
CHEMICAL ROUTES TO MATERIALS

Biothiol-mediated synthesis of Pt nanoparticles

on graphene nanoplates and their application

in methanol electrooxidation

Shengdong Dai1 , Jinli Zhang1, Yan Fu1,*, and Wei Li1,*

1School of Chemical Engineering and Technology, Tianjin University, Tianjin 300350, People’s Republic of China

Received: 21 June 2017

Accepted: 22 August 2017

Published online:

1 September 2017

� Springer Science+Business

Media, LLC 2017

ABSTRACT

We synthesized highly dispersive Pt nanoparticles on graphene nanoplates (GNPs)

under the orientation of different biothiols templates. Through the characterizations

of FT-IR, ITC, HRTEM, EELS, XPS, cyclic voltammetry and chronoamperometry, it

is demonstrated that the catalytic performance of GNPs-supported Pt NPs is greatly

associated with thiol-containing groups, particle sizes as well as morphologies.

There is a synergetic effect between biothiols and GNPs to modulate the dispersity

and the distribution of Pt NPs. The biothiol-templated non-spherical Pt NPs on

GNPs show higher activity and better stability in methanol oxidation reaction,

comparing with those spherical Pt NPs formed in the solution and commercial Pt/

C. Particularly for adopting cysteine as the biotemplate, Pt NPs show the highest

catalytic activities as well as the enhanced antipoisoning property, with the mean

width of 3 nm and the length ranging in 3–13 nm. These results pave a new way to

manufacture hybrid nanocatalysts on the basis of facile modulation by biothiols.

Introduction

Controllable synthesis of highly dispersive Pt-based

nanocatalysts on two-dimensional carbon supports has

gained considerable attention in the past decade, since

supported Pt NPs are beneficial to enhancing catalytic

efficiencies and stabilities during practical long-term

operation, especially in electrooxidation reaction [1–4].

However, carbon supports, such as reduced graphene,

graphene nanoplates, carbon nanotubes, lack sufficient

functional groups for anchoring the precursors of metal

ions, which leads to large NPs with low catalytic

activity [5]. To address this issue, growing interests lie

in the chemical modification of inactive surfaces of

carbon supports by ionic liquids [6, 7], conducting

polymer [8], cyclodextrin [9, 10], pyrene-containing

derivatives [11], DNA [12, 13], etc. These organic

ligands act as capping agents to prevent Pt NPs from

aggregation as well as to modulate their dispersion and

distribution. For example, Li and coworkers employed

polyaniline to modify multi-walled carbon nanotube as

the template to synthesize Pt nanoparticles with the

size about 3 nm, which showed higher electrochemical

activity and lower CO poisoning susceptibility toward
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methanol oxidation reaction [14]. Yang and coworkers

also used poly[2,20-(2,6-pyridine)-5,50-bibenzimida-

zole] (PyPBI)-functionalized multi-walled carbon

nanotube to synthesize MWCNT/PyPBI/Pt. The car-

bon paper-free membrane electrode assembly (MEA)

had comparable mass power density to that of the MEA

with carbon paper [8]. Moreover, dispersive nanosized

Pt NPs (1.9 nm) were synthesized on graphite nano-

platelets upon addition of an imidazolium-based ionic

liquid, of which the electrocatalytic activity was 2.75

times higher than Pt/C toward the methanol oxidation

reaction [6]. Concerning the unprecedented catalytic

performance of Pt nanomaterials determined by sur-

face states and morphology, it is desirable to develop

new methods to tune the physicochemical properties of

supported Pt NPs on the basis of molecular recognition

abilities of functional groups.

Thiol-containing ligands, including glutathione

(GSH), N-acetyl-L-cysteine, l-penicillamine, tio-

pronin, mercaptoammonium, L-cysteine as water-

soluble ligands, and hexanethiol, dodecanthiol,

2-phenylethylthiol, methylbenzenethiol,

phenylethanethiolate as organic-soluble ligands, have

been recognized as promising capping agents for

precisely controlling monodisperse metal nanoclus-

ters/nanoparticles, which display both excellent sta-

bilities and ultrasmall sizes [15–21]. For example,

GSH-protected Pt NPs (2.3–3.6 nm) were synthesized

in the aqueous solution, which showed the excellent

peroxidase-like activity and the radical scavenging

capability [22]. Recently, atomically precise Au nan-

ocluster was successfully fabricated under the pro-

tection of –SCH2CH2Ph thiolates in toluene. Among

these NPs, Au144 with the size of 1.7 nm exhibited the

highest catalytic activities in both carbon monoxide

oxidation and electrocatalytic oxidation of ethanol

[23]. Therefore, we are motivated to employ thiol-

containing ligands to modulate the physicochemical

properties of carbon-supported Pt nanomaterials.

In this paper, we propose a simple and effective

strategy on the controllable synthesis of highly disper-

sive Pt NPs on GNPs by using biothiols, including glu-

tathione (GSH) and cysteine (Cys). Two different

methods were comparatively studied to synthesize

GNPs-supported Pt NPs, namely ‘‘adsorption–reduc-

tion’’ and ‘‘reduction–adsorption,’’ respectively. Through

the characterizations of FT-IR, ITC, HRTEM, EELS, XPS,

cyclic voltammetry and chronoamperometry, it is

demonstrated that the catalytic performance of GNPs-

supported Pt NPs is greatly associated with surface

functional groups, particle sizes as well as morphologies.

The Cys/GNPs-guided Pt NPs with the average width of

3 nm and the length ranging in 3–13 nm display the

highest catalytic activities in methanol electrooxidation.

These results pave a promising way to manufacture 2D

hybrid catalysts with facile modulation of physico-

chemical properties through biothiols.

Experimental section

Materials

Graphene nanoplates (GNPs, [99.5 wt% carbon

content, width 0.5–20 lm, thickness 1–5 nm, surface

area 110 m2 g-1, conductivity 80–100 S cm-1, zeta

potential -19.6 mV, ACS Material, USA) were soni-

cated for 2 h to decrease their sizes and aspect ratios

(width to thickness). K2PtCl4 (99.9%) was purchased

from Alfa Aesar. L-cysteine (Cys) (99%) and reduced

glutathione (GSH) were purchased from J&K Scien-

tific LTD. The commercial catalyst (Pt/C-JM, 20 wt%)

was purchased from Johnson Matthey. Ethylene

glycol (EG), methanol (CH3OH) and other chemical

reagents were purchased from Jiangtian Chemical

Technology Co. Ltd (Tianjin, China). High-purity

nitrogen (C99.99%) was supplied by Tianjin Dongx-

iang Co. Ltd. All the chemical reagents were used

without further purification. The water used in all

experiments was distilled for three times.

Synthesis of Pt-GSH/GNPs

Method I: adsorption–reduction

GSH was firstly incubated with 300 lM K2PtCl4 at

different molar ratios of [GSH]/[K2PtCl4] in 10 mM

NaH2PO4–H3PO4 buffer (pH 4.0) for 3 h at 25 �C. Then

an equal volume of EG containing 15.7 mg sonicated

GNPs was added to the above mixture. After vibration

for 3 h at 25 �C, the resulting mixture was heated to

125 �C and reacted for 4 h under reflux. Finally, the

resultant was filtered and the obtained solid was rinsed

several times by NaH2PO4–H3PO4 buffer (pH 4.0) and

then dried at 60 �C under vacuum for 12 h.

Method II: reduction–adsorption

GSH was firstly incubated with 300 lM K2PtCl4 at

different molar ratios of [GSH]/[K2PtCl4] in 10 mM
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NaH2PO4–H3PO4 buffer (pH 4.0) for 3 h at 25 �C.

Then freshly prepared DMAB aqueous solution was

added to the above mixture to reach a final [DMAB]/

[K2PtCl4] ratio of 5 and followed by a 12-h reduction

at 25 �C. Next, an equal volume of aqueous solution

of 15.7 mg sonicated GNPs was added to the above

mixture. After vibration at 25 �C for 6 h, the resultant

was filtered and rinsed by NaH2PO4–H3PO4 buffer

(pH 4.0) several times and then dried at 60 �C under

vacuum for 12 h.

Synthesis of Pt-Cys/GNPs

Method I: adsorption–reduction

Cys was firstly incubated with 300 lM K2PtCl4 at

different molar ratios of [Cys]/[K2PtCl4] in 10 mM

NaH2PO4–H3PO4 buffer (pH 3.0) for 3 h at 25 �C.

Then an equal volume of EG containing 15.7 mg

sonicated GNPs was added to the above mixture.

After vibration for 3 h at 25 �C, the resulting mixture

was heated to 125 �C and reacted for 4 h under

reflux. Finally, the resultant was filtered and the

obtained solid was rinsed several times by NaH2PO4–

H3PO4 buffer (pH 3.0) and then dried at 60 �C under

vacuum for 12 h.

Method II: reduction–adsorption

Cys was firstly incubated with 300 lM K2PtCl4 at

different molar ratios of [Cys]/[K2PtCl4] in 10 mM

NaH2PO4–H3PO4 buffer (pH 3.0) for 3 h at 25 �C.

Then freshly prepared DMAB aqueous solution was

added to the above mixture to reach a final [DMAB]/

[K2PtCl4] ratio of 5 and followed by a 12-h reduction

at 25 �C. Next, an equal volume of aqueous solution

of 15.7 mg sonicated GNPs was added to the above

mixture. After vibration at 25 �C for 6 h, the resultant

was filtered and rinsed by NaH2PO4–H3PO4 buffer

(pH 3.0) several times and then dried at 60 �C under

vacuum for 12 h.

Electrochemical measurements

Electrochemical measurements of as-prepared Pt-

GSH/GNPs and Pt-Cys/GNPs were carried out on

an electrochemical workstation (CHI 660E, CH

Instruments, China). The workstation was connected

to a standard three-electrode cell, with a platinum

wire counter electrode and a saturated KCl, Hg/

HgCl2 reference electrode. A glassy carbon electrode

(diameter d = 3 mm, Tianjin Incole Union Technol-

ogy Co., Ltd) was used as the working electrode. The

electrode was firstly polished with Al2O3 powders

with size down to 0.05 lm and then thoroughly

rinsed with ultrapure Millipore water and ethanol

three times to remove contaminants, respectively.

Typically, 1.0 mg of as-prepared catalysts or 0.5 mg

commercial Pt/C catalysts was firstly added into the

solution comprising of 200 lL of isopropanol, 785 lL

of H2O and 15 lL of Nafion solution (5.0 wt%). Then

the obtained mixture was sonicated for 30 min to

form a catalyst ink. Next, 5.0 lL of the ink was

applied to the surface of a polished glassy carbon and

dried on the disk at room temperature for 60 min.

Before measuring, the working electrode was acti-

vated in a N2-saturated 0.5 M H2SO4 solution via

cyclic voltammetry (CV) between -0.2 and 1.0 V at a

scan rate of 50 mV s-1 until it approached a steady

state. In the measurement, CV curves of methanol

oxidation were recorded in a N2-saturated 0.5 M

H2SO4 ? 1.0 M CH3OH solution at a scan rate of

50 mV s-1 between -0.2 and 1.0 V. Chronoamper-

ometry (CA) tests were carried out at 0.60 V (vs. SCE)

for a period of 5000 s. For CO stripping, high-purity

CO was bubbled into 0.5 M H2SO4 for 30 min with

the electrode potential of 0 V versus SCE. Then dis-

solved CO was purged out of the electrolyte by

bubbling N2 for another 30 min. CVs were recorded

for all the catalysts between -0.2 and 1.0 V at

50 mV s-1. All experiments were done at room

temperature.

The electrochemical surface areas (ECSA) of as-

prepared catalysts were evaluated by measuring

columbic charges collected in the hydrogen adsorp-

tion and desorption region between -0.2 and 0.1 V.

The ECSA values were calculated according to

ECSA = QH/(0.21 9 mPt), where mPt is the Pt loading

(mg cm-2) on the working electrode; QH (mC cm-2)

was obtained by integrating the corrected hydrogen

adsorption/desorption region and then divided by

the used scan rate; 0.21 mC cm-2 is required charge

to oxidize a monolayer of hydrogenon a smooth Pt

surface [24]. In the CV curves of methanol oxidation,

the peak current density in the forward scan (If) and

in the reverse scan (Ib) was attributed to the dehy-

drogenation of methanol and the removal of some

intermediate carbonaceous species (poisoning spe-

cies), respectively [25]. The ratios of If/Ib were used
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to evaluate the contamination arising from poisoning

species.

Characterizations

The dispersity and distribution of as-prepared cata-

lysts were analyzed by using transmission electron

microscopy (TEM) and high-resolution TEM

(HRTEM), which were conducted on a Tecnai JEM-

2100F TEM (JEOL; Japan) with an accelerating volt-

age of 200 kV. All the samples were prepared by

depositing a drop of suspended catalysts diluted in

ethanol onto a copper grid coated with carbon film.

Electron energy loss spectroscopy (EELS) was per-

formed to identify the elemental distribution of as-

prepared catalysts.

Isothermal titration calorimetry (ITC) experiments

were performed using a MicroCal VP-ITC (MicroCal,

Figure 1 FT-IR spectra of a GSH and GSH-Pt(II) ([K2PtCl4]/[GSH] = 12, pH 4.0), b Cys and Cys-Pt(II) ([K2PtCl4]/[Cys] = 24, pH

3.0).

Figure 2 ITC analysis of 40 lM. a GSH (pH 4.0) and b Cys (pH 3.0) titrated with K2PtCl4 solution (1 mM) at 25 �C.
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Northampton, MA) with the sample cell (1.45 mL)

containing 40 lM GSH in 10 mM NaH2PO4–H3PO4

buffer (pH 4.0) or 40 lM Cys in 10 mM NaH2PO4–

H3PO4 buffer (pH 3.0). Typically, 27 serial injections

of 1 mM K2PtCl4 dissolved in NaH2PO4–H3PO4 buf-

fer (pH 4.0 for GSH and pH 3.0 for Cys) of 10 lL

volume each were titrated in the sample cell at an

interval of 270 s under continuous stirring at

307 rpm.

FT-IR spectra were recorded on a Thermo Scientific

Nicolet iS10 FT-IR spectrometer. The samples were

dropped onto the ZnSe transparent supports and

dried in the drying oven.

X-ray photoelectron spectroscopy (XPS) was per-

formed on a PHI5000 Versaprobe. In the sample

preparation, 30 lL of sample solution (0.2 mg/mL)

was added dropwise onto a clean silicon wafer,

which was subsequently dried under a nitrogen gas

atmosphere. This operation was repeated thrice to

obtain the specimens.

Zeta potentials (n) of GNPs were measured at dif-

ferent pH in the mixture of water and EG (1:1) at the

concentration of 0.05 mg/mL by dynamic light scat-

tering (DLS, Malvern Nano-ZS, UK).

The amounts of metal loading in different catalysts

were measured by inductively coupled plasma opti-

cal emission spectrometry (ICP-OES, Thermo Jarrell-

Ash Corp, USA).

Results and discussion

Molecular interactions of biothiols
with Pt(II) precursors

Molecular interactions between biothiols and K2PtCl4
were investigated by FT-IR and ITC analysis. According

to the FT-IR spectra shown in Fig. 1a, typical S–H

stretching at 2533 cm-1 disappears after incubation with

K2PtCl4. In the meanwhile, the red shift from 1536 to

1576 cm-1 as well as the blue shift from 3275 to

3200 cm-1 suggests that Pt(II) also interacts with

–COOH and –NH2 groups [26]. As shown in Fig. 1b,

both the N–H bending vibration at 1513 cm-1 and the S–

H stretching at 2543 cm-1 disappear upon addition of

the precursor. Additionally, a red shift from 1393 to

1398 cm-1 was also detected, demonstrating the coor-

dination of Pt(II) with –SH, –NH2 as well as –COOH

groups of Cys [27]. Through ITC analysis (Fig. 2), the

binding constants (K) were calculated as 3.8 9 104 and

1.72 9 104 M-1 for GSH and Cys, respectively.

Characterizations and electrochemical
performance of Pt-GSH/GNPs

Two synthesis methods were employed to prepare

Pt-GSH/GNPs catalysts, namely ‘‘adsorption–reduction

(method I)’’ and ‘‘reduction–adsorption (method II),’’

Scheme 1 Schematic illustration of two synthesis methods proposed in this study.
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respectively (illustrated in Scheme 1). In method I,

GSH-Pt(II) complexes were firstly adsorbed onto the

GNPs at pH 4.0 through electrostatic interactions as

opposite charge of two substances (Fig. S1). Then the

growth of Pt NPs was oriented by both GSH and

GNPs. For comparison, in method II, monodisperse Pt

NPs were firstly synthesized in aqueous solution

under the protection of GSH. Then as-prepared Pt

NPs were adsorbed onto the GNPs to obtain Pt-GSH/

GNPs.

Figure 3 TEM images of Pt-GSH/GNPs prepared by method I at different ratios of [K2PtCl4]/[GSH]: a 3, b 12, c 24, d Pt/GNPs.

Table 1 Loading of Pt

determined by ICP-OES and

the mean particle size

determined by TEM

Catalysts Pt (wt%) Diameter/width (nm)

Pt/C-JMa 19.42 3.09

Pt/GNPsb 7.51 4.1

Pt-GSH(3:1)/GNPs (method I) 8.92 2.74

Pt-GSH(12:1)/GNPs (method I) 8.71 2.84

Pt-GSH(24:1)/GNPs (method I) 8.3 2.91

Pt-GSH(3:1)/GNPs (method II) 5.15 2.63

Pt-GSH(12:1)/GNPs (method II) 5.51 3.04

Pt-GSH(24:1)/GNPs (method II) 5.93 3.2
a Commercial Pt/C
b Catalyst prepared by method I without using GSH or Cys
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In method I, by employing EG as a mild reductant,

Pt-GSH/GNPs were prepared through the

hydrothermal synthesis at different molar ratios of

[K2PtCl4]/[GSH]. According to TEM images (Fig. 3

and Fig. S2), non-spherical Pt NPs uniformly disperse

on the surface of GNPs. At the [K2PtCl4]/[GSH] ratio

of 24, 12 and 3, the obtained Pt-GSH/GNPs show the

average width of 2.91, 2.84 and 2.74 nm, respectively,

with the length ranging in 3–8 nm (Table 1). In

contrast, a significant aggregation was observed for

Pt/GNPs without the orientation of GSH, indicating

the critical role of –SH, –COOH and –NH2 groups in

the synthesis of dispersive Pt NPs on GNPs. For

comparative study, the Pt-GSH/GNPs obtained

through method II exhibit spherical morphologies,

with the average diameter ranging from 2.6 to 3.2 nm

(Table 1 and Fig. S3).

All the catalysts exhibit typical electrochemical

behaviors of Pt in a 0.5 M nitrogen-saturated H2SO4

solution, as shown in Fig. 4a and Table 2. Pt-GSH/

GNPs obtained from two methods show higher

ECSA than that of Pt/GNPs, suggesting more cat-

alytically active sites available for electrochemical

reaction. The Pt-GSH/GNPs prepared through

method I have comparable If/Ib values with Pt/C-JM,

whereas the Pt-GSH/GNPs obtained by method II

possess a little higher If/Ib than Pt/C-JM.

According to the If values shown in Fig. 4b, Pt-

GSH(12:1)/GNPs exhibited the highest mass activity,

which is 1.1 times higher than that of Pt/C-JM

(396 A g-1) and 1.4 times than Pt/GNPs (323 A g-1).

Figure 4 a CV curves of Pt-GSH/GNPs prepared by method I in 0.5 M H2SO4 at 50 mV s-1, b mass activities, c specific activities of

MOR recorded in 0.5 M H2SO4 ? 1.0 M CH3OH at 50 mV s-1, d chronoamperometric curves of different catalysts tested at 0.6 V.

Table 2 ECSA and If/Ib of Pt-GSH/GNPs prepared by method I

and method II

Catalysts ECSA/m2 g-1 If/Ib

Pt/C-JM 53.3 0.97

Pt/GNPs 32.12 1.16

Pt-GSH(3:1)/GNPs (method I) 35.26 0.94

Pt-GSH(12:1)/GNPs (method I) 40.27 0.96

Pt-GSH(24:1)/GNPs (method I) 38.65 0.92

Pt-GSH(3:1)/GNPs (method II) 32.52 1.15

Pt-GSH(12:1)/GNPs (method II) 38.17 1.07

Pt-GSH(24:1)/GNPs (method II) 34.15 1.03
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Besides, the specific activity of Pt-GSH(12:1)/GNPs is

1.09 mA cm-2, which is 1.5 and 1.1 times higher than

those of Pt/C-JM (0.74 mA cm-2) and Pt/GNPs

(1.0 mA cm-2), respectively (Fig. 4c). The stabilities

of Pt-GSH/GNPs were estimated by chronoampero-

metric measurements at a potential of 0.6 V for

5000 s. As shown in Fig. 4d, Pt-GSH(12:1)/GNPs

exhibit a slower current decay and a higher current

Figure 5 TEM images of Pt-Cys/GNPs prepared by method I at different ratios of [K2PtCl4]/[Cys]: a 6, b12, c 24, d 48, e HRTEM image

of Pt-Cys/GNPs at [K2PtCl4]/[Cys] = 24.
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density in MOR as compared to other catalysts,

suggesting longer operation time and higher

antipoisoning ability. Moreover, CO stripping mea-

surements were applied to reveal their antipoisoning

abilities. Obviously, all the biothiol-containing cata-

lysts exhibit lower peak potentials as compared to

Pt/GNPs and Pt/C-JM (Fig. S4), which demonstrates

that addition of biothiols improves the antipoisoning

properties of Pt catalysts. Compared with the cat-

alytic performance of sphere-like Pt NPs synthesized

in aqueous solution through method II (Fig. S5), it is

reasonable to conclude that non-spherical Pt NPs can

facilitate the electron transfer during electrochemical

reactions [28–30].

Characterizations and electrochemical
performance of Pt-Cys/GNPs

Two synthesis methods described above were also

used to prepare Pt-Cys/GNPs. As shown in Fig. 5

and Table 3, non-spherical Pt NPs uniformly disperse

on the surface of GNPs at different ratios of

[K2PtCl4]/[Cys], with the average width of approxi-

mate 3 nm and the length of 3–13 nm. HRTEM image

reveals that the non-spherical NPs in the Pt-

Cys(24:1)/GNPs are actually composed of multiple

single-crystalline segments (Fig. 5e). The lattice dis-

tances of 0.23 and 0.19 nm correspond well to the

(111) and (100) lattice spacing of face-centered cubic

Pt, respectively. In addition, grain boundaries can be

evidently observed between adjacent particles, as

marked by red arrows. It has been reported that the

presence of grain boundaries could serve as possible

catalytic sites and transport channels for reactants

and therefore effectively improve the electrocatalytic

activities [31]. Meanwhile, the distribution of Cys on

the as-prepared catalysts was evaluated by EELS

mapping (Fig. 6). The element S from Cys is uni-

formly distributed on the GNPs, which further con-

firms the Cys-oriented growth of Pt NPs. As a

control, Pt NPs synthesized in the aqueous solution

through method II (Fig. S6) display a serious

agglomeration, suggesting that in the absence of

GNPs the individual Cys cannot function well to

modulate the dispersity of Pt NPs and there exists a

synergistic effect between GNPs and Cys in the

growth of Pt NPs.

To understand deeply the surface properties of as-

prepared Pt-Cys/GNPs by method I, the charge states

of Pt species were analyzed by XPS spectra, as listed

in Table 4. In the analyzing spectra (Fig. S7), it is

assumed that the doublets have Gaussian-shaped (5/

2-7/2) components of equal half-widths with an

intensity ratio of ca. 3:4, and the Pt(4f) spin splitting

energy was about 3.3 eV. The binding energy of the

electron on the Pt 4f7/2 orbitals can be deconstructed

into Pt2? and Pt0 components. As the ratio of

Table 3 Loading of Pt determined by ICP-OES and the mean

particle size determined by TEM

Catalysts Pt (wt%) Width (nm)

Pt-Cys(6:1)/GNPs 8.77 2.89

Pt-Cys(12:1)/GNPs 8.53 2.92

Pt-Cys(24:1)/GNPs 8.46 2.96

Pt-Cys(48:1)/GNPs 8.36 3.06

Figure 6 Element mapping of a C and b S of Pt–Cys(24:1)/GNPs by EELS.
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[K2PtCl4]/[Cys] increases from 6 to 48, the fractions

of Pt0 species increase from 46.7 to 56.8%.

The electrochemical performance of Pt-Cys/GNPs

synthesized by method I is listed in Table 5 and

Fig. 7a. The Pt-Cys(24:1)/GNPs show the highest

ECSA value of 45.62 m2 g-1, which is 1.4 fold than

that of Pt/GNPs. In the CV curves of methanol oxi-

dation (Fig. 7b), the Pt-Cys(24:1)/GNPs exhibit 1.8-

and 2.2-fold higher mass activities as compared to the

Pt/C-JM and the Pt/GNPs, respectively. As shown in

Fig. 7c, the peak current density of Pt-Cys(24:1)/

GNPs (1.52 mA cm-2) is 2.1 and 1.5 times than that of

Pt/C-JM and Pt/GNPs, respectively. Among all the

as-prepared catalysts (Fig. 7d), the Pt-Cys(24:1)/

GNPs possess the highest stability as well as

antipoisoning ability in MOR.

Comparisons of Pt/GNPs toward
morphologies and activities

Regarding both physicochemical properties and

electrochemical performance of Pt-GSH/GNPs based

Table 4 Binding energies and relative content of Pt species in Pt-

Cys/GNPs by method I determined by XPS spectra

Catalysts Pt0 (eV) % Pt2? (eV) %

4f7/2 4f5/2 4f7/2 4f5/2

Pt-Cys(6:1)/GNPs 71.5 74.9 72.7 75.9

(46.69) (53.31)

Pt-Cys(12:1)/GNPs 71.4 74.7 72.7 75.9

(48.67) (51.33)

Pt-Cys(24:1)/GNPs 71.5 74.9 72.8 76.1

(54.72) (45.28)

Pt-Cys(48:1)/GNPs 71.6 74.9 72.9 76.1

(56.83) (43.17)

Table 5 ECSA and If/Ib of Pt-Cys/GNPs prepared by method I

Catalysts ECSA/m2 g-1 If/Ib

Pt-Cys(6:1)/GNPs 39.62 1.02

Pt-Cys(12:1)/GNPs 41.95 1.06

Pt-Cys(24:1)/GNPs 45.62 1.09

Pt-Cys(48:1)/GNPs 42.36 0.97

Figure 7 a CV curves of Pt-Cys/GNPs prepared by method I in 0.5 M H2SO4 at 50 mV s-1, b mass activities, c specific activities of

MOR recorded in 0.5 M H2SO4 ? 1.0 M CH3OH at 50 mV s-1, d chronoamperometric curves of different catalysts tested at 0.6 V.
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on two different methods, we can conclude that the

complexes of biothiol/GNPs through electrostatic

adsorption can act as an effective template that

facilitates the growth of non-spherical Pt NPs. In

comparison, monodisperse Pt spheres were liable to

form in aqueous solution without the guidance of

hybrid templates, which reveals a cooperative effect

between carbon supports and biothiols on the mor-

phologies of Pt nanostructures.

The advantages of non-spherical Pt NPs in MOR

were exemplified by Pt-Cys/GNPs with the average

width of 3 nm and the length ranging in 3–13 nm,

which possess higher catalytic activity than Pt-GSH/

GNPs (2.9 nm in width, 3–8 nm in length). Previous

reports have shown that 1D Pt NPs have advantages

in electrochemical reactions over zero-dimensional

nanocatalysts [32]. For example, Li and coworkers

used polyethylene glycol monooleyl ether (Brij-35) as

a growth-directing agent for the fabrication of

reduced graphene oxide-supported worm-like Au–

Pd nanostructures with an average width of 2 nm

and length of 10 nm, which showed improved ana-

lytical performance for nitrite detection [33]. There-

fore, it is reasonable to conclude that the catalytic

activities of GNP-supported Pt NPs are greatly

associated with surface functional groups, particle

sizes as well as morphologies.

Conclusions

Highly dispersive Pt nanoparticles on GNPs were

controllably synthesized under the orientation of

different biothiols. It is demonstrated that the

electrochemical performance of GNPs-supported Pt

NPs is greatly associated with thiol-containing

groups, particle sizes as well as morphologies.

Biothiols and GNPs cooperatively act as effective

templates to assist Pt(II)-precursor depositing uni-

formly on the surface of GNPs, contributing to non-

spherical nanostructures. In contrast, spherical Pt

NPs were obtained through aqueous synthesis,

which exhibit lower activities as compared to non-

spherical Pt NPs. Adopting Cys as active sites, Pt

NPs with the average width of 3 nm and the length

ranging in 3–13 nm display the highest catalytic

activities in methanol electrooxidation, which pos-

sess 1.8-fold mass activity, better stability and

lower CO poisoning susceptibility than that of

commercial Pt/C.
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