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ABSTRACT: Polyethylenimine-capped platinum nanopar-
ticles (PEI-capped Pt NPs) are synthesized by photoreduction
and qualified as a component for electrostatic layer-by-layer
assembly and subsequent electrocatalysis. The PEI-capped Pt
NPs are characterized for size and charge using scanning force
microscopy, transmission electron microscopy, dynamic light
scattering and zetapotential. Well-defined multilayers are
produced via thin film electrostatic assembly of PEI-capped
Pt NPs with the conducting polymer: poly(3,4-
ethylenedioxythiophene):poly(p-styrenesulfonate) [(PE-
DOT:PSS)−Na+]. The composite thin films are subsequently
characterized by ultraviolet-visible spectroscopy, scanning force microscopy, inductively coupled plasma mass spectroscopy and
thermogravimetric analysis. The layer-by-layer deposition process was found to proceed in a controlled manner which permits
the fabrication of stable and uniform multilayer thin films. [PEI-capped Pt NPs/(PEDOT:PSS)] multilayers were found to be an
active catalyst coating for the oxidation of methanol and a 20 bilayer film proceeds with a stable level of catalyst activity for over
1000 oxidation cycles.
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■ INTRODUCTION
The strategy for creating functional thin films from layer-by-
layer assembly1,2 has emerged as a robust and versatile
technique in numerous fields.3−5 Typically, multilayer
composite coatings are created from the sequential adsorption
of one or more sets of materials with predefined elements for
binding and function.6−8 Accordingly, functional components
capable of hydrogen bonding, van der Waal forces, covalent
bonding and electrostatic interactions are often selected as the
agents for the assembly of multilayer thin films.9−11 By these
means, devices applying functional multilayer coatings with
roles in energy conversion, sensing, drug-release, lithography,
electronic signalling and memory, biological function, and
catalysis have been created.12−20 In particular, nanoparticle
multilayer coatings have emerged as candidates for fuel cell
technology given the ease of fabrication, the high degree of
control and tunability of the material properties of the
multilayer and the nanoscale precision in the architecture of
the coating.21 Conceptually, a multilayer architecture is
attractive for fuel cell catalyst layers in that a host matrix
material is introduced and is in intimate contact with catalyst
particles and may impart tailored fuel permeability, manage
solvent migration and reduced catalyst particle diffusion.22−24

Direct methanol fuel cells (DMFCs) are attractive portable
power devices for the conversion of chemical energy into
electrical energy.25−27 The relatively high energy efficiency,
high power density, low operating temperatures and low level
of pollutant by-products of the technology are features that
advocate for its widespread integration into future energy
systems. To date however, the deployment of a DMFC-based
infrastructure had been largely hindered by high cost and
modest performance. In the former, DMFCs generally rely on
the use of platinum as a catalyst for executing the reduction and
oxidation reactions and, due to the high cost associated with
this rare metal, is often the most expensive component of the
fuel cell.28−30 In the latter, the crossover of methanol fuel from
the anode to the cathode contributes to the sub-optimal
performance of a DMFC.31−33 Moreover, the blocking of
catalyst surface sites by undesirable oxidation by-products of
the methanol oxidation reaction further diminishes electrode
activity and often compromises the power output for the
device.34 Consequently, there is a need for a methodology for
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creating robust catalytic Pt layers in an inexpensive manner
from stable and environmentally friendly solvents. The strategy
of layer-by-layer deposition of polyelectrolyte layers for fuel
cells has emerged recently and has in part managed methanol
crossover in some systems.12,34,35 Currently, the fabrication of
multilayers containing robust nanoparticle catalysts for DMFCs
is less-well explored.21,22,36−42

In this work, we investigate the applicability of polyethyle-
nimine-capped platinum nanoparticles as a water-dispersible
cationic component for layer-by-layer assembly. To favor
electrocatalytic function we therefore further defined our
study to include assembly with the aqueous and anionic
conduc t i ng po l yme r coup l e po l y(3 , 4 - e thy l ene -
dioxythiophene):poly(p-styrenesulfonate) [(PEDOT:
PSS)−Na+] to act as a conducting compliment component in
the coating.33,43,44 We present herein: (i) the synthesis of the
cationic and water dispersed polyethylenimine-capped platinum
nanoparticles, (ii) an investigation into the layer-by-layer
deposition and nanostructure of multilayers of PEI-capped Pt
NPs and (PEDOT:PSS)−Na+ (see Scheme 1), and (iii) the
catalytic activity and stability of the multilayer nanocomposite
thin films for the methanol oxidation reaction.

■ EXPERIMENTAL SECTION
Materials and General Instrumentation. Polyethylenimine

(PEI, 50 wt % aqueous solution, average molecular weight 50 kDa)
and hexachloroplatinic acid (H2PtCl6·6H2O) were used as received
from Sigma Aldrich. Because of the polydispersity of synthetic
macromolecules such as PEI, the convention used herein to express
the concentration of aqueous PEI solutions is reported in terms of the
monomer residue molar concentration. The generalized monomer

residue in PEI is −CH2−CH2−NH− with formula weight 43 Da, and
as an example, a PEI solution of 4.3 mg/mL is therefore reported as
0.1 M in monomer residue molar concentration.

A commercially available colloidal suspension of poly(3,4-
ethylenedioxythiophene):poly(p - s tyrenesul fonate) [(PE-
DOT:PSS)‑Na+] was used as received from Heraeus (Clevios P VP
Al 4083). Silicon wafer, quartz glass and indium tin oxide glass
substrates (8-12 Ω/square) were acquired from Nova Electronic
Materials, Chemglass Inc. and Delta Technologies, respectively. The
substrates were cleaned by sequential rinsing in dichloromethane,
ultrapure water (18 MΩ) and isopropyl alcohol, and were further
cleaned by exposure to a 10 min argon plasma at ∼0.1 Torr (Harrick
Plasma, PDC 32G, 18W) immediately prior to use. Similarly, coatings
supported on these substrates were reactive ion etched using this
equipment and this procedure.

UV-photoreduction was carried out with a Rayonet photochemical
reactor (model RPR-600, Southern New England Ultraviolet Inc.)
equipped with eight 253.7 nm light sources, each at a power of 8W.
Samples were spin coated at 3 krpm for 60 sec using a WS-400B-6NPP
Lite Laurell Spin Coater. Optical microscopy and absorption
spectroscopy were performed using an Olympus BX50 optical
microscope and Jasco V670 UV-Vis Spectrophotometer, respectively.
Scanning force microscopy (SFM) was conducted using a digital
Instrument Nanoscope IIIa multimode instrument operated in tapping
mode and equipped with conical tapping mode silicon probes
(Nanoscience Instruments) with resonant frequencies close to 300
kHz. Transmission electron microscopy (TEM) was performed using
Hitachi 8100 scanning transmission electron microscope with an
accelerating voltage of 200 keV. After drying samples at 100 °C for a
minimum of 4 h, thermogravimetric analysis (TGA) was executed with
a TA Instruments TGA Q-500 equipped with a nitrogen purged
furnace operated a heating rate of 10°C/min.

Zeta potential measurements were performed using a Zetasizer
Nano-ZS (Malvern Instruments Ltd., Westborough, MA) whereas
dynamic light scattering (DLS) measurements were conducted using
Delsa Nano S (Beckman Coulter, Inc., Fullerton, CA) equipped with a
658 nm laser diode and an automatically controlled photomultiplier
and aperture attenuator set to collect scattered light at an angle of 15°
with a photon counting rate of ca. 10 kcps. Prior to the measurements,
polymer and NP solutions were filtered through Millipore syringe
filters (0.45 μm pore size). Size measurements were made on ∼1 mL
of sample in a disposable cuvette (1 mL capacity) using ultrapure
water as solvent (n = 1.3329, η = 0.890 cP at 25 ± 1 °C). The samples
were allowed to equilibrate at 25°C for ∼15 minutes before each
measurement, followed by a 60 s acquisition time (1 s per acquisition).
The calculation of the particle size and size distribution was performed
using CONTIN particle size analysis routines. The intensity, volume
and number distributions plots were averaged and the data is reported
as the average diameter of the particles.

Element-specific detection was carried out using an inductively
coupled plasma mass spectrometer (ICP-MS; Agilent 7500 CE, Palo
Alto, CA) equipped with an octopole reaction system, a 193 nm laser
ablation system UP213 (New Wave Research, Fremont, CA) and an
automated peristaltic pump operated at 0.5 rps. The optimized
conditions used for ICP-MS measurements are listed in Supporting
Information Table S1. Briefly, samples were arranged in a laser
ablation chamber (Supercell, New Wave Research, Fremont, CA) and
ablated under identical experimental conditions, in order to allow the
calculation of the relative34S and 195Pt isotopic signal. The ablated
material was transported by helium carrier gas to the plasma torch.
The ICP-MS instrument tuning was optimized with respect to the
maximum ion intensity of low masses. The carrier gas flow rate was
adjusted to optimize the output signal.

Synthesis of PEI-Capped Platinum Nanoparticles. The
synthesis of PEI-capped platinum nanoparticles (PEI-capped Pt
NPs) follows a modified protocol as outlined by Bai et al.45 In brief,
1 mL of 10 mM hexachloroplatinic acid (H2PtCl6·6H2O) was added to
8.49 mL of a 20 mM PEI aqueous solution and subsequently further
diluted with 7.16 mL of water (18 MΩ) and stirred for one hour. The
faint yellow solution was then transferred to a quartz reactor cell and

Scheme 1. Schematic for the LbL Assembly of PEI-Capped
Pt NPs with (PEDOT:PSS)‑Na+ (top) and an Illustration
Depicting the Cross-Section of a [PEI-Capped Pt NP/
(PEDOT:PSS)]n Multilayer (Below) Showing the
Components Deposited in Each Bilayer (Separated by
Dashed Boundaries)a

aThe illustration does not reflect the exact morphology in the
multilayer.
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exposed to UV-irradiation for 24 h, which caused the solution to
become a faint brown color. UV-Vis absorption spectroscopy and
dynamic light scattering were used to monitor the photoreduction of
the H2PtCl6 and the change in particle size, respectively.
Layer-by-Layer (LbL) Assembly. Layer-by-layer deposition was

performed manually. Freshly cleaned silicon wafer, quartz or ITO
substrates (bearing a native negatively charged surface)1 were
immersed in PEI-capped Pt NP solutions for 3 min, removed and
rinsed with copious amounts of water. The substrates were then
immersed in a 1:3 v/v aqueous solution of (PEDOT:PSS)‑Na+ in
ultrapure water (18 MΩ) for 3 min and rinsed with water to complete
a deposition cycle for a single bilayer. This cycle was repeated until the
desired number of bilayers was achieved.
Electrochemical Analysis. Cyclic voltammetry was carried out

either using a Parstat 2273 or a EG&G Model 283 potentiostat
employing a standard three-electrode electrochemical cell. All
potentials are reported relative to a Ag/AgCl reference electrode
recorded at a scan rate of 0.050 V/s. Experiments were carried out at
room temperature in degassed 0.1 M H2SO4 and 2.0 M MeOH
aqueous solution. The counter electrode was platinum wire and the
working electrode consisted of an ITO electrode bearing the film of
interest.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of PEI-Capped Plati-
num Nanoparticles. The method selected for creating water-
dispersible cationic platinum nanoparticles (Pt NPs) is based
on the photoreduction of aqueous hexachloroplatinic acid in
the presence of the polymeric ligand, polyethylenimine (PEI).
Recently, Bai et al. have shown that water-dispersible Pt NPs
could be synthesized by this method and that UV-crosslinked
material was active for methanol oxidation.45 The PEI ligand,
comprised of primary, secondary, and tertiary aliphatic amine
groups in a ratio of approximately 1:2:1,46 is a polyelectrolyte
with a pH-tunable charge density that allows for adjusting the
rate of film growth in layer-by-layer deposition.47−49 In this
capacity, a PEI-capped Pt NP represents an excellent candidate
for a layer-by-layer assembly approach for creating catalytically
active thin films.50

Absorption spectroscopy, dynamic light scattering and
zetapotential can be used to monitor the formation of PEI-
capped Pt NPs in solution. A summary of the evolution of the
solution pH, particle size and charge is reported in Table 1.
Prior to loading the PEI with acidic H2PtCl6, the hydrodynamic
diameter (Dh) of PEI at pH 8.2 was found to be 112 nm. After
introduction of H2PtCl6, the Dh increased to 320 nm with
concomitant change in the solution pH to 6.5. This increase in
Dh can be attributed to several contributing phenomenon
including the protonation of the amine residues in PEI and
subsequent chain elongation due to intramolecular electrostatic
repulsion as well as a complex coordination at Pt centers where
cross-linking several PEI chains results.51 Supporting this
mechanism was the observation of an increase in the
zetapotenial value for the PEI upon loading with H2PtCl6
from +29 mV to +58 mV. Upon UV-irradiation of an aqueous

solution of H2PtCl6 and PEI with 254 nm light for 24 h,
solutions were observed to undergo a color change from yellow
to brown.45 The disappearance of the ligand-to-metal charge
transfer peak in the UV-Vis spectra at 235 nm and a
concomitant increase in the baseline absorption of exposed
solutions confirmed photoreduction of Pt(IV) to Pt(0) NPs
(see Supporting Information).52 Following photoreduction, the
Dh value for PEI-capped Pt NPs in solution was 205 nm, while
the pH of the solution was modified to 6.1. In this case, the
decrease in Dh is likely attributed to a combination of chain
cleavage due to oxidation of PEI chains and a coalescence of
many Pt(0) centers to form NPs. This type of modification of
the PEI is reflected in the decreased level of positive charge on
the modified PEI (zeta potential value of +47 mV). We propose
that the change in pH is due to PEI cleavage at the more basic
tertiary aliphatic amine groups or that these tertiary amines are
modified by the Pt NP surface and therefore render them less
basic and consequently modify the solution acidity level.
Nonetheless, the light-scattering and zetapotential measure-
ments have qualified the PEI-capped Pt NPs as a positively-
charged candidate that is appropriate for LbL assembly.
The PEI-capped Pt NPs were characterized in the solid state

by scanning force microscopy (SFM), transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED). Solutions of PEI and PEI-capped Pt NPs were spin
coated onto clean Si wafer substrates and investigated by SFM
(see Figure 1a−d). The thin film fabricated from PEI-capped Pt
NPs depicted an interesting morphology in the height mode
SFM channel (Figure 1b). Isolated and well-defined Pt NPs
with an approximate diameter of 15 nm were resolved from a
continuous supporting matrix of PEI. To confirm the
assignment of this morphology, a thin film control sample of
H2PtCl6-loaded PEI was also studied. In this case, the film
depicted an essentially featureless topography, which confirms
that the particles found in Figure 1b are only generated after a
24 h UV exposure. This assignment is further reinforced by
characterizing films transformed by a reactive ion etch
procedure using Ar plasma. Given that PEI is readily degraded
to carbonaceous by-products during the etch procedure, any
existing inorganic Pt NP would be expected to remain largely
unaltered and therefore identified as metallic in composition.
Similarly, the H2PtCl6-loaded PEI sample, which lacks
preformed Pt NPs, would be expected to afford a largely
featureless film (where any remaining Pt would create a
background blanket Pt layer). Shown in Figure 1c and 1d are
the resulting SFM images of the etched films created from
solutions of H2PtCl6−loaded PEI and PEI-capped Pt NPs,
respectively. An essentially featureless SFM image was found
for the former whereas the corresponding etched film from
PEI-capped Pt NPs clearly revealed isolated Pt NPs reminiscent
of those described in Figure 1b. The average height of the
isolated Pt NPs was found to be ∼11 nm, a diameter value that
correlates with previous work for the synthesis of Pt NPs by

Table 1. Summary of Hydrodynamic Diameter, Polydispersity (PD), and pH for Aqueous Solutions of PEI, H2PtCl6-Loaded
PEI, PEI-Capped Pt NPs, and (PEDOT:PSS)−Na+

component hydrodynamic diameter, Dh, in nm (PD) pH of solution (conc.) zeta potential in mV

PEI 112 (0.295) 8.2 (10 mM PEI) +29
H2PtCl6−loaded PEI 320 (0.083) 6.5 (0.6 mMH2PtCl6 ; 10 mM PEI) +58
PEI-capped Pt NPs 205 (1.002) 6.1 (10 mM PEI) +47
(PEDOT:PSS)‑Na+ 182 (0.732) 2.5 (0.03−0.04 g/La) −46

aBased on percent solid content from product information and 1:3 v/v aqueous dilution of (PEDOT:PSS)−Na+ with water (18 MΩ).
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photoreduction.45 Importantly, this SFM estimation for the size
of Pt NPs suggests that these structures would be catalytically
active for methanol oxidation.53

The structural conclusions gleaned from TEM observations
of the PEI-capped Pt NPs largely align with those established in
the SFM study. Shown in Figure 1e is a representative TEM
image of PEI-capped Pt NPs. Isolated and well-defined Pt NPs
are resolved, where the TEM-estimated average diameter of the
NPs was found to be 14 nm, a value that closely matches that
found by SFM and previous literature.54 This characterization
further reinforces the assignment of the morphology found in
the corresponding film reported in Figure 1b. Crystallinity was
qualified in the Pt NPs by SAED and is presented in Figure 1f.
A pattern consistent with nanocrystalline platinum metal
emerged where the high intensity spots were indexed to several
diffraction planes for face-centered cubic (FCC) platinum.
Diffraction spots coincident on five of these superimposed

index rings were found to correspond to the (111), (220),
(220), (311), and (222) planes of a crystalline FCC Pt.55

Electrostatic Layer-by-Layer Assembly of PEI-capped
Pt NPs with (PEDOT:PSS)−Na+. The PEI-capped Pt NPs are
stabilized with a ligand consisting of primary, secondary and
tertiary amine residues that impart cationic charge to the
particle. Coupling this material with an anionic polyelectrolyte
would consequently permit electrostatic binding of the two
c ompon e n t s i n a mu l t i l a y e r fi l m . P o l y ( 3 , 4 -
ethylenedioxythiophene):poly(p-styrenesulfonate) [(PE-
DOT:PSS)−Na+] is a polymer blend of cationic and conducting
PEDOT+ that is charge-balanced by anionic PSS−Na+. The
strongly coupled (PEDOT:PSS)− is rich in PSS‑Na+ with a
PEDOT:PSS‑Na+ ratio of approximately 1:6 and hence bares an
overall negative charge in aqueous solution.56 The layer-by-
layer (LbL) assembly of (PEDOT:PSS)−Na+ as an anionic
polymer component partnered with various cationic materials
has recently been explored.53,56−58 To confirm the required
electrostatic binding between PEI-capped Pt NPs and
(PEDOT:PSS)‑, samples of the two solutions were mixed and
observed with an optical microscope. Upon mixing, the
formation of a precipitate was observed indicating strong
attraction between the two components and the formation of
an extended macromolecular network that is no longer
soluble.59

The LbL assembly of PEI-capped Pt NPs with (PE-
DOT:PSS)−Na+ requires a charged substrate and is executed
with iterations of the cycle depicted in Scheme 1. Freshly
cleaned quartz or ITO substrates bear negatively charged oxide
surfaces and are useful substrates for monitoring the assembly
process and electrochemical activity of the resulting multilayers,
respectively (vide infra). Immersion of the substrate of choice
into an aqueous solution of positively charged PEI-capped Pt
NPs permits the electrostatic binding of this to the surface of
the substrate and, due to charge over-compensation by the PEI
for the surface charges, the sample surface is rendered positive
in charge. Subsequent immersion into an aqueous solution of
(PEDOT:PSS)−Na+ binds this complement material by way of
negatively charged sulfonate residues on the PSS‑ and, by an
analogous mechanism, reverses the overall charge of the sample
surface back to a negative state. At this point, the fabrication
sequence has generated the first complete bilayer of the two
materials and for nomenclature purposes is defined as [PEI-
capped Pt NP/(PEDOT:PSS)]n where n = 1. Accordingly,
repetition of the fabrication cycle n times leads to a multilayer
with n bilayers. An illustrative depiction of the cross-section
multilayer coating is shown at bottom in Scheme 1 where
adjacent bilayers are distinguished by dashed lines. This

Figure 1. SFM height images for (a) H2PtCl6-loaded PEI and (b) PEI-
capped Pt NPs spin-cast onto a silicon substrate. SFM height images
for Ar plasma etched (c) H2PtCl6-loaded PEI and (d) PEI-capped Pt
NPs films. (e−f) TEM image and SAED of PEI-capped Pt NPs with
superimposed rings indexed to FCC Pt to guide the eye.

Figure 2. (a) Selected UV−vis spectra of [PEI-capped Pt NPs/(PEDOT:PSS)]n multilayers with a bilayer range n = 2−20 fabricated on a quartz
substrate. (b) Plot for absorbance value at 225 nm vs bilayer number (n) for [PEI-capped Pt NPs/(PEDOT:PSS)]n multilayer series described in a.
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ordered representation however likely does not reflect the true
morphology of the multilayer as LbL coatings have been shown
to consist of a disordered architecture of interpenetrating
networks of each component.
Characterization of LbL Growth by Absorption Spec-

troscopy. The LbL fabrication of a [PEI-capped Pt NP/
(PEDOT:PSS)]n multilayer is accompanied with a correspond-
ing increase in the optical density of the sample. Character-
ization of the progress of the LbL coating procedure was
conducted by UV−vis spectroscopy on quartz-supported
multilayers. Shown in Figure 2a are the absorption spectra
for a series of multilayers. Due to the high optical transparency
of both components in the visible light range, only the UV
range is presented in the plot. A characteristic peak at λmax =
225 nm was discernable in all spectra which can be attributed to
the π−π* transition for (PEDOT:PSS)− (see Supporting
Information). As the bilayer number increases, the absorption
value for this feature was also found to increase. Shown in
Figure 2b is a plot created from the absorbance value for the
λπ−π* versus bilayer number and depicts a trend that can be fit
to a second order polynomial. The predictable increase in this
absorption feature is a testament to the high level of control in
this LbL coating strategy. This nonlinear growth mode implies
that a reversible interdiffusion of PEI-capped Pt NPs and
PEDOT:PSS‑ occurs during the deposition sequence.60,61

Previous research on the LbL assembly of PEI with various
polyanions has also shown that the pH level of the solution can
select for this nonlinear growth mechanism.47−49,62,63

SFM Study of the Surface Structure and Film
Thickness. To assess the uniformity and surface structure of
the [PEI-capped Pt NPs/(PEDOT:PSS)]n multilayer coatings,
tapping mode SFM was performed on films created on quartz
or ITO substrates. A set of representative height mode and
phase mode SFM images of the surface of a [PEI-capped Pt
NPs/(PEDOT:PSS)]10 multilayer is reported in Figure 3a and
3b, respectively. As represented in Figure 3a, the surface of the
multilayer coatings consists of a high density of particle-like
features with very uniform size and topography. The SFM

estimated diameter of these features is ∼12 nm, a value that
closely matches the size of features described in Figure 1. This
measurement therefore confirms that the PEI-capped Pt NPs
have been successfully included into the multilayer coating.
Further confirmation for this assignment arises when examining
the corresponding phase mode image where all these features
are more easily resolved from the surrounding matrix. Similar
topographies were found for multilayers on both quartz and
ITO substrates for a range of bilayer numbers n = 5−20. The
consistency in the surface topography across the entire
multilayer series confirms a well-controlled coating procedure.
To further characterize the quality and thickness of the

multilayer coatings, a step height analysis was conducted on
quartz supported films bearing a physically removed portion. A
height SFM image of such an area is depicted in Figure 3c for
[PEI-capped Pt NPs/(PEDOT:PSS)]15. A clear and well-
defined step transition in topography was found that
distinguishes the multilayer film (green region in Figure 3c)
from the exposed quartz substrate (blue region in Figure 3c).
Using step-height analysis of the image, an estimate of the film
thickness is made and in this case was determined to be 97 nm.
Figure 3d summarizes the analogous step-height values for
[PEI-capped Pt NPs/(PEDOT:PSS)]n for the bilayer range of n
= 0−20. The thickness of the multilayer increases with bilayer
number according to a second-order polynomial trend, which
agrees with the aforementioned optical density trend for the
same series. Noteworthy is the relatively low roughness of the
surfaces of the multilayers. Figure 3d also summarizes the RMS
roughness values determined from 3 μm2 height SFM images
for the same bilayer number range. In all cases, the roughness
values were ∼2−4 nm, a measure that closely matches the
inherent roughness of the pristine substrate (in this case,
quartz).

Composition of the LbL Assembled Multilayers. To
confirm the presence of the Pt NPs and the PEDOT
conductive element in the multilayers, a series of films were
studied by inductively coupled plasma mass spectroscopy (ICP-
MS) and thermogravimetric analysis (TGA). Laser ablation

Figure 3. SFM height (a) and phase (b) images for the surface of [PEI-capped Pt NPs/(PEDOT:PSS)]10. (c) SFM height image for a step height
feature for thin films of [PEI-capped Pt NPs/(PEDOT:PSS)]15. (d) Plot for step height and RMS roughness vs. bilayer number for [PEI-capped Pt
NPs/(PEDOT:PSS)]n multilayer films on quartz with a bilayer range n = 0−20.
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ICP-MS resolved Pt-loading bilayer-by-bilayer and determined
that the relative atomic concentrations of Pt and S approach
∼0.07% and ∼0.02%, respectively. By applying earlier film
thickness data and an analysis of nitric acid digested films, it was
determined that as higher bilayer number films are targeted, the
Pt-loading approaches 1.3 mg/cm3 (see Supporting Informa-
tion for ICP-MS analyses). This relatively low Pt-loading is
attributed to several factors including an initial low Pt-loading
in the PEI, possible desorption with ongoing multilayer
deposition or, as observed in other similar Pt NP LbL
assembled films,42 a decrease in the charge density of PEI-
capped Pt NP deposition. Strategies for increasing the Pt-
loading include chemical reduction of Pt metal ion after
multilayer film deposition42 and reduced rinsing during the
deposition cycle.22 TGA was used to estimate the inorganic
content of a [PEI-capped Pt NPs/(PEDOT:PSS)]20 film
heated to 900°C. The mass yield was then compared to
those of the corresponding by-products isolated from the
constituent parent polymer materials, namely PEI and
(PEDOT:PSS)−Na+. Shown in Figure 4 are the resulting

thermograms for the study. Inspection of the data reveals that
after heating (PEDOT:PSS)−Na+ above 800°C, most volatile
by-products are evolved and that ∼2 wt % of the sample
remains. The corresponding trace for the PEI showed near-
complete evolution of the material leaving only 0.1 wt % as a
by-product. The thermogram for the n = 20 sample revealed a
significant difference from its constituent materials. A relatively
stable non-combustible inorganic material was isolated at ∼475
°C with a corresponding mass yield of ∼12 wt %. An estimate
for Pt NP particle density can be calculated if the mass yield is
assumed to arise from platinum loading alone and that the
density of the of PEI/PEDOT:PSS matrix is assumed to be in
the range of that of the starting polymers (1.50 and 1.05 g/cm3,
respectively;64 see Supporting Information). Given that the
average Pt NP diameter found by SFM was 11 nm (see above)
and that this film was 172 nm thick (see Figure 3d), the
number density of Pt NPs present in the [PEI-capped Pt NPs/
(PEDOT:PSS)]20 is estimated to be ∼8000−11 000 per μm3.
Catalysis Using [PEI-Capped Pt NPs/(PEDOT:PSS)]30.

The electrocatalytic activity of the Pt NPs within the
multilayers for the methanol oxidation reaction was studied
by cyclic voltammetry.65 To assist in the assessment of this
activity, an additional control multilayer representing the
polymeric matrix was fabricated from pristine PEI and
characterized in the same manner. In either case, the
multilayers were not thermally activated beforehand. Shown
in Figure 5a are the voltammograms recorded using [PEI/
(PEDOT:PSS)]20 and [PEI-capped Pt NPs/(PEDOT:PSS)]20
(coated on an ITO electrode) in aqueous 0.1 M sulphuric acid

and 2 M methanol. The voltammogram for the control sample
depicted an essentially featureless trace largely dominated by a
wide capacitance cycle that is typical for a PEDOT:PSS
composite.66 Interestingly, the voltammogram for the [PEI-
capped Pt NPs/(PEDOT:PSS)]20 electrode depicted a similar
background signal with an important difference: an anodic peak
at 0.65 V. This peak, indicative of a complex methanol
oxidation mechanism, is defined by a low-overpotential region
E < 0.65 V, where methanol adsorption and dehydrogenation
occurs to produce Pt-adsorbed CO and at E ≈ 0.65 V, a
subsequent process for reaction with surface tethered water to
produce CO2.

36,67,68 Previous research on multilayers contain-
ing Pt NPs capped by the similar poly(amidoamine) dendrimer
ligand has found these same characteristics for the methanol
oxidation reaction.69 Film thickness and Pt-mass loading
measurements allow for a comparison of the electrocatalytic
activity across a series of multilayer films defined by n = 5, 10,
15, and 20 (see Supporting Information for CV plots
normalized for multilayer thickness and Pt-loading). Shown
in Figure 5b is data found for the peak current and onset
potential for the methanol oxidation reaction plotted against
the bilayer number. A maximum catalytic activity of 91 A/g was
found for the n = 10 bilayer film while the onset potential was
found to decrease as the bilayer number, n, increased. The
catalytic activity of the n = 10 bilayer film is ∼20% higher than
that of a typical commercial catalyst (E-TEK 40% Pt@Vulcan
XC-72)70 and consistent with other recently investigated
carbon-supported Pt NPs systems.71,72

To assess the longevity of the catalytic activity of the [PEI-
capped Pt NPs/(PEDOT:PSS)]20 multilayer, the electro-
chemistry study was expanded to include 4800 electrocatalytic
cycles where the potential of the multilayer electrode was
repeatedly ramped between 0 and 1 V (vs Ag/AgCl) at 0.050
V/s with an intermittent 2 s resting interval at 0 V between
each cycle. During much of the course of the experiment, the
peak current density of the forward scan anodic peak for
methanol oxidation was found to be near constant indicating a
relatively constant electrocatalytic activity (See Figure 5c for
selected voltammograms). Figure 5d reinforces this observation
by plotting the anodic peak current density value versus the
logarithm of the voltammogram cycle number and reveals that
the multilayer maintains a constant catalytic activity for up to
∼1100 cycles of the methanol oxidation reaction. The
mechanism for the decreased activity is undetermined however
negative contributions from leaching or electrochemical etching
of the Pt NPs and breakdown of the ITO substrate are possible
contributing factors and represent the focus of current research.
At this point, the prolonged level of activity towards the
methanol oxidation reaction is proposed to result from a
constant electrocatalytically active surface area for Pt by way of
reduced NP particle diffusion and aggregation within the
multilayer or a possible resiliency to CO poisoning.73 Detailed
chemical and physical analysis of [PEI-capped Pt NPs/
(PEDOT:PSS)]n multilayers during and after catalyzing
repeated methanol oxidation are the current focus of the work.

■ CONCLUSIONS
Polyethylenimine-capped platinum nanoparticles (PEI-capped
Pt NPs) were explored as an aqueous dispersed component for
layer-by-layer deposition. The photoreduction of hexachlor-
oplatinic acid in the presence of polyethylenimine affords a
cationic PEI-capped Pt NPs that electrostatically associate with
poly(3,4-ethylenedioxythiophene):poly(p-styrenesulfonate)

Figure 4. TGA plots for (i) PEI, (ii) (PEDOT:PSS)−Na+, and (iii) a
[PEI-capped Pt NPs/(PEDOT:PSS)]20 multilayer.
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[(PEDOT:PSS)−Na+]. When these two components are
incorporated in an LbL assembly procedure, a controlled
deposition of an electrostatically crosslinked multilayer occurs
where the coating thickness appears to follow a second-order
polynomial type trend. A detailed characterization of the
physical and chemical constitution of a series of samples
confirms that the resulting multilayers incorporate each
component over a wide bilayer number range (n = 0−20). A
20 bilayer coating was found to be composed with ∼12% Pt
NPs by mass and as such is catalytically active for the methanol
oxidation when supported on an ITO anode. The lifetime of
the catalytic activity was evaluated and revealed that a
multilayer of this type is capable of a near-constant level of
activity for the methanol oxidation reaction for over 1000
cycles. The mechanism for the longevity in the catalytic activity
is proposed to result from a constant electroactive Pt surface
area because of reduced NP particle diffusion and aggregation
within the highly electrostatically crosslinked multilayer.
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UV−vis spectra for (PEDOT:PSS)−Na+ and for the character-
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potential plots for PEI, H2PtCl6-loaded PEI, PEI-capped Pt
NPs and (PEDOT:PSS)−Na+ (Figure S2), optimized con-
ditions used for ICP-MS measurements (Table S1), relative
atomic concentration for Pt and S for [PEI-capped Pt NPs/
(PEDOT:PSS)]n multilayer films on ITO estimated by laser
ablationICP-MS (Figure S3), platinum-loading versus bilayer
number (Table S2), SFM step-height analysis of [PEI-capped
Pt NPs/(PEDOT:PSS)]n and [PEI/(PEDOT:PSS)]20 multi-

layer films for n = 0−20 (Figure S4), and Cyclic voltammetry
plots for methanol oxidation reaction catalyzed by a (i) [PEI-
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