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n of PtNPs on the LBL assembled
multilayer films of (PDDA-GS/PEDOT:PSS)n and
their electrocatalytic activity toward methanol
oxidation

Hui Li, Li-Ping Jia,* Rong-Na Ma, Wen-Li Jia and Huai-Sheng Wang*

In the present work, PDDA-functionalized graphene sheets (PDDA-GS) were prepared by reduction with

hydrazine hydrate in situ in the presence of poly(diallyldimethylammonium chloride) (PDDA). The (PDDA-GS/

PEDOT:PSS)n multilayer films were fabricated by a layer-by-layer self-assembly technique based on the

electrostatic interaction between positively charged PDDA-GS and negatively charged poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). The self-assembly process was characterized

by ultraviolet-visible spectroscopy (UV-vis). Pt nanoparticles were electrodeposited in situ on the multilayer

films. X-ray diffraction (XRD) analysis and field emission scanning electron microscopy (FE-SEM) were used to

characterize the properties of Pt/[(PDDA-GS/PEDOT:PSS)n] multilayer films. Cyclic voltammetry and

chronoamperometry were used to study the electrocatalytic activity of Pt/[(PDDA-GS/PEDOT:PSS)n] multilayer

films towards methanol oxidation. The results indicated that Pt/[(PDDA-GS/PEDOT:PSS)n] showed high

electrocatalytic activity toward methanol oxidation and good tolerance toward carbon monoxide (CO)

poisoning. This novel support for Pt nanoparticle catalysts will be promising in the fabrication of fuel cell

electrodes and other catalytic devices.
1. Introduction

The direct methanol fuel cell (DMFC) has received much attention
in the past few years due to its several advantages such as compact
volume, clean and environmentally friendly protection, high power
density and use of cheap and abundant methanol as a fuel. Up to
now, Pt is still an ideal catalyst for the electrocatalytic oxidation of
methanol. However, a pure Pt catalyst is expensive and rare. In
addition, methanol anodic oxidation intermediate adsorption and
accumulation on the Pt surface cause catalyst poisoning and
deactivation and reduce the electrocatalytic activity of electrodes,
limiting the performance of a DMFC.1,2 Up to date, the research
has been mainly focused on how to improve the anode catalytic
efficiency and reduce the cost of Pt-based fuel cell.3,4

Catalyst supports have a great inuence on the catalytic ability
of a Pt catalyst.5–7 Graphene, a two-dimensional honeycomb lattice
composed of a single layer of bonded-sp2 carbons, has been
attractingmore attention in recent years due to its superior electric
conductivity, strong mechanical strength, high specic surface
area, high electron mobility, and so on.2,8,9 So, graphene is
a promising catalyst support in the carbon-based support mate-
rials. In recent years researchers have exerted intensive efforts in
ity, Liaocheng, Shandong 252000, China.

du.cn; Fax: +86 0635 8239121; Tel: +86

hemistry 2017
fabricating nanocomposites or hybrids of graphene doped with
metals via various routes. For instance, Li et al. prepared Pt/
graphene nanocomposites by reduction of graphite oxide and
H2PtCl6 in one pot and the hybrids showed superior catalytic
performance toward methanol oxidation.10 Unfortunately, the
graphene nanosheets are easy to agglomerate due to the strong p–
p stacking interaction between the graphene sheets, which will not
only ruin the advantage of high surface area of graphene, but also
obstruct the dispersion of Pt nanoparticles on graphene surface.2,4

So the surface modication of graphene is an essential step for
obtaining a molecular level dispersion of individual graphene.
Poly(diallyldimethylammonium chloride) (PDDA), a positively
charged polyelectrolyte, has been found to be attractive for non-
covalently functionalizing graphene sheets. PDDA not only could
prevent the aggregation of graphene sheets but also improve the
solubility of graphene, which will extend the application in bio-
sensing. Wang et al. found that the PDDA-adsorbed graphene
electrode showed remarkable ORR electrocatalytic activities.11

Furthermore, the PDDA functionalized graphene sheets are posi-
tively charged, which are suitable to assemble multilayer
composite lms by electrostatic adsorption. Mevold et al. found
that the PDDA functionalized graphene sheets can be used as
supporting substrate to uniformly embed the negatively AuNPs by
ionic binding.12

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS), is a polyelectrolyte consisting of positively charged
RSC Adv., 2017, 7, 16371–16378 | 16371
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View Article Online
conjugated PEDOT and negatively charged saturated PSS. PSS is an
anionic polyelectrolyte, which helps to disperse and stabilize
PEDOT in water or other solvents. The polymer couple is highly
conductive and electrochemical stable in electrolyte. In fact, it is
commonly accepted to be more environmentally stable in
comparison with other conducting polymers, thus being appealing
on a commercial point of view.13 PEDOT:PSS can be used as
a strong anionic polyelectrolyte to bind cationic polyelectrolyte
through electrostatic forces. Jurin et al. prepared PDDA/PEDOT:PSS
multilayer lm by layer-by-layer (LBL) assembly method and the
physicochemical parameters such as pH, ionic strength were
studied in detail.14 Knowles et al. synthesized polyethylenimine-
capped platinum nanoparticles (PEI-capped Pt NPs) and fabri-
cated [PEI-capped Pt NPs/(PEDOT:PSS)] multilayers via electrostatic
assembly. This multilayer lms showed high and stable catalytic
activity toward the oxidation of methanol.15

Layer-by-layer (LBL) assembly is a versatile thin-lm fabrication
method, which allows deposition of oppositely charged species to
form multilayer lms. Compared with other thin-lm fabrication
methods, such as electrodeposition, the LBL process allows precise
control over the deposition of each component from solution and
hence is very useful for fabrication of hybrid lms.16–18 Several
works have been published about the use of LBL method for
applications involving sensors and biosensors,19,20 optical devices,21

immunosensors,22 electrocatalysis,23–25 and other electrochemical
devices.26

In this work PDDA functionalized graphene sheets (PDDA-GS)
were synthesized and qualied as a component for electrostatic
LBL assembly. The (PDDA-GS/PEDOT:PSS)n hybrid lms were
fabricated through electrostatic LBL assembly of positively charged
PDDA-GS and negatively charged PEDOT:PSS. Then the multilayer
lms were used as a novel catalyst support for electrodeposition of
Pt nanoparticles in situ. The results showed that the Pt/[(PDDA-GS/
PEDOT:PSS)n] exhibited good electrocatalytic activity for the
methanol oxidation and improved tolerance toward CO poisoning.
2. Experimental
2.1 Materials

Graphite powders (325 mesh, 99.9995%) were purchased
from Alfa Aesar Company. Poly(diallyldimethylammonium
chloride) (PDDA, MW 200 000–350 000 Da) and poly(3,4-eth-
ylenedioxythiophene):poly(p-styrenesulfonate) [(PEDOT:PSS)
Na+, 2% wt] were purchased from Tianjin Guangfu chemical
reagents company. KMnO4, H2O2 (30%), N2H4$H2O, K2S2O8,
P2O5, H2SO4 (98%), HCl, K3Fe(CN)6, K4Fe(CN)6, KCl, and
absolute methanol were obtained from Shanghai reagent
company. H2PtCl6$6H2O was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All reagents
were of analytical grade and used without further purica-
tion. Double distilled water was used in the whole experi-
mental process.
2.2 Instrumentation

Images of eld emission scanning electron microscope (FE-SEM)
were observed on a JSM-7500F eld emission scanning electron
16372 | RSC Adv., 2017, 7, 16371–16378
microanalyzer (JEOL, Japan). Transmission electron microscope
(TEM) images were obtained on a JEM-2100 electron microscope
operating at 200 kV (JEOL Ltd., Japan). X-ray diffraction (XRD)
patterns were measured on Bruker D8 (with a Cu Ka radiation)
instrument. The UV-vis absorption spectra were obtained using
a Shimadzu UV-2550 spectrophotometer. Raman spectra were
recorded on anRM3000-514 Laser Raman Spectrometer (Renishaw
Instruments, England) with 514 nm laser excitation. The Fourier-
transform infrared spectroscopy (FT-IR) spectra were recorded
with a FT6700 instrument in KBr matrix. Zeta potential measure-
ments were performed using a Zetasizer Nano-ZS (Malvern
Instruments Ltd., Westborough, MA).

All electrochemical measurements were performed on
a CHI760 electrochemical workstation (Shanghai, China) with
a conventional three-electrodes system composed of a platinum
auxiliary, a Ag/AgCl (saturated KCl) reference, and a glassy
carbon working electrode.

2.3 Preparation of PDDA functionalized graphene

Graphite oxide (GO) was prepared from puried natural
graphite by the Hummers method.27 Subsequently, the homo-
geneous GO dispersion (1 mg mL�1, 50 mL) was mixed with 1
mL PDDA (20%) solution and stirred for 30 min. The resulting
mixture was further treated with 1.5 mL hydrazine hydrate and
allowed to react for 3 h at 100 �C in Teon autoclave. Finally, the
black PDDA-functionalized graphene (PDDA-GS) was collected
by centrifugation at 10 000 rpm for 10 min and further washed
with water.

2.4 Preparation of (PDDA-GS/PEDOT:PSS)n multilayer lms

For layer-by-layer self-assembly, the substrate (glassy carbon
electrode (GCE), indium tin oxide (ITO) or quartz slide) was
dipped in PDDA-GS aqueous solution (2 mg mL�1) for 30 min,
followed by rinsing with double distilled water and drying with
high-purity nitrogen steam. Then, PDDA-GS adsorbed electrode
was dipped in PEDOT:PSS aqueous solution (1%) for 30 min,
rinsed with double distilled water, and dried with high-purity
nitrogen steam. Thus, the bilayer lm was obtained. By
repeating the above process, the subsequent multilayer lms
(designated as (PDDA-GS/PEDOT:PSS)n) were prepared.

2.5 Electrodeposition of Pt nanoparticles on (PDDA-GS/
PEDOT:PSS)n lms

Pt nanoparticles were deposited in situ on the surface of (PDDA-
GS/PEDOT:PSS)n multilayer lms by potentiostatic electrode-
position in a 0.5 M H2SO4 solution containing 1.0 mM H2PtCl6
at �0.25 V for 1200 s. For the purpose of making a comparison,
the electrodeposition of platinum on the surface of bare GCE
was also prepared under the same conditions.

3. Results and discussion
3.1 The design principle of Pt/(PDDA-GS/PEDOT:PSS)n
multilayer lms

In order to conrm the feasibility of LBL self-assembly, we
measured the zeta potential of PDDA-GS and PEDOT:PSS
This journal is © The Royal Society of Chemistry 2017
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solutions respectively. The results showed that the zeta poten-
tial was 35.8 mV for PDDA-GS (pH 7.4) and �49.5 mV for
PEDOT:PSS solution (pH 2.2), which indicated that PDDA-GS
was positively charged and PEDOT:PSS was negatively
charged. So the PDDA-GS and PEDOT:PSS are appropriate for
LBL assembly based on the electrostatic interaction. The
assembly process is depicted in Scheme 1. Freshly cleaned ITO
substrate or pretreated glassy carbon electrode bear negatively
charged oxide surfaces. So the substrate is rstly immersed into
the solution of positively charged PDDA-GS, which makes the
substrate surface positive in charge. Subsequently, the PDDA-
GS modied substrate is immersed into the solution of nega-
tively charged PEDOT:PSS, which makes the substrate surface
back to a negative state. At this point, the fabrication sequence
has generated the rst complete bilayer of the two materials.
Accordingly, repeating the fabrication cycle n times leads to
a multilayer with n bilayers and the multilayer is dened as
(PDDA-GS/PEDOT:PSS)n where PEDOT:PSS as outmost layer. If
the outmost layer of the multilayer lms is PDDA-GS, it is
dened as (PDDA-GS)n/(PEDOT:PSS)n�1. Finally, Pt nano-
particles are electrodeposited in situ on the multilayer at
�0.25 V.
Fig. 1 (A) TEM images of PDDA-GS. (B) The UV-vis spectra of GO and
PDDA-GS. (C) The Raman spectra of GO and PDDA-GS. (D) The FT-IR
spectra of GO (a), PDDA-GS (b) and graphene (c).
3.2 Characterization of PDDA functionalized graphene

The PDDA-GS was rst characterized by TEM (Fig. 1A). The TEM
image of PDDA-GS clearly illustrated the ake-like shapes of
graphene. The crumpled silk waves that are corrugated and
scrolled are intrinsic to graphene nanosheets.28 The UV-vis
spectra of graphene oxide (GO) and PDDA-GS are shown in
Fig. 1B. GO in water shows two absorption bands at 230 nm and
300 nm corresponding to thep–p* transitions of aromatic C]C
bond and n–p transitions of C]O bond respectively.29However,
the absorption peak of PDDA-GS red-shis to 265 nm, sug-
gesting that the electronic conjugation within graphene sheets
is restored aer reduction.30 At the same time, the peak of GO at
Scheme 1 The illustration depicting the cross-section of a (PDDA-GS/P
and the electrodeposition of Pt nanoparticles on the multilayer.

This journal is © The Royal Society of Chemistry 2017
300 nm disappears aer being reduced, indicating the removal
of most oxygen groups. Raman spectroscopy has played an
important role in the characterization of graphene. As shown in
Fig. 1C, Raman spectra of GO and PDDA-GS both exhibit two
prominent peaks at about 1325 cm�1 and 1594 cm�1 corre-
sponding to the well documented D and G bands respectively.
However, the D/G intensity ratio increased slightly from GO to
graphene, indicating that GO has been well deoxygenated into
graphene.31,32 Furthermore, the FT-IR spectra of GO, graphene
EDOT:PSS)n multilayer (each bilayer separated by dashed boundaries)

RSC Adv., 2017, 7, 16371–16378 | 16373
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Fig. 3 XRD patterns of ITO (a), PEDOT:PSS/ITO (b), PDDA-GS/ITO (c),
Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/ITO (d).
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and PDDA-GS had been studied (Fig. 1D). We can see from
Fig. 1D that GO shows a strong peak at around 1625 cm�1

attributable to aromatic C]C, along with peaks characteristic
of C]O stretching (1725 cm�1), carboxyl (1382 cm�1), and
epoxy (�1232 cm�1).11 The reduction of GO to graphene was
evidenced by the obvious decrease in absorption bands of oxide
groups. It can be seen that the adsorption of PDDA did not
make much difference to the reduction of GO. The functional-
ization of graphene with PDDA is only reected by the appear-
ance of new peaks at around �860 and �1457 cm�1,
attributable to the N–C bond in the adsorbed PDDA.11,33

3.3 UV-vis of (PDDA-GS/PEDOT:PSS)n multilayer lms

The assembly process was conrmed by the UV-vis absorption
spectra. As shown in inset of Fig. 2A, there is an absorption peak
appeared at about 265 nm for PDDA-GS (curve a0), which should
be ascribed to the graphene sheets.34 And PEDOT:PSS exhibited
two peaks at about 195 nm and 226 nm (curve b0), which are
attributed to the aromatic ring in PSS.34,35 However, there are
three bands located at 195 nm, 226 nm and 265 nm observed for
the multilayer lms, indicating the successful assembly of
PDDA-GS and PEDOT:PSS on the substrate. With the assembly
numbers increasing, the peaks intensities increased, suggesting
a continuous growth of composite layers with each layer-by-
layer deposition step. Furthermore, as shown in Fig. 2B, the
absorbance at 226 nm and 265 nm increased linearly with
increasing bilayer number, indicating the regular growth of the
lms.

3.4 Characterization of Pt/(PDDA-GS/PEDOT:PSS)n
multilayer lms

The XRD patterns of ITO (a), PEDOT:PSS/ITO (b), PDDA-GS/ITO
(c) and Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/ITO (d) multilayer lms
are shown in Fig. 3. The 2q values at 30.2�, 35.5�, and 50.8� are
attributed to the (222), (400), (440) crystal face diffraction peaks
for ITO, respectively.35 PEDOT:PSS and PDDA-GS showed no
Fig. 2 (A) UV-vis absorption spectra of (PDDA-GS/PEDOT:PSS)n LBL asse
5 7. Inset shows the UV-vis absorption spectra of PDDA-GS (a0), PEDOT:P
bilayers. The error bars show the standard deviations taken from three t

16374 | RSC Adv., 2017, 7, 16371–16378
obvious diffraction peak (curve b and c). However, as illustrated
in Fig. 3d, there are other two major peaks appeared at about
40.4� and 46.8�, corresponding to the (111) and (200) planes of
the face-centered cubic structure of Pt, respectively.2 The results
proved the successful assembly of multilayer lms and the
deposition of Pt nanoparticles.

The surface morphologies of Pt deposited on ITO, [PDDA-GS/
PEDOT:PSS]3/ITO and [(PDDA-GS)3/(PEDOT:PSS)2]/ITO were
characterized with FE-SEM. As shown in Fig. 4A, the Pt nano-
particles electrodeposited on bare ITO show irregular nano-
ower structure with average diameter of 500–700 nm. Pt
nanoparticles deposited on [PDDA-GS/PEDOT:PSS]3 aggregate
to form micro-nanoclusters (Fig. 4B). However, As seen in
Fig. 4C, the as-prepared product with PDDA-GS as outmost layer
consists of a large quantity of microstructures, which are built
with many staggered nanoakes. The unique structure can
greatly increase the surface area of Pt clusters. When PDDA
functional graphene was as the outmost layer of the multilayer
mbled on quartz slide with different layer numbers. From a to d: n¼ 1, 3,
SS (b0). (B) The absorbance at 226 nm and 265 nm versus the number of
ests.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 FE-SEM images of (A) Pt/ITO, (B) Pt/[PDDA-GS/PEDOT:PSS]3/ITO, (C) Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/ITO electrodeposited at�0.25 V for
1200 s.
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lms, negatively charged PtCl6
2� could easily diffuse into the

surface of the multilayer lms via the electrostatic interaction.
During the electrodeposition process, the quaternary ammo-
nium provides binding sites for anchoring precursor metal
ions, resulting in the continuous formation of new nuclei.2 So
the characters of deposited substrates would affect the size and
morphology of Pt nanoparticles.
3.5 Methanol oxidation at different modied lm

The electrochemical oxidation of methanol was investigated by
cyclic voltammetry in the solution containing 0.5 M H2SO4 and
1 M CH3OH (Fig. 5A). Fig. 5A displays the CV behaviors of
methanol at different modied electrodes. It is evident that
there are two anodic peaks observed for Pt/GCE, Pt/[(PDDA-
GS)3/(PEDOT:PSS)2]/GCE and Pt/[PDDA-GS/PEDOT:PSS]3/GCE.
However, [(PDDA-GS)3/(PEDOT:PSS)2]/GCE exhibits no electro-
catalytic activity toward methanol oxidation (curve a), indi-
cating the electrocatalytic function of Pt nanoparticles. The
forward anodic peak at about 0.68 V is attributed to the elec-
trooxidation of methanol and the peak current density is
dened as the forward anodic peak current density (If). In the
reverse potential scan (from 1.2 V to 0.0 V), a peak appears at
Fig. 5 (A) The CVs of [(PDDA-GS)3/(PEDOT:PSS)2]/GCE (a), Pt/GCE (b),
GCE (d) in 0.5 MH2SO4 + 1MCH3OH. Scan rate: 100mV s�1. Inset is the C
Pt/[PDDA-GS/PEDOT:PSS]3/GCE (red dashed curve) in 0.5 mol L�1 H2S
methanol at Pt/[(PDDA-GS)n/(PEDOT:PSS)n�1]/GCE films. The error bars

This journal is © The Royal Society of Chemistry 2017
about 0.47 V and the peak current density is designated as the
backward anodic peak current density (Ib). The backward
anodic peak is attributed to the oxidation of COads-like species,
which are generated from the incomplete oxidation of methanol
during the forward potential scan.36 As shown in Fig. 5A, the Pt/
[(PDDA-GS)3/(PEDOT:PSS)2]/GCE electrode shows the highest
peak current and the greatest negative shi of the forward and
backward peak potentials. The forward anodic peak current
density for Pt/(PDDA-GS)3/(PEDOT:PSS)2/GCE is 0.61 mA cm�2,
which is about 1.27 and 5.54 times as high as that of the Pt/
[PDDA-GS/PEDOT:PSS]3/GCE (0.48 mA cm�2) and Pt/GCE (0.11
mA cm�2), respectively. Interestingly, Pt nanoparticles exhibits
higher electrocatalytic activity with PDDA-GS as the outmost
layer. This may be attributed to the exclusive interaction
between the negatively charged PSS and PtCl6

2� ions, which
resulted in the less deposition quantities of Pt nanoparticles
and the lower electrochemical surface area. It is known that the
electrochemically active surface area (ECSA) of Pt particles is an
important parameter to determine the catalytic activity. CV is
a convenient and efficient tool to estimate ECSA on an elec-
trode, which can not only provide the electrochemical active
sites of the catalyst, but also compare the difference between
catalysts.37 The inset of Fig. 5A shows the cyclic voltammetry
Pt/[PDDA-GS/PEDOT:PSS]3/GCE (c), Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/
V curves of Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/GCE (black solid curve) and
O4 solution. (B) The forward and backward anodic peak currents of
show the standard deviations taken from three tests.

RSC Adv., 2017, 7, 16371–16378 | 16375
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Table 1 Comparison of the proposed electrode with other reported
electrodes in the catalytic activity

Electrocatalyst ECSA (m2 g�1) If/Ib Reference

Pt/PyS-graphene 48.6 1.37 41
Pd–Co/NG 44.2 2.3 42
Pt/PDDA-graphene — 1.87 43
AuPd@Pd NCs/N-RGOH 53.8 — 44
Pt/TSCuPc-graphene 42.86 1.28 45
Pt–Ru/RGO 10.28 1.30 46
Pt/(PDDA-GS)3/(PEDOT:PSS)2 69.8 2.48 Present work
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curves of the Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/GCE and Pt/[PDDA-
GS/PEDOT:PSS]3/GCE in 0.5 M H2SO4 aqueous solutions. It can
be seen that both electrodes presented two pairs of hydrogen
adsorption/desorption peaks at �0.2 to 0.1 V. Platinum
hydroxide (Pt–OH) and oxide (Pt–O) formed in the 0.60–1.1 V
range, and was reduced at 0.503 V. The ECSA values of Pt/
[(PDDA-GS)3/(PEDOT:PSS)2] and Pt/[(PDDA-GS)3/(PEDOT:PSS)3]
were estimated by a calculation from the charges of the
hydrogen adsorption/desorption peaks.38 And the ECSAs of Pt/
[(PDDA-GS)3/(PEDOT:PSS)2] and Pt/[(PDDA-GS)3/(PEDOT:PSS)3]
electrodes were determined to be 69.8 and 32.8 m2 g�1,
respectively. The higher ECSA of Pt/[(PDDA-GS)3/(PEDOT:PSS)2]
electrode was likely due to the high specic area of PDDA-GS,
the small size of Pt nanoparticles, and the highly Pt-loadings
on the (PDDA-GS)3/(PEDOT:PSS)2 matrix.

Fig. 5B displays the forward and backward anodic peak
current density (If and Ib) of methanol oxidation at Pt/[(PDDA-
GS)n/(PEDOT:PSS)n�1]/GCE with different layers. With the self-
assembly layer (n) increasing, the peak current density
increases at rst and then decreases. And the best catalytic
performance is obtained when n ¼ 3.

In general, the ratio of If to Ib can be used to explain the
catalyst tolerance to CO and other carbonaceous species. A
large ratio of If/Ib represents a more complete methanol
oxidation, less accumulation of CO-like species on the
Fig. 6 (A) The CVs of Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/GCE to methanol
400, 500mV s�1). Inset: the relationship of If vs. the square root of scan rat
and log v. The error bars show the standard deviations taken from three

16376 | RSC Adv., 2017, 7, 16371–16378
catalyst surface, and thus a better CO-tolerance. As shown in
Fig. 5B, Pt/[(PDDA-GS)3/(PEDOT:PSS)2] have a If/Ib ratio of
2.48, which is much higher than that of carbon black sup-
ported Pt-NPs (1.73),37 graphene-supported Pt (1.35)39 and
carbon-nanotube-supported Pt (0.75) catalyst,40 indicating
the superior antipoisoning behavior. A comparison for the
electroanalytical performance toward methanol electro-
oxidation between the present work and reported methods
are listed in Table 1. It can be concluded that the present
work showed higher ECSAs and larger ratio of If/Ib, which
may be attributed to the high conductivity of PEDOT, the
large surface area of PDDA-GS and the wide dispersion
of Pt nanoparticles on the substrate of [(PDDA-GS)3/
(PEDOT:PSS)2].

Fig. 6A shows the cyclic voltammograms of Pt/(PDDA-GS)3/
(PEDOT:PSS)2/GCE to methanol oxidation at different scan
rates. It indicates that the forward peak current density If is
positively proportional to the square root of scan rate (inset of
Fig. 6A), suggesting that the oxidation of methanol at electrode
is a diffusion controlled process. According to the ref. 47 and 48
the removal of CO adsorbed on the surface of catalyst is the rate-
controlling step for methanol oxidation reaction, and the
reaction is described as: COads + H2O/ CO2 + 2H+ + 2e�. It can
be seen from Fig. 6B that the peak potential (Ep) is linearly
proportional to the logarithm of scan rate. According to the

Lavirons equations:49 slope ¼ vEp

vlg v
¼ 2:303RT

ð1� aÞ nF the electron

transfer coefficient (a) can be calculated, which is oen used to
characterize the effect of potential on the reaction activation
energy. A smaller a value indicates a lower activation energy and
an easier reaction.49 According to the Lavirons equations, the
a was calculated to be 0.486, indicating a faster removal of
COads on the surface of catalyst.

3.6 The stability of the modied electrode

The catalytic activity and stability of the catalyst are usually
characterized with chronoamperometry method. Fig. 7 shows
the chronoamperometry curves of different lms modied
oxidation at different scan rates (from bottom: 10, 50, 100, 200, 300,
e. (B) The relationship between peak potential Ep of methanol oxidation
tests.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28784k


Fig. 7 Chronoamperometric curves of the different films modified
electrode in 0.5 M H2SO4 + 1 M CH3OH at 0.65 V for 600 s.
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electrodes in 0.5 M H2SO4 and 1.0 M CH3OH solutions under
a constant potential of 0.65 V for 600 s. As shown in Fig. 7, the
currents decrease rapidly for Pt, Pt/[(PDDA-GS)3/(PEDOT:PSS)2]
and Pt/[PDDA-GS/PEDOT:PSS]3 catalyst in the initial period,
which may be due to the formation of intermediate species,
such as COads, COOHads, and CHOads during the methanol
oxidation reaction.44 Among the three catalyst, the Pt/[(PDDA-
GS)3/(PEDOT:PSS)2] maintained the highest current density and
the lowest rate of current decay over time, which is consistent
with that obtained from the CVs of methanol electrooxidation.
These results indicate that the Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/
GCE displayed the best electrocatalytic performance and toler-
ance toward CO poisoning of all the catalysts. The enhanced
catalytic activity and stability may be attributed to the superior
electric conductivity of graphene and PEDOT, and the high Pt
loading of PDDA-GS.
4. Conclusion

In the present work, the [PDDA-GS/PEDOT:PSS]n multilayer lm
was prepared by LBL method based on the electrostatic inter-
action. The multilayer lm was used as a new kind of catalyst
support for the preparation of Pt nanoparticles through in situ
electrodeposition. Compared with Pt/GCE, the Pt/[PDDA-GS/
PEDOT:PSS]n/GCE showed higher catalytic activity toward the
methanol oxidation. This may be attributed to the high
conductivity of PDDA-GS and PEDOT in promoting the meth-
anol oxidation process. More interestingly, the outmost layer
characters of [PDDA-GS/PEDOT:PSS]n multilayer lm effect not
only the size and morphology of Pt nanoparticles but also the
catalytic performance of the catalyst to the methanol oxidation.
The results showed that Pt nanoparticles exhibits higher elec-
trocatalytic activity with PDDA-GS as the outmost layer, which
may be attributed to the electrostatic interaction between the
positively charged PDDA and PtCl6

2� ions, which resulted in the
more deposition quantities of Pt nanoparticles and the larger
This journal is © The Royal Society of Chemistry 2017
electrochemical surface area. Furthermore, the ratio of If/Ib of
the Pt/[(PDDA-GS)3/(PEDOT:PSS)2]/GCE toward methanol
oxidation is much higher than that of the commercial Pt/C
catalysts, and carbon nanotubes. The method developed in
this work provides a general route for preparing various multi-
layer lms as the support of Pt nanoparticles.
Acknowledgements

This work is supported by the Natural Science Foundation of
China (No. 21405070, 21427808, 21505063 & 21375055) and
Natural Science Foundation (ZR2015BQ007) of Shandong
Province.
References

1 J. R. C. Salgado, F. Alcaide, G. álvarez, L. Calvillo, M. J. Lázaro
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