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ABSTRACT

Small-sized and well-dispersed Pt–Au nanoparticles (Pt–AuNPs) grown on

carbon nanofibers (Pt–AuNPs/CNFs) with excellent electroanalytical and elec-

trocatalytic performance in the detection of H2O2 and the catalytic hydrogen

evolution reaction (HER) were designed and fabricated via electrospinning

technology and an in situ thermal reduction process. Large numbers of Pt–

AuNPs were homogenously distributed on the CNFs. A Pt–AuNP/CNF hybrid

with low Pt content was utilized as a bifunctional electrocatalyst, exhibiting a

higher response current of 116 lA without an enzyme in the detection of H2O2

and a lower overpotential (j = 10 mA cm-2 at -235 mV) and Tafel slope

(84 mV decade-1) for HER than the PtNPs/CNFs and the AuNPs/CNFs. These

results were ascribed to the specific nanostructure of the well-dispersed Pt–

AuNPs, the favorable electron transport capability, the excellent durability of

the CNFs, and the enhanced surface-specific area of the Pt–AuNPs/CNFs. This

study offers a green and facile method for constructing a specific bimetallic

nanostructure for application in catalytic fields.

Introduction

Recently, bimetallic nanomaterials existing as homo-

geneous alloys or heterogeneous core shell structures

have received increasing attention [1–5] because of

their superior catalytic performance, enhanced

electron transport rate, and greater selectivity and

durability compared to their monometallic counter-

parts [6–8]. In particular for bimetallic nanoparticles

(NPs), the interaction effects are usually synergic

effects rather than as a simple combination of the

properties of two monometallic NPs [1, 9].

Address correspondence to E-mail: du@zstu.edu.cn

DOI 10.1007/s10853-017-1030-9

J Mater Sci (2017) 52:8207–8218

http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1030-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1030-9&amp;domain=pdf


Consequently, bimetallic nanomaterials have exhib-

ited many unique properties and have been

employed in various fields [10–17]. As is well known,

noble metal NPs, such as Pt and Au, exhibit

extraordinary electrocatalytic and electroanalytic

properties. Pt has usually acted as a benchmark for

the evaluation of electrocatalysts because it possesses

the most effective catalytic performance, especially

for the hydrogen evolution reaction [18, 19]. Because

of its unique analytic ability for different reactions,

Au has attracted much attention as a transition metal

with low electronegativity [1]. Therefore, it is expec-

ted that the combination of the effective catalytic

activity of Pt and the sensitive analytic activity of Au

may generate multiple excellent properties at the

same time, which has inspired many related investi-

gations in catalytic and analytic fields [7, 20–25].

However, it is extremely difficult to fabricate a Pt–

Au alloy because of the weak miscibility and facile

aggregation of these elements [26–28]. At present, a

variety of approaches are employed to synthesize Pt–

Au alloys with different structures, such as nano-

porous structures [20, 21], nanoframes [22], nano-

wires [29], nanocables [30], nanorods [31] and

nanocages [32]. Among these approaches, Pt–AuNPs

have become a hot research topic because of their

large surface area, abundance of active sites and

facile synthesis methods. Zhang et al. [24] applied a

polyelectrolyte-assisted process to prepare Pt–AuNPs

on graphene with a uniform dispersion, and the

nanostructure exhibited high electrocatalytic activity

and stability for formic acid oxidation. Takahashi

et al. [25] synthesized Pt–AuNPs by arc-plasma

deposition, and they exhibited excellent oxygen

reduction reaction performance and enhanced dura-

bility. Because of their outstanding multifunctional

properties in electrochemical applications, Pt–AuNPs

have potential for use in bifunctional materials for

different electrochemical reactions.

To date, it is still necessary and desirable to search

for a suitable support for the Pt–AuNPs to enhance

electrocatalytic activity. Herein, the particle size, the

morphology, the nanostructure, and the dispersion of

Pt–AuNPs on substrates play important roles in

improving electrocatalytic performance. Carbon-

based nanomaterials are usually excellent supports

for the loading of nanocrystals because of their

attractive conductivities, low cost, large specific sur-

face area, abundant active sites, and fast mass trans-

fer and charge transfer rates. Recently, large amounts

of carbonaceous materials, such as graphene [33–36],

carbon nanotubes (CNTs) [37–39], carbon paper

[40–42], and carbon black [43–45], have been widely

applied to support the nanocrystals. Electrospun

carbon nanofibers (CNFs) are an excellent carbon-

based nanomaterial with a high length-to-diameter

ratio and additional active sites for nanoparticle

loading or deposition. In addition, CNFs exhibit

higher chemical inertness, lager effective diffusion

coefficient, lower cost and easier preparation over

CNTs as a support material for heterogeneous cata-

lysts. Based on our previous works, size-controlled

nanocrystals loaded on CNFs were successfully con-

structed and fabricated via electrospinning technol-

ogy and thermal reduction [46, 47]. Automatically,

the synthesized nanocrystals/CNFs were utilized for

electroanalysis and electrocatalysis, and the related

electrochemical sensors and devices exhibited excel-

lent performance [48, 49].

In the present investigation, we proposed a novel

and facile strategy for the design and fabrication of

small-sized and well-dispersed Pt–AuNPs grown on

CNFs. In detail, the Pt–AuNPs/CNFs were synthe-

sized via electrospinning technology and an in situ

thermal reduction process. The Pt–AuNPs/CNFs

with low Pt content were utilized as a bifunctional

material for biosensors and the hydrogen evolution

reaction, exhibiting a higher response current of

116 lA without enzymes in the detection of H2O2

and a lower overpotential and Tafel slope for

hydrogen evolution reaction (HER). This study may

offer a green and facile method for constructing

specific bimetallic nanostructures for application in

catalytic fields.

Experimental section

Materials

Chloroplatinic acid (H2PtCl6 6H2O, 99.9%),

chloroauric acid (HAuCl4�4H2O, 99.9%), and sulfuric

acid were acquired from Shanghai Civi Chemical

Technology Co., Ltd. N, N’-dimethylformamide

(DMF) was purchased from Shanghai Shenbo

Chemical Co., Ltd (China). Phosphate buffer saline

(PBS), hydroquinone, and hydrogen peroxide (H2O2,

30 wt%) were obtained from Hangzhou Gaojing Fine

Chemical Co. Ltd. Polyacrylonitrile (PAN,

Mw & 1.4 9 105, copolymerized with 10 wt% methyl
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acrylate) was purchased from Sinopec Shanghai

Petrochemical Co., Ltd. A Nafion aqueous solution

(5 wt%) was obtained from Aldrich Chemistry Co.,

Ltd, and other reagents were purchased from Alad-

din Sinopharm Chemical Reagent Co., Ltd. (Shang-

hai, China). All the chemicals were used as received

without further purification. Deionized water was

used for all solution preparations.

Preparation of Pt–AuNPs
in polyacrylonitrile (PAN) electrospun
precursor solution and Pt–AuNPs
embedded in polyacrylonitrile nanofibers
(Pt–AuNPs/PAN)

To prepare the precursor solution, 1.5 g of PAN was

first dissolved in 11 mL of DMF under moderate

stirring for 2 h to obtain a homogeneous solution.

Then, the mixtures were poured into a 25 mL Erlen-

meyer flask (fitted with a magnet) and heated to

80 �C, with vigorous stirring by magnetic force. After

30 min, 0.05 g of chloroplatinic acid was slowly

added into the Erlenmeyer flask, and the magnetic

stirring was maintained until the solution was well

mixed. Then, 0.075 g chloroauric acid was added into

the mixture under the same conditions. With vigor-

ous stirring for 4 h, the mixture was completely

uniform, and the electrospun precursor solution was

obtained. The mass ratio of Pt:Au is 2:3. The elec-

trospun precursor solutions of PtNPs and AuNPs in

PAN are similar to this procedure.

The procedure for the electrospun precursor solu-

tion was the same as that for the PAN nanofibers. The

electrospun parameters: feed rate, voltage, and dis-

tance were 0.6 mL h-1, 18 Kv, and 12 cm, respec-

tively. All experiments were performed at room

temperature. The electrospun nanofibrous mats were

collected onto a tin foil, dried for 1 h, and then pre-

served in the drying oven for further use.

Synthesis of size-controlled Pt–AuNPs/
CNFs

The Pt–AuNPs/CNFs were synthesized by a car-

bonization process. First, a piece of an electrospun

nanofibrous mat (8 mm 9 10 mm) was put into a

homemade chemical vapor deposition tube furnace.

Then, it was heated to 280 �C with a heating rate of

5 �C min-1 and held for 2 h in air. In the next stage,

the samples were heated to 1000 �C for graphitization

in an Ar (150 sccm) atmosphere, with a heating rate

of 5 �C min-1. Finally, the samples were held at the

graphitization temperature for 4 h and subsequently

programmed cooled to room temperature. The final

Pt and Au contents of the sample were 3.09 and

5.89 wt%.

Fabrication of Pt–AuNPs/CNFs modified
GCE (Pt–AuNPs/CNFs/GCE)

For the pretreatment of the bare GCE, generally, the

bare GCE was ultrasonically processed in ethanol for

30 min to remove the surface residue and then pol-

ished carefully to a mirror finish with alumina slurry

(diameters of 0.3 and 0.05 lm). This was followed by

ultrasonic rinsing in ethanol and doubly distilled

water and drying. Then, 3 mg of sample was ultra-

sonically dispersed in 1 mL of a mixed solvent

[composed of 3:1 (v/v), isopropanol/distilled water

and 30 lL of Nafion (5 wt%)], to obtain a homoge-

neous ink. Finally, 5 lL of ink was carefully trans-

ferred onto the GCE and dried at room temperature

for a night. The modified electrodes were prepared

and are denoted as Pt–AuNPs/CNFs/GCE. After

solvent evaporation, the electrodes were moved to a

vacuum drying oven and dried for 30 min before

further characterization.

Instruments

The morphologies of the electrospun Pt–AuNPs/

CNFs, PtNPs/CNFs, and AuNPs/CNFs hybrids

were observed by using a JSM-6700F field-emission

scanning electron microscope (FE-SEM, JEOL, Japan)

at an acceleration voltage of 3 kV. Transmission

electron microscopy (TEM) images were obtained by

using a JSM-2100 transmission electron microscope

(JEOL, Japan) at an acceleration voltage of 200 kV.

The X-ray photoelectron spectra of all of the samples

were recorded using an X-ray photoelectron spec-

trometer (Kratos Axis Ultra DLD) with an aluminum

(mono) Ka source (1486.6 eV). The aluminum Ka

source was operated at 15 kV and 10 mA. The B.E.

resolution of the instrument was under 0.5 eV. The

X-ray diffraction (XRD) patterns of the samples were

analyzed by a Bruker AXS D8 DISCOVER X-ray

diffractometer with Cu Ka radiation (k = 1.5406 Å) at

a scanning rate of 0.02� 2h s-1 in the 2h range of

10–80�. All of the cyclic electrochemical measure-

ments [cyclic voltammetry and line stripping
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voltammetry (LSV)] were carried out using a

CHI660E computer-controlled potentiostat (ChenHua

Instruments Co., Shanghai, China) and performed in

a conventional three-electrode cell with either a bare

or a modified glassy carbon electrode (GCE, 3 mm in

diameter) as the working electrode, a platinum elec-

trode as the counter electrode, and a saturated calo-

mel electrode (SCE, ChenHua Instruments Co.,

Shanghai, China) as the reference electrode.

Characterization of electroanalytic
and electrocatalytic performance

All electrochemical experiments were performed

using a CHI660E electrochemical workstation. The

electrochemical measurements were taken with a

typical three-electrode cell: the modified GCE (Pt–

AuNPs/CNFs/GCE) as the working electrode, a

platinum electrode as the auxiliary electrode, and a

SCE as the reference electrode. For the electroanalytic

performance, the detection of H2O2 was carried out in

0.1 M PBS by cyclic voltammetry at a different scan

rate. In addition, a pretreatment of bubbling with

high-purity nitrogen in the solution for at least

30 min was performed to remove the effect of dis-

solved oxygen before CV.

To assess electrocatalytic performance, the solution

was first purged with high-purity nitrogen for at least

30-min prior to each experiment to protect the solu-

tion from oxygen. Then, the modified GCE was

immersed into an aqueous solution of 0.5 M H2SO4

for cyclic voltammetry (CV) measurement at a scan

rate of 50 mV s-1. After that, the modified GCE was

characterized by HER measurements, and the LSV

was obtained at a scan rate of 2 mV s-1. Meanwhile,

the polarization curves were obtained after iR-com-

pensation. Moreover, other external conditions were

controlled to ensure the comparability of each

experiment, and all measurements were taken at

room temperature.

Results and discussion

The morphology of the as-prepared
bimetallic Pt–AuNP/CNF nanostructure

Based on our previous work, the well-distributed Pt–

AuNPs/PAN nanofibers were obtained through a

traditional in situ reduction and electrospinning

procedure. Following the carbonization process, the

embedded Pt–AuNPs underwent migration to the

surface of the carbon nanofibers to form the

bimetallic nanostructure [47]. Figure 1a, b, c shows

the FE-SEM images of the as-prepared Pt–AuNPs/

CNFs, PtNPs/CNFs, and AuNPs/CNFs, and the

diameters of the nanofibers were approximately

350 ± 24, 225 ± 18, and 263 ± 20 nm, respectively.

The three different nanoparticles were all loaded onto

the surface of the CNFs homogenously. The detailed

microstructure of the synthesized metal NPs/CNFs is

shown in Fig. 1d, e, f. The insets shown in Fig. 1d, e, f

are the TEM images of individual carbon nanofiber,

which confirmed the well-distributed nanoparticles

loaded on the nanofibers. The homogenous

nanoparticles shown in Fig. 1d, e, f further confirmed

the specific size-controlled nanostructure of the NPs/

CNFs. Typical HRTEM images are shown in Fig. 1g,

h, i, indicating their respective lattice fringes, and the

insets are the sources of the HRTEM images. The blue

arrows are the layer of graphite, which coated the

surface of the nanoparticles and improved the sta-

bility. The lattice fringe spacing of the Pt–AuNPs/

CNFs was approximately 0.196 and 0.212 nm, corre-

sponding to the (111) and (120) planes. In addition,

the lattice fringe spacing of PtNPs/CNFs and

AuNPs/CNFs was 0.138 and 0.152 nm, respectively,

corresponding to the (111) plane of the face-centered

(fcc) crystal. Moreover, the diameter of the Pt–

AuNPs, PtNPs, and AuNPs were all between 5 and

15 nm according to the FE-SEM and TEM images.

The small size and uniform distribution of the NPs

are expected to significantly improve electroanalytic

and electrocatalytic performance.

To further verify the polycrystalline structure and

detailed composition of the as-prepared Pt–AuNPs/

CNFs, the HAADF-STEM, and STEM-EDS mapping

images are shown in Fig. 2a. The red shaded part in

Fig. 2a is the mapping region of the Pt–AuNPs/

CNFs. The one-to-one display areas of Pt and Au

elements in Fig. 2a indicate that homogeneous phase

structure of the Pt–AuNPs/CNFs. Moreover, as

shown in Fig. 2c, the EDX spectrum of the Pt–

AuNPs/CNFs revealed C, N, O, Pt, and Au elements,

indicating the existence of Pt–AuNPs. Figure 2d

shows the line-scanned EDX spectrum, and the red

line in Fig. 2b is the line-scan region, which testifies

to the presence of the Pt–AuNPs/CNFs. Further-

more, the good match between the emerging posi-

tions of Pt and Au elements further confirms the
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homogeneous phase structure of the Pt–AuNPs/

CNFs.

Two diffraction peaks emerged in the XRD pat-

terns of the Pt–AuNPs/CNFs and the PtNPs/CNFs

and are shown in Fig. 3. The red line in the XRD

pattern is the diffraction peak of the as-prepared

PtNPs/CNFs, and the clear diffraction peaks are

almost undetectable because of the small size of the

PtNPs. However, the Pt–AuNPs/CNFs exhibit

apparent diffraction peaks, suggesting the favorable

crystallization of the Pt–AuNPs/CNFs. The strong

and sharp diffraction peaks that appeared at 38.3�,
44.5�, 64.8�, 77.7�, and 81.8� in the Pt–AuNPs/CNFs

are consistent with the (111), (200), (220), (311), and

(222) planes of the Au crystal, respectively. Com-

pared with Au JCPDS cards 04-0784, the representa-

tive diffraction peaks of Au generated a slight blue

shift. Meanwhile, the diffraction peaks that appeared

at 40.2�, 46.7�, and 67.9� in the Pt–AuNPs/CNFs are

in accordance with the (111), (200), and (220) planes

of the Pt crystal, respectively, and also produced a

blue shift. In addition, a broad diffraction peak at

2h = 23� appeared in both the Pt–AuNPs/CNFs and

the PtNPs/CNFs, which is ascribed to the crystalline

structure of the graphitic carbon [(120) plane] in the

nanofibers. The above results further confirmed the

fabrication of the Pt–AuNPs/CNFs.

Meanwhile, the XPS spectra of the Pt–AuNPs/

CNFs, PtNPs/CNFs and AuNPs/CNFs are shown in

Fig. 4. There are two clearly identifiable peaks for the

Pt–AuNPs/CNFs in Fig. 4a, b. The Pt 4f peaks can be

observed at 75.7 and 72.4 eV, which are associated

with the binding energies of the Pt 4f5/2 and the Pt

4f7/2, respectively, while the Au 4f peaks can be

observed at 87.8 and 84.2 eV, which are associated

with the binding energies of the Au 4f5/2 and the Au

4f7/2, respectively. Compared with the corresponding

Pt 4f peaks of the PtNPs/CNFs and the Au 4f peaks

Figure 1 a–c FE-SEM images of the as-prepared Pt–AuNPs/

CNFs, PtNPs/CNFs, and AuNPs/CNFs. The corresponding TEM

images (d–f) and the corresponding insets are the TEM images of

single CNFs; HRTEM image (g–i) and the corresponding insets

are the selected areas.
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of the AuNPs/CNFs in Fig. 4c, d, there are a 0.3 eV

red shift and a 0.2 eV blue shift for the Pt 4f peaks

and the Au 4f peaks, respectively. Compared with

PtNPs/CNFs, the Pt 4f XPS of Pt–AuNPs/CNFs

demonstrates slight shift, which is ascribed to the

change of Pt chemical environment and the electron

transfer effect between Pt and Au, resulting in obvi-

ously changed B.E. of Pt–AuNPs/CNFs. All in all, the

XPS results further indicating the formation of the Pt–

AuNPs/CNFs. Therefore, the XPS results are con-

sistent with the FE-SEM, STEM and XRD results.

Electroanalytic performance of the Pt–
AuNPs/CNF-modified electrode (Pt–AuNPs/
CNFs/GCE)

As an excellent electrode material, the electroanalytic

performance of the Pt–AuNPs/CNFs as biosensors

Figure 2 a The HAADF-STEM images of the Pt–AuNPs/CNFs, and STEM-EDS mapping images of the selected area indicated on the

left. b The line-scanned area. c The EDX spectrum of the Pt–AuNPs/CNFs. d The line-scanned EDX spectrum for all of the elements.

Figure 3 XRD patterns of the Pt–AuNPs/CNFs and the PtNPs/

CNFs.
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was evident. Based on the well-dispersed Pt–AuNPs,

we constructed a biosensor for the sensitive detection

of H2O2. To clarify the electrochemical activity of the

Pt–AuNPs/CNFs/GCE, we performed an experi-

ment on the electrode using a cyclic voltammogram

(CV). The bare and modified electrodes were

immersed in a neutral solution of 5 mM K3[Fe(CN)6],

and the corresponding CV signals are shown in

Fig. 5a, which are in the potential range from -0.6 to

1.2 V (vs. SCE) with a scan rate of 50 mV s-1. The Pt–

AuNPs/CNFs/GCE had a couple of well-defined

oxidation and reduction peaks. Furthermore, the Pt–

AuNPs/CNFs/GCE exhibited a significantly higher

peak current and a larger peak area, indicating that

the as-prepared Pt–AuNPs/CNFs possess excellent

electrochemical activity and have potential for use in

the field of H2O2 detection. Figure 5b shows the CV

signals of the detection solutions in the absence and

presence of 5.0 mM of H2O2 using the modified Pt–

AuNPs/CNFs/GCE. A clear signal obtained in the

presence of H2O2 indicates the superior sensitivity of

our Pt–AuNPs/CNFs. The response signals of the

Pt–AuNPs/CNFs/GCE are shown in Fig. 5c. The

signals correspond to the different scan rates ranging

from 20 to 300 mV s-1 in the presence of 5 mM H2O2

and show a high response current of 116 lA without

an enzyme. With the increase in the scan rate, the

peak currents increased gradually, suggesting the

extraordinary electrochemical behavior of the Pt–

AuNPs/CNFs. In addition, the CV responses for

H2O2 at a scan rate of 50 mV s-1 for 10 cycles are

shown in Fig. 5d. The shape and the peak current all

remain nearly the same. Considering the aforemen-

tioned results, the as-prepared Pt–AuNPs/CNFs

exhibit good stability and electroanalytic perfor-

mance for the detection of H2O2.

Figure 4 a–b XPS spectra of the Pt 4f and the Au 4f of the Pt-AuNPs/CNFs. c The XPS spectrum of the Pt 4f of the PtNPs/CNFs. d The

XPS spectrum of the Au 4f of the AuNPs/CNFs.
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Electrocatalytic performance of the Pt–
AuNPs/CNFs/GCE

As is well known, the hydrogen evolution reaction

(HER) is an important indicative reaction for evalu-

ating the electrocatalytic performance of an electro-

catalyst. To characterize the electrocatalytic HER

activity of the Pt–AuNPs/CNFs/GCE, we performed

a series of electrochemical experiments in a 0.5 M

H2SO4 solution with the modified GCE, as shown in

Fig. 6. A commercial 20 wt% Pt/C electrocatalyst

was used for comparison, and the PtNPs/CNFs and

the AuNPs/CNF-modified electrode are also pre-

sented in Fig. 6a, b. It is easily seen that the AuNPs/

CNFs have a relative high overpotential of 450 mV at

10 mA/cm2. Compared with the AuNPs/CNFs, the

PtNPs/CNFs have a relatively lower overpotential of

380 mV at 10 mA/cm2. Interestingly, the designed

Pt–AuNPs/CNFs with a low Pt content (3.09 wt%)

and Au content (5.89 wt%) exhibit the lowest over-

potential of 235 mV at 10 mA/cm2, which is close to

that of the Pt/C catalysts (45 mV), indicating optimal

electrocatalytic HER activity.

Generally, the Tafel slope is key for characterizing

HER activity. Catalysts with smaller Tafel slopes will

better accelerate the HER rate, especially in practical

applications [50–52]. As shown in Fig. 6b, the Tafel

plots of the Pt–AuNPs/CNFs/GCE were obtained

from the polarization curves. To ascertain the Tafel

slopes, the black linear portions of polarization

curves were fitted to the Tafel equation (g = b log

j ? a, where j represents the current density, b rep-

resents the Tafel slope, and g represents the overpo-

tential). The Tafel slopes of the AuNPs/CNFs and the

PtNPs/CNFs are 130 and 108 mV decade-1, respec-

tively, indicating that both are probably involved in

the Volmer reaction in the catalytic process. Mean-

while, the Pt–AuNPs/CNFs show a distinct

Figure 5 a CV responses of the bare GCE and the Pt–AuNPs/

CNFs/GCE in a solution of 5 mM K3[Fe(CN)6] with steps from

-0.6 to 1.2 V versus SCE. The CV signals of the detection

solutions b in the absence and presence of 5.0 mM of H2O2 and

c in the presence of 5 mM H2O2 at different scan rates from 20 to

300 mV s-1. d The CV responses for H2O2 at a scan rate of

50 mV s-1 for 10 cycles.
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improvement with a Tafel slope of 84 mV decade-1,

indicating that the main catalytic processes are the

Volmer reaction and the Heyrovsky reaction. Nota-

bly, the Pt content of the as-prepared Pt–AuNPs is

only 3.09%, and the content of Pt is smaller than that

of the commercial Pt/C (20 wt%). The perfect HER

activity is probably attributed to the homogeneous

structure of the Pt–AuNPs, which combined the

excellent catalytic activity of Pt with the excellent

analytic ability of Au. In the present study, the as-

prepared Pt–AuNPs/CNFs not only possess the high

conductivity of CNFs but also exhibit the high sur-

face-specific area of the exposed Pt–AuNPs, leading

to excellent HER performance.

Furthermore, as an important assessment factor for

the HER performance of a catalyst, the stability was

studied in our research, as shown in Fig. 6c, d and it

can be found that the Pt–AuNPs/CNFs/GCE exhib-

ited good stability in HER. In detail, Fig. 6c shows

that even after continuous cycling testing of 1000

cycles, the polarization curve of the Pt–AuNPs/

CNFs/GCE remained nearly unchanged. To further

confirm the favorable stability of the Pt–AuNPs/

CNFs/GCE, the current–time plot is presented in

Fig. 6d, which was performed under the condition of

an applied potential of -0.32 V for the 12 h electro-

catalysis measurement. There was almost no loss of

electrocatalytic activity, even after continuing the test

for such a long time at a certain potential. Based on

the above discussion, we can draw the conclusion

that the as-prepared Pt–AuNPs/CNFs possess good

durability during the process of the extended elec-

trochemical measurement. Furthermore, it is of great

potential for practical application.

In summary, the size-controlled Pt–AuNPs/CNFs

hybrid, synthesized via an electrospinning technique

and an in situ thermal reduction method, exhibits

good electrochemical activity, which can be attrib-

uted to the following reasons: (1) The specific

nanostructure of the Pt–AuNPs/CNFs provides more

Figure 6 a Polarization curves (after iR-correction) of several of

the as-prepared catalysts, as indicated, and b the corresponding

Tafel plots. c The durability test of the Pt–AuNPs/CNFs/GCE.

d The current–time plot of the Pt–AuNPs/CNFs/GCE in 0.5 M

H2SO4 at an applied potential of -0.25 V (vs. RHE).
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effective active sites for electrochemical behavior,

which was beneficial for the adsorption capability

and for the catalysis reaction of Pt–AuNPs/CNFs; (2)

the well-dispersed and small-sized Pt–AuNPs

exhibited a larger surface-specific area and are

expected to enhance the electron transfer rate and

improve the response signals; (3) CNFs possess either

high electrical conductivity or excellent stability,

contributing to the favorable electron transport

capability and excellent durability of modified elec-

trode; and (4) the bimetallic nanoparticles combined

the excellent electroanalytic performance of Au with

the superior electrocatalytic activity of Pt and

demonstrated good bifunctional electrochemical

properties that may have great potential application.

In addition, in the fabrication process of the size-

controlled Pt–AuNPs, no other reagents were used in

the experiments. Therefore, the present study pro-

vided a facile and green method for the design and

synthesis of noble metal NP/CNF materials. More-

over, the specific nanostructure of the as-prepared

Pt–AuNPs/CNFs may have great potential in other

electrochemical fields.

Conclusions

Pt–AuNPs/CNFs were successfully designed and

fabricated via electrospinning technology and an

in situ thermal reduction. The size-controlled Pt–

AuNPs were evenly distributed on the surface of the

CNFs. The Pt–AuNP/CNF-modified electrode with

low Pt content was used as the working electrode for

the electrochemical measurements. The novel

nanostructure of the Pt–AuNPs combines the excel-

lent electroanalytic performance of Au with the

superior electrocatalytic activity of Pt and exhibits

good electrochemical activity as a bifunctional cata-

lyst for HER and the detection of H2O2. The Pt–

AuNP/CNF hybrid with low Pt content was utilized

as a bifunctional electrocatalyst, exhibiting a higher

response current of 116 lA without an enzyme for

the detection of H2O2 and a lower overpotential

(j = 10 mA cm-2 at -235 mV) and Tafel slope

(84 mV decade-1) for HER compared to those of the

PtNPs/CNFs and AuNPs/CNFs. This was ascribed

to the specific nanostructure of the well-dispersed Pt–

AuNPs, the favorable electron transport capability,

the excellent durability of the CNFs, and the

enhanced surface-specific area of the Pt–AuNPs/

CNFs. This study offers a green and facile method for

constructing a specific bimetallic nanostructure for

application in catalytic fields.
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