pt50Ag50, and D-Pt25Ag75, 

respectively. The edge length (EL) of products mainly 

relies on the Pt/Ag octahedra as templates (see Fig. S4 

in the ESM). A typical TEM image of the D-Pt50Ag50 

NPs with average EL of 34.5 nm is shown in Fig. 1(a), 

which displays an octahedron-like shape with a lot of 

well-defined mesopores.  

According to the BET measurements, the surface 

area of D-Pt50Ag50 NPs is 12.11 ± 0.11 m2·g–1, larger 

than that of Pt50Ag50 NPs (5.04 ± 0.11 m2·g–1). The 

mesoporous characteristics can also be more clearly 

observed in a HRTEM image of a single Pt/Ag porous 

particle (Fig. 1(b)), owing to its high pore volume 

fraction (ca. 59% v/v). The crystalline structure of D- 

Pt50Ag50 was measured by XRD. The diffraction peaks 

(Fig. 1(c)) at 2θ values of 39.19, 45.57, 66.33, 79.64, 

 

Figure 1 (a) A TEM image (inset: illustration), (b) HRTEM image, 

(c) an XRD pattern, (d) SAED pattern, (e) HAADF-STEM image, 

elemental maps for (f) Pt, (g) Ag, and (h) overlapped elemental 

maps of Pt and Ag (scale bar: 50 nm), (i) EDX line-scanning 
profile across two Pt/Ag particles of D-Pt50Ag50. 
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and 84.15 can be assigned to the (111), (200), (220), 

(311), and (222) crystal planes of D-Pt50Ag50 NPs with 

an fcc structure, respectively, which is in good accord 

with the corresponding selected area electron diffraction 

(SAED) pattern (Fig. 1(d)). The diffraction peaks were 

positioned between the standard peaks of Pt (JCPDS, 

04-0802) and Ag (JCPDS, 04-0783), showing the 

bimetallic phase of Pt and Ag. Notably, compared 

with those of Pt50Ag50 NPs (see Fig. S2(d) in the ESM), 

all the peaks are slightly shifted to larger 2θ values 

(d-spacing decreases) after corrosion, resulting from 

partial removal of Ag atoms with larger crystal lattice. 

To further investigate the nanostructure of porous 

Pt/Ag NPs, the element distributions of Pt and Ag in 

the sample were studied by a high-angle, annular 

dark-field scanning transmission electron microscope 

(HAADF-STEM). Figure 1(e)–1(g) shows the repre-

sentative STEM image and corresponding elemental 

maps, respectively. From the overlapping element 

map of Pt and Ag (Fig. 1(h)), one can see that the   

Pt element is mainly distributed in the outer layer  

of each individual NP. The Pt-enriched structure is 

supported by the line-scanning profile across two single 

Pt/Ag particles (Fig. 1(i)), in which the intensity of Ag 

is far lower than that of Pt in the outer layer. The EDX 

analysis (see Fig. S5(a) in the ESM) of porous NPs 

gave a Pt/Ag molecule ratio of 60.5:39.5, which is in 

good agreement with the ICP-OES containing 59.7% 

of Pt and 40.3% of Ag. 

To further reveal the Pt-enriched structure, the 

surface composition and chemical state of D-Pt50Ag50 

NPs were confirmed by XPS. The calculated atomic 

concentrations of Pt and Ag from the XPS survey scan 

spectra (see Fig. S5(b) in the ESM) are 14.68% and 

4.08% with a ratio of 3.6:1, which is larger than that 

of Pt50Ag50 NPs (1.3:1). The result suggests that the 

surface of D-Pt50Ag50 NPs mainly contains Pt atoms, 

verifying again the observations from the STEM 

image and line-scanning profile. The high-resolution 

Pt 4f XPS spectra can be fitted well into two individual 

doublets (see Fig. S5(c) in the ESM). The two peaks at 

70.7 and 74.1 eV are attributed to the Pt 4f7/2 and Pt 4f5/2 

binding energies for Pt0, respectively [33]. Meanwhile, 

Ag 3d spectrum shows two peaks located at 367.8 

and 374.0 eV (see Fig. S5(d) in the ESM), which are  

characteristic of the Ag 3d3/2 and Ag 3d5/2 components 

of Ag0, respectively [34]. By measuring the relative 

peak area, we found that Ag+ is the main species in 

the dealloyed Pt50Ag50 NPs. Thus, the D-Pt50Ag50 NPs 

were successfully obtained. 

3.2 The mechanism of the dealloying process 

In principle, when silver is placed in nitric acid, Ag0 

is oxidized to Ag+ and HNO3 reduced into NO2 gas 

simultaneously. By such a free corrosion process, 

partial Ag atoms are selectively removed from Pt/Ag 

octahedra. To gain a better understanding of the 

dealloying process, we studied the dissolution kinetics 

of Ag upon immersion of Pt/Ag octahedra in nitric 

acid at room temperature. Knowing the initial Ag 

content within the Pt/Ag octahedra (x0) and the one 

after specific etching time (xt) by ex situ EDX analysis, 

the fraction of Ag dissolved in nitric acid (cAg) can be 

calculated as follows 


0 t

Ag

0

(%) = 100
x x

c
x

             (1) 

As shown in Fig. 2(a), for the three types of PtxAg100–x 

octahedra selected in this study, the dissolved amount 

of Ag in nitric acid increases as the dealloying process 

progresses. For Pt25Ag75 octahedra, ~55% of Ag atoms 

from octahedra were removed during the first 30 s of 

exposure to nitric acid; this phenomenon indicates 

that Ag dissolves rapidly during the early stage of 

etching. After 30 s of dealloying, the typical HAADF- 

STEM image shown in Fig. 2(b) confirms the porous 

feature of dealloyed Pt/Ag NPs. From the three EDX 

line-scanning profiles across a single randomly selected 

Pt/Ag particle (Figs. 2(c)–2(e)), the atomic ratios of 

Pt/Ag were found to be 67:33, 64:36, and 66:34, 

respectively. These results indicate that there is no 

obvious difference in the composition along different 

directions. Between 1 and 5 min, the dissolution kinetics 

of Ag gradually slow down. If we increase etching 

time further, the dissolution kinetics of Ag reach a 

plateau. On the contrary, for Pt/Ag octahedra with 

initial Pt content higher than 25 at.%, the dissolution 

kinetics of Ag were found to be much slower. In the 

range of 2 to 30 min, the increase in the amount of 

dissolved Ag is negligible. After 30 min of dealloying, 
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only ~20% of the initial Ag atoms are removed from 

octahedra. A similar observation was reported by El 

Mel et al. for the dealloying of Au/Cu NPs in HNO3 

[35]. In their experiments, when the initial Au content 

was higher than 24%, the dissolution kinetics of Cu 

decreased greatly, likely due to the local passivation 

of the alloy surface by the formed Au clusters. These 

noble-metal clusters are formed as a result of the 

surface migration and coalescence of the less 

coordinated Au atoms. The decrease in dissolution 

kinetics of Ag in our study can be explained by the 

local passivation of surface by the formed Pt clusters. 

Especially, when the initial Pt content within the 

octahedra was higher, the surface passivation effect 

was expected to become more important. In another 

words, the initial Pt content in octahedra plays an 

essential role in the dissolution kinetics of Ag, where 

the lower the initial Pt content, the greater is the 

extent of Ag dissolution. 

Nonetheless, for all the experiments, the dealloying 

process did not result in complete removal of silver. 

The changed atomic ratio of Ag is shown in Fig. 3(a). 

The composition of the D-Pt75Ag25 and D-Pt25Ag75 NPs 

was found to be Pt79Ag21 and Pt90Ag10, respectively. 

This result is consistent with XRD data shown in 

Fig. 3(b) because the diffraction peak located in the 

(111) plane shifts to higher angles, which means  

that the proportion of Pt within the dealloyed NPs 

increases. 

To further understand the formation of porous Pt/Ag 

NPs, the morphological evolution of Pt/Ag octahedra 

as a function of etching time was studied. For clear 

 

Figure 2 (a) Evolution of the dissolved amount of Ag as a function of the dealloying time, (b) a HAADF-STEM image and (c)–(e) 
EDX line-scanning profiles across a single particle along different directions of D-Pt25Ag75 after 30 s of etching. 

 

Figure 3 (a) Composition changes before and after dealloying of PtxAg100–x NPs determined by EDX analysis; (b) XRD patterns of the 
dealloyed PtxAg100–x NPs. 
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demonstration of this issue, we selected Pt25Ag75 

octahedra with high initial content of Ag. As shown 

in Fig. 4(a), the particle before dealloying possesses 

continuous lattice fringes on the {111} faces. One can 

see that, after 0.5 min of dealloying, several small 

pores and cracks appear on the particle, producing  

a rough surface (Fig. 4(b)). Increasing etching time to  

1 min, the pores become more and more obvious 

while the lattice fringes are discrete (Fig. 4(c)). As the 

reaction continues, the pore size increases (Fig. 4(d)). 

Unlike D-Pt50Ag50 NPs (Fig. 1(b)), one can notice  

that the initial complete {111} faces of Pt25Ag75 NPs 

disappear after dealloying for 15 min while the 

octahedral nanoframes form. These data indicate that 

both etching time and initial composition have a 

strong influence on the morphology of Pt/Ag NPs. 

The understanding of the effects of dealloying conditions 

and alloy composition on the morphological changes 

of Pt/Ag NPs would be useful for further research. 

On the basis of the above results, one can conclude 

that Ag atoms rapidly dissolve from the surface of 

PtxAg100–x octahedra at the beginning of the dealloying 

process. The particle surface becomes rough as several 

small pores appear. With increasing removal of Ag 

atoms from the top layer, Ag atoms start to move 

from the particle’s inner part toward the particle 

 

Figure 4 The impact of dealloying time on the morphology of 
Pt25Ag75 NPs. Scale bar: 5 nm. 

surface, while the pores increase. Considering a slow 

Ag bulk diffusion compared to a fast surface Ag 

dissolution, the dissolution of Ag decelerates as the 

reaction goes on. Finally, the particle surface depletes 

to a relatively low concentration of Ag, leading to 

formation of the Pt-enriched structure with porous 

characteristics. 

3.3 Catalytic properties of the dealloyed Pt/Ag NPs 

With dealloyed materials in hand, the possible 

catalytic properties of Pt/Ag NPs were systematically 

investigated.  

The oxidation of TMB, a classical chromogenic 

substrate has widely been used to study the oxidase- 

and/or peroxidase-like activity of NP-based enzyme 

mimics [36–38], was chosen as a model reaction. To 

our delight, the D-Pt50Ag50 NPs with average edge 

length of 34.5 nm as a model catalyst can drive the 

oxidation of TMB at room temperature, producing  

a typical blue color by dissolved oxygen or H2O2 

(Figs. 5(a) and 5(b)). In contrast, the control experiments 

without material show negligible color variation. Thus, 

D-Pt50Ag50 NPs have oxidase- and peroxidase-like 

activities. Compared with Pt50Ag50 NPs, meanwhile, 

D-Pt50Ag50 gives deeper blue color (Figs. 5(a)(3) and 

Fig. 5(b)(4)) with higher absorbance at 652 nm (Fig. 5(c)), 

a characteristic absorption peak of oxidized TMB. 

To study the structure-activity relation, the TMB 

oxidation reactions with H2O2 were conducted using 

Pt/Ag NPs with different molar ratios of Pt/Ag. For 

comparison, all the catalysts were kept at the same 

edge length of ~35 nm. As shown in Fig. 5(d), all the 

dealloyed Pt/Ag NPs display better performance than 

the counterpart alloyed ones. The enhanced activity 

of Pt/Ag NPs after dealloying can be attributed to the 

increased surface area and active sites. It is believed 

that the reaction goes through a pathway similar   

to the electrochemical reduction of oxygen or H2O2 

using Pt as an electrocatalyst [39–41]. In contrast to 

the way electrons are provided in electrochemistry 

(via applied voltage), the electrons herein come from 

TMB molecules. The abundant active sites on the 

D-Pt50Ag50 NPs with Pt-enriched structure facilitate 

the adsorption of dissolved oxygen and H2O2 as 

electron acceptors. Meanwhile, TMB molecules are 

readily absorbed on the surface of D-Pt50Ag50 NPs  
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Figure 5 (a) TMB oxidation in air: (1) TMB; (2) mixed with 
Pt50Ag50; (3) mixed with D-Pt50Ag50; (b) TMB oxidation with 
H2O2: (1) TMB; (2) mixed with H2O2; (3) mixed with Pt50Ag50 
and H2O2; (4) mixed with D-Pt50Ag50 and H2O2; (c) comparison 
of activities of Pt/Ag in TMB oxidation and (d) catalytic 
oxidation of TMB by different Pt/Ag NPs. 

owing to the large surface area. With electron transfer 

from TMB molecules to D-Pt50Ag50 NPs, rapid reduction 

of the adsorbed oxygen or H2O2 on the NP surface and 

oxidation of TMB molecules occurred simultaneously 

(Fig. 6).  

Besides, for the three types of dealloyed Pt/Ag 

catalysts, the highest activity was observed at an initial 

Ag composition of 50%, which suggests that the alloy 

composition plays a critical role in catalytic activity 

during TMB oxidation. The highest residual content 

of Ag in the D-Pt50Ag50 catalyst coincides well with its 

highest activity, which is consistent with other reports 

describing electrocatalysis for ORR by the dealloyed 

Au/Cu and Pt/Ni NPs [35, 42]. The high activity can 

be explained as a synergistic effect of Pt and the 

residual Ag atoms in the D-Pt50Ag50 catalyst. It is known 

that Pt and Ag have electronegativity values of 2.28 

and 1.93, respectively. With high electronegativity 

difference (0.32) between them, some of the electrons 

in Ag can transfer into the d-orbital of Pt, and this 

change could result in filling in the Pt d-band and 

downshifting the d-band center energy. Therefore, the  

 

Figure 6 Schematic illustration of TMB oxidation by D-Pt50Ag50. 

D-Pt50Ag50 NPs with the highest content of residual 

Ag yield the best catalytic activity. Additionally, after 

we changed the average EL of D-Pt50Ag50 NPs from 

19.2 to 34.5 nm (Fig. S4 in the ESM), no remarkable 

difference in the activity was observed for TMB 

oxidation. Thus, D-Pt50Ag50 NPs with average edge 

length of 34.5 nm were selected for further experiments. 

Several factors affecting the catalytic activities of 

D-Pt50Ag50 NPs in TMB oxidation were also studied. 

Similar to other NPs [43, 44], the activities of D-Pt50Ag50 

NPs showed pH and temperature dependence (see 

Fig. S6 in the ESM). Under the present experimental 

conditions, the optimal pH and temperature were  

4.0 and 40 °C, respectively. For practical applications, 

the stability of a catalyst is an essential issue. The 

D-Pt50Ag50 NPs were found to be well dispersed in 

water (Fig. S7 in the ESM). The measured surface 

zeta-potential of D-Pt50Ag50 NPs in water (pH 6.5) was 

36.8 mV; therefore, they have good stability. Moreover, 

when the NP dispersion was stored at room tem-

perature for weeks, no obvious decrease in the response 

to H2O2 was observed. The result suggests that the 

D-Pt50Ag50 NPs have high catalytic stability. Thus, these 

advantages make these NPs suitable and practical for 

a broad range of applications. 

To further reveal peroxidase-like activity of D-Pt50Ag50 

NPs, the steady-state kinetic experiment was performed 

(see Fig. S8 in the ESM). The Michaelis–Menten 

constant (Km) and maximum initial rate (Vmax) can be 

obtained from a Lineweaver–Burk plot, and the lower 

apparent Km value means higher affinity of substrates 
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for enzymes. As shown in Table 1, the Vmax values for 

D-Pt50Ag50 NPs are 2- to 3-fold larger than those for 

Pt50Ag50 NPs. These values are also higher than those 

of horseradish peroxidase (HRP) [36] and several 

known NP-based peroxidase mimics [44–49]. Mean-

while, compared to HRP, the Km value for D-Pt50Ag50 

NPs with H2O2 as a substrate is lower. The higher rate 

and affinity can be explained as follows: D-Pt50Ag50 

NPs have a large surface area and more active sites, 

while an HRP molecule contains only one iron ion 

that decomposes H2O2.  

The decomposition of H2O2, which has received 

much research attention in water treatment [50–52], was 

used as another probe reaction for the redox catalytic 

activity of dealloyed NPs. It was found that H2O2 can 

be rapidly decomposed by D-Pt50Ag50 to generate gas 

bubbles under present conditions (see Experimental 

section). To examine whether the bubbles could be gas 

oxygen related to the catalase-like activity of D-Pt50Ag50 

NPs, a series of ESR experiments were conducted 

in a closed chamber with samples. To quantify the 

evolution of oxygen concentration, a parameter K 

that reflects the change in super hyperfine structure 

in ESR spectra was used [53], which was calculated 

by means of the equation K = (h1 + h2)/2h, where h1, h2, 

and h are determined as shown in Fig. 7(a).  

The obtained K values for catalase and Pt50Ag50 

NPs for comparison are 0.144 and 0.186, respectively. 

In contrast, D-Pt50Ag50 NPs yield a value of K at 0.105. 

This result suggests that the dealloyed NPs possess 

higher activity. 

As previously proposed, the decomposition of H2O2 
by Pt-based bimetallic NPs such as PtPd NPs proceeds 

via the surface-catalyzed mechanism [54]. In our study, 

the process can be described as follows. The first step  

Table 1 Comparison of the apparent Km and the Vmax between 
Pt/Ag NPs and HRP 

Catalyst Substrate Km (mM) Vmax (×10–8 M·s–1)

TMB 0.25 10.57 
Pt50Ag50 

H2O2 0.35 15.96 

TMB 0.38 33.04 
D-Pt50Ag50 

H2O2 0.86 34.75 

TMB 0.434 10 
HRP [36] 

H2O2 3.7 8.71 

 

Figure 7 Enhanced catalase-like activity of the D-Pt50Ag50 NPs. 

is the adsorption of molecular hydrogen, molecular 

oxygen, and hydroxyl ions on the surface of NPs 

(Scheme 1). Subsequently, hydrogen and oxygen are 

adsorbed through dissociative adsorption, i.e., hydrogen 

and oxygen atoms are directly bonded to the surface 

platinum atoms, while hydroxyl ions are involved in 

a simple charge transfer reaction. The surface-bound 

species further react with H2O2 in an Eley–Rideal 

mechanism [55, 56], releasing oxygen and water as 

products [57]. 

It is worth pointing out that numerous metal nano-

materials (e.g., Pt NPs) can catalyze H2O2 decomposition. 

As previously revealed [58, 59], the reactivity of surface 

metals greatly depends on their nature of d-bands, 

mainly the weighted center of the d-band (εd). For a 

higher lying d-band center, although the metals tend 

to bind adsorbates more strongly and make easy 

formation of M–OH bond, it is unfavorable for the 

breakage of M–OH bond and subsequent OH for-

mation. However, the trend is just the opposite 

when the lying d-band center becomes lower [60]. 

 

Scheme 1 The mechanism of H2O2 decomposition by D-Pt50Ag50. 
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Accordingly, the most active catalytic surface may be 

expected to possess a modest value of εd. For the 

pure Pt surface, the density functional theory (DFT) 

studies have shown that Pt–OH can be easily formed 

on the Pt surface because the value of εd of Pt is high. 

It means that a pure Pt surface is favorable for 

reaction (3) but unfavorable for reactions (4) and (5). 

Experimentally, these reactions should proceed 

efficiently to achieve an efficient decomposition of 

H2O2.  

Similar to other Pt-based bimetallic NPs such as 

Pt/Pd and Pt/Cu NPs [54, 61], one of important factors 

for the high catalytic performance of D-Pt50Ag50 NPs 

in this study lies in the electronic effect, which derives 

from the d-band center shift of Pt. As evidenced by 

XPS in Fig. S5(c) (in the ESM), for the D-Pt50Ag50 NPs, 

there is a negative shift of the Pt 4f7/2 peak to lower 

BE (70.7 eV) compared to that of bulk Pt at BE of 

71.0 eV. The decreased BE (0.3 eV) suggests that the 

electronic structure of Pt is modified, and the density 

of states at the Fermi level decreases upon filling Pt 

d-band. Thus, the changed density of states weakens 

the interaction of Pt and adsorbates, and this change 

facilitates reactions (3)–(5) and eventually increases 

the rate of decomposition of H2O2. It should be noted 

that the Ag 3d5/2 region also shifts to a lower BE 

(367.8 eV) with respect to that of metallic Ag (368 eV), 

which is shown in Fig. S5(d) in the ESM. A similar 

observation was reported for H2O2 decomposition with 

PVP-capped Rh/Au NPs [62], where the negative BE 

shifts for both Rh 3d and Au 4f regions were observed. 

The change in the BEs derived from the electron 

donation induced by carbonyl groups in PVP with 

the lone pair electrons. In our study, the change of  

BE in the Ag 3d5/2 can be ascribed to the existence of 

PAH because it was reported that PAH molecules can 

donate electrons from amino groups to noble metal 

NPs (e.g., Pt and Pd NPs), resulting in a negative shift 

of BE of metals compared to their standard values 

[63, 64]. With the interaction between the surfactant 

and metals, it is believed that the electrons from PAH 

molecules are transferred to Pt and Ag atoms within 

the present alloy-structured NPs. The result suggests 

that not only the element component but also the 

capping agent can change the electronic structure of 

the D- Pt50Ag50 NPs. 

Additionally, in contrast to solid catalysts, the porous 

structure of D-Pt50Ag50 NPs not only endows a catalyst 

with the large surface area but also provides easy 

accessibility to active sites, thus accelerating the 

decomposition of H2O2. Notably, the Pt-enriched surface 

structure of the D-Pt50Ag50 NPs greatly increases atomic 

utilization efficiency of Pt. 

3.4 Antibacterial effects of the dealloyed nano-

particles 

Many biological reactions were completed with the 

enzymes. The catalytic capability of D-Pt50Ag50 NPs 

may result in new biological activities through effects 

on enzyme mimic activities or their catalytic activities 

in biological cells. Here, we studied the effects of D- 

Pt50Ag50 NPs on bacterial growth. The results (Fig. 8) 

revealed that when the concentration of D-Pt50Ag50 

NPs was 20 μg·mL–1, about one half of the growth of 

two model bacteria (E. coli and S. aureus) was inhibited. 

After addition of H2O2, the growth of bacteria was 

nearly suppressed. 

Further results on intracellular levels of lipid 

peroxidation and LDH release assays (see Fig. S9 in 

the ESM) indicate serious membrane oxidase damage 

and permeability of the bacterial membrane, resulting 

from synergistic effects of D-Pt50Ag50 NPs and H2O2. 

 

Figure 8 Cell viability of (a) E. coli and (b) S. aureus; the plate 
samples showing colonies of (c) E. coli and (d) S. aureus. 
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After that, we studied the relation between H2O2 

concentration and antibacterial activity of D-Pt50Ag50 

NPs. The results showed that survival rates decreased 

with an increase in the concentrations of H2O2 and 

NPs (see Fig. S10 in the ESM). The optimized H2O2 

concentration for E. coli and S. aureus is 10 and 

200 μM, respectively. Notably, some studies showed 

the graphene quantum dots [65] and mesoporous 

silica-supported Au NPs [66] with H2O2 possessed 

antibacterial capabilities. However, very high concen-

tration of antibacterial agents (100 and 250 μg·mL–1) 

or H2O2 (1 and 10 mM) for E. coli and S. aureus were 

required in their experiments. Thus, the D-Pt50Ag50 

NPs manifested excellent antibacterial activity in this 

work. To guide further design and development of 

this novel antibacterial agent, comprehensive research 

is needed to study the interaction between bacteria 

and NPs, which would be reported in due course. 

4 Conclusions 

In summary, porous Pt/Ag NPs with Pt-enriched 

structure were prepared by a chemical dealloying 

method and showed enhanced enzyme-mimic activities 

as well as excellent antibacterial effects. The results 

shown here provide an example of a highly active ORR 

catalyst as both a multifunctional enzyme mimic and 

a potential antibacterial agent. This work represents  

a significant step forward in the exploration of the 

relation between controlled synthesis of high-quality 

nanoalloys and their novel properties for multiple 

promising applications, including catalysts, biosensors, 

and biomedicine. 
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