
Synthesis and Electrocatalytic Activity of
Photoreduced Platinum Nanoparticles in a
Poly(ethylenimine) Matrix
Litao Bai, Huizhen Zhu, Joseph S. Thrasher, and Shane C. Street*

Department of Chemistry, The University of Alabama, Tuscaloosa, Alabama 35487-0336

ABSTRACT Monodisperse polymer-mediated platinum (Pt) nanoparticles (NPs) have been synthesized by photoreduction in the
presence of poly(ethylenimine) (PEI), a hyperbranched polymer. The formation process of the Pt NPs is pursued by UV-vis
spectroscopy, and the formation mechanism is discussed. The morphology and size of the Pt NPs were characterized by transmission
electron microscopy (TEM). TEM imaging shows that the Pt NPs’ average diameter is 2.88( 0.53 nm. The PEI/Pt NPs were immobilized
on glassy carbon electrodes, and the electrocatalytic activity of the catalysts was investigated by cyclic voltammetry. PEI/Pt NPs exhibit
very high catalytic activity for a methanol oxidation reaction. PEI/Pt NPs on glassy carbon electrodes are robust, showing good tolerance
to poisoning even after many cycles. The electrocatalytic activity of PEI/Pt NPs compares favorably with other polymer-mediated Pt
NPs. The results indicate that PEI is an appropriate complexing reducing agent for the photochemical production of Pt NPs and a
good capping agent, allowing immobilization of the NPs on the working electrode.

KEYWORDS: Pt nanoparticles • photoreduction • formation mechanism • poly(ethylenimine) • electrocatalytic activity •
methanol oxidation

1. INTRODUCTION

Direct methanol fuel cells (DMFCs) using liquid metha-
nol are promising candidates for future power
sources to compete with conventional batteries in

portable electronic devices because of their high energy
conversion efficiency, low operation temperatures, and low
pollutant emission (1). Methanol as a fuel has advantages
compared to, say, hydrogen: it is cheap, easily handled,
transported, and stored, and has high energy density (2).
Although progress has been made in the development of
DMFCs, practical applications still face severe performance
and durability challenges (3) because of the poor electro-
catalyst performance (4) at both the anode and cathode and
the crossover of methanol (5) from an anode to a cathode
through the proton-exchange membrane. The slow kinetics
of the oxygen reduction reaction (ORR) (6), which is respon-
sible for an overpotential loss of ∼0.3-0.4 V under typical
conditions of operation, and poor methanol electrooxidation
reaction kinetics (7) also seriously affect the DMFC perfor-
mance. The development of a DMFC requires a broad search
for catalytic materials for better electrocatalysts to reduce
the overpotential and improve the cell performance (8).
Among various alternative candidates, platinum (Pt) and Pt-
based alloy catalysts are the best catalysts (to date) for both
the ORR at the cathode and methanol oxidation reaction
(MOR) at the anode (8-10), but even with the Pt-based
catalysts, the activity is still not high enough. This drives the
use of a high Pt loading, thus increasing cost and limiting

sustainability, barriers to the commercial application of
DMFCs. For eventual widespread application of DMFCs,
material costs will need to be lowered while the performance
and reliability are improved. An effective way to lower the
cost of the catalyst is to reduce the amount of Pt used in
DMFCs without sacrificing the performance.

The particle shape and size (11) as well as dispersion are
key factors that determine Pt-based catalysts’ ORR activity
and cell performance for DMFCs (12, 13). Small and uniform
Pt nanoparticles (NPs) with high surface-to-volume ratios are
preferred to achieve a reliable catalytic performance and to
increase the efficiency. The active surface area of the catalyst
can be greatly increased by reducing the size of the Pt NPs
and therefore creating a larger number of catalytically active
centers. Therefore, the synthesis of a Pt nanomaterial with
specific morphology (14) and controlled size is of great
importance in the practical synthesis of Pt particles (15).
Substantial effort has been devoted to the development of
new synthetic methodologies of Pt catalysts (16), especially
in the diameter range of 2-10 nm, to improve the catalytic
performance (17).

A number of chemical routes have been employed to
synthesize Pt nanomaterials with controlled size and cata-
lytic properties, such as the use of chemical reductants in
aqueous (16) and organic-phase solvents (18), electrochemi-
cal approaches (19), thermal reduction (20), sonochemical
methods (21), radiolytic (22), microwave (23), and photo-
chemical methods (24), etc. Chemical methods with NaBH4

as the reductant for the preparation of Pt NPs are conve-
nient, but the quantity of Pt NPs is dependent on, for
example, solution conditions, the rate and sequence of
reductant addition, and the local overconcentration of re-
ductants (25). It can be difficult to produce monodisperse
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NPs with controlled morphology by these methods. Further-
more, excess reducing agents and their oxidation products
may contaminate the final product. To synthesize size-
controlled Pt particles, photochemical methods have shown
some promise (26). Colloidal dispersion of Pt particles has
been obtained through the photoreduction of Pt complexes
in the presence of a protective polymer under mild and
controllable conditions. The photoreduction of Pt complexes
is attractive because (i) large numbers of Pt nuclei are
homogeneously and instantaneously produced, so the re-
duction reaction arises uniformly in the solution and, thus,
the size of the final NPs is very uniform, (ii) controlled
reduction of the metal ions can be carried out without using
excess reducing agent, and no adsorbing contamination on
the product occurs in the preparation process, and (iii) the
photochemical method can be cost-effective and convenient.
A number of studies have focused on the synthesis of Pt
particles by photochemical reduction methods. In 2005,
Harada and Einaga (24) used poly(N-vinyl-2-pyrrolidone)
(PVP) as a stabilizer in a water/ethanol solution and synthe-
sized Pt NPs by UV radiation, and the formation mechanisms
were discussed. Their research showed that this process is
a promising method to prepare small Pt NPs with a narrow
particle size distribution, which can be easily deposited on
a substrate and shows high catalytic activity for CO photo-
oxidation. In most cases, photoreduction from Pt precursors
to the metal only takes place in the presence of alcohol; i.e.,
alcohol is the (source of) reducing agent under UV irradiation
(26). However, Luo and Imae (27) showed that, by using
poly(amidoamine) (PAMAM) dendrimers as stabilizers, Pt
ions can be photoreduced to Pt NPs in water, although the
reaction mechanism was not identified. The problem with
this system is that PAMAM is very expensive and requires
complex preparation prior to use. Also, the Pt NPs prepared
by this method only show a crown shape with a size range
of 100-130 nm because of PAMAM aggregation under the
solution conditions used.

Pt NP preparation methods involve the reduction of Pt
ions into NPs in protective media to prevent the metal NPs
from aggregating. Water-soluble polymers such as poly(vinyl
alcohol) (28) and PVP (29) have been widely used as protec-
tive media for colloidal dispersions. Stabilizers play an
important role in controlling the formation of NPs as well
as their dispersion stability. On the other hand, the presence
of too strong a capping agent on the NP surfaces can limit
the particles’ catalytic activity. For example, PVP-capped Pt
NPs do not show any electrocatalytic activity toward oxygen
reduction or methanol oxidation because of the strong
affinity of PVP for Pt (29).

Poly(ethylenimine) (PEI) is a hydrophilic polymer with
primary, secondary, and tertiary amino groups and an
overall positive charge in the neutral aqueous solution.
Because of its abundant positive charge, it is a widely used
stabilizer in the coating of NPs to achieve surface function-
alization (30). The positively charged amine groups stabilize
NPs in solution and can also be used to form self-assembled
monolayers on common electrodes. Laschi et al. (31) devel-

oped glassy carbon electrodes modified with a dispersion
of multiwall carbon nanotubes (CNTs) in PEI. These exhibit
excellent electrocatalytic activity toward several analytes.
PEI contains one of the highest densities of amine groups
among all polymers, supporting the highly efficient disper-
sion of NPs in PEI as well as the high electroactivity of PEI/
CNTs immobilized on the electrode surface (32). At the same
time, PEI can be used as a reducing agent in the preparation
of metal NPs. For example, Sun et al. (33) prepared PEI-
protected gold NPs by heating of an PEI/HAuCl4 aqueous
solution. In their experiment, PEI serves both as a reducing
agent and a protective capping agent.

Polyelectrolyte-capped Pt NPs can be synthesized in
aqueous solution, and their assembly on electrodes can allow
control of the size, distribution, shape, and surface density
(34). Pan et al. (35) demonstrated membrane-electrode
assembly of polymer electrolyte fuel cells prepared using
charged Pt NPs with an ultralow Pt loading. Estephan et al.
(36) showed that nanostructured Pt electrodes were as-
sembled from solution-prepared polyacrylate-capped Pt NPs
by virtue of electrostatic and hydrophobic interactions with
a cationic polyelectrolyte: poly(diallyldimethylammonium)
chloride. Electrochemical characterization of the polyelec-
trolyte-stabilized Pt NPs showed that these surfaces are
catalytically active for reactions including oxygen reduction,
methanol oxidation, and hydrogen oxidation (37).

We present here a simple, clean, and efficient route to
preparing PEI/Pt NPs. PEI/Pt NPs were prepared by a two-
step procedure. First, PEI and PtCl62- ions are mixed with
the desired ratio. PtCl62- will complex with functional groups
on PEI in an aqueous solution. Then, UV irradiation results
in the conversion of PtCl62- to Pt0 NPs. PEI/Pt NPs with an
average diameter of about 3 nm were prepared. The mech-
anism for the photoreduction of PEI-mediated PtCl62- to give
Pt NPs in aqueous solution was also studied. Our research
shows that this process is a good method to prepare small
Pt NPs with a narrow particle size distribution. The PEI/Pt
NPs were subsequently deposited on glass carbon electrodes
and the electrocatalytic activities investigated. The Pt NPs
immobilized on the glass carbon electrode show excellent
electrocatalytic activity and stability.

2. EXPERIMENTAL METHODS
2.1. Materials. Hexachloroplatinum(IV) acid hydrate

(H2PtCl6·6H2O; guaranteed reagent) was obtained from Fisher
Chemical Company. Poly(ethylenimine) (PEI) with a weight-
average molecular weight of 25 000 was purchased from Ald-
rich. Sulfuric acid (H2SO4, 99.99%) and methanol (CH3OH,
anhydrous) were analytical grade. All chemicals were used as
received without further purification. The 18 MΩ·cm resistivity
water was obtained from a Millipore water purifier. The con-
centration of the polymer solution is based on the monomer
unit.

A Rayonet photochemical reactor (model RPR-600, Southern
New England Ultraviolet Inc.) was used as a UV-irradiation
system in our experiments. The photochemical reactor is sup-
plied with eight 253.7 nm light sources (8 W per lamp),
equipped with a merry-go-round unit that holds samples for
equal irradiation at one time at 5 rpm, and a cooling fan keeps
the temperature at ambient.
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2.2. Synthesis of PEI/Pt NPs. Colloidal dispersions of Pt NPs
were synthesized from H2PtCl6 complexed with PEI by UV
irradiation. In a typical procedure, 0.3 mL of 10 mM H2PtCl6
was added to 2.55 mL of a PEI aqueous solution (20 mM C2H5N
monomer concentration). The typical final molar ratio of PEI/
PtCl62+ was 17. The resulting solution was diluted to 5 mL with
deionized water and then was bubbled with nitrogen to remove
dissolved oxygen and complete the formation of the PtCl62-/
PEI complex in quartz tubes. Under these experimental condi-
tions, the initial reaction mixtures were yellowish in color. The
yellow solution in quartz tubes was placed in a photochemical
reactor and irradiated by 254 nm light. The samples were
irradiated for 1 day. The growth of Pt NPs was monitored at
different intervals using UV-vis absorption spectroscopy.

2.3. Characterization of PEI/Pt NPs. Transmission electron
microscopy (TEM) images of Pt NPs were obtained from a
transmission electron microscope (FEI TECNAI F20). The elec-
tron beam acceleration voltage was set at 200 kV. Images were
obtained by deposition of a drop of solution onto a carbon-
coated 300 mesh copper grid resting on absorbent filter paper,
which rapidly wicked away the water and allowed the NPs to
be dispersed on the grid, followed by air-drying under ambient
conditions. All images were digitally recorded with a CCD
camera (1024 × 1024 pixels), and image processing was carried
out using a Digital Micrograph and Digimizer (Gatan). Histo-
grams of the particle size distribution and average diameter
were obtained by measuring 300 particles in chosen areas
enlarged in a Digimizer. The UV-vis absorption spectra of the
NP solution were measured by a Cary 50 UV-vis spectropho-
tometer (Varian, USA) using a 1 cm optical path length quartz
cuvette to pursue the reaction in solution.

2.4. Immobilization of PEI/Pt NPs on Glassy Carbon
Electrodes. Glassy carbon electrodes were used as substrates
for the immobilization of Pt NPs. The glassy carbon working
electrode with a geometrical surface area of 0.07 cm2 was
polished with 1 and 0.05 µm Al2O3 powders successively on a
Nanocloth, followed by sonication in deionized water. PEI/Pt
NP solutions prepared by UV irradiation were pipetted onto the
surface of the glassy carbon electrode. After water was evapo-
rated overnight at room temperature, the PEI/Pt NP coating was
irradiated for 1 h in the Rayonet photochemical reactor. Then
the electrode was washed carefully with ultrapure water before
measurement.

2.5. Electrochemical Instrumentation and Measure-
ments. All electrochemical measurements were performed in
a conventional three-electrode cell at room temperature. A Pt
wire was used as a counter electrode. All electrochemical
potentials in the present study are given versus a Ag/AgCl
(saturated KCl) reference electrode. The working electrode was
a PEI-mediated Pt-coated glassy carbon electrode (diameter 3
mm). In order to minimize the effects of impurities during the
measurements, the electrode was cycled in a 1 M H2SO4 solution
at 50 mV s-1 between 0 and 1.2 V until reproducible cyclic
voltammograms were obtained prior to any electrochemical
measurements. Cyclic voltammograms and chronoamperom-
etry were recorded using a computer-controlled CHI 660 elec-
trochemical workstation (CH Instruments, Austin, TX). Hydro-
gen adsorption cyclic voltammograms were recorded in a
nitrogen-protected 1 M sulfuric acid aqueous solution. The
solution was purged with nitrogen to deplete dissolved oxygen
before each run. The region for hydrogen adsorption was used
to estimate the electrochemically active surface areas. Fresh 1
M H2SO4 + 2 M CH3OH was used in every methanol electrooxi-
dation methanol measurement to get reliable and reproducible
results.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of PEI/

Pt NPs. Synthesis of PEI/Pt NPs. It is well-known that
transition-metal colloids can be formed by photochemical
reactions in water/alcohol solutions, in which the reduction
of metal salts takes place by solvated electrons and free
radicals produced under irradiation. The photochemistry of
Pt complexes has been widely investigated in the past
because of the virtue of slow and controllable photoreduction
processes to produce small and well-dispersed Pt NPs.
Methanol is the reducing agent under UV irradiation in most
cases of Pt photoreduction (38). It is suggested that organic
free radicals are produced from adsorbed methanol under
UV irradiation and the radicals reduce Pt salts (39). In this
investigation, a photoreduction method was performed to
synthesize colloidal Pt NPs by the reduction of PtCl62- in a
PEI aqueous solution without ethanol. PEI was used as both
the stabilizer and the reducing agent.

Absorption Spectra. PtCl62- aqueous solutions are
yellow in color. When PtCl62- is mixed with PEI, the yellow
color becomes less intense. Irradiating with UV light for a
few minutes changes the solution color to orange, which is
the typical color of PtCl42-. Then the solution changes to dark
brown slowly with further UV irradiation. This process of PEI-
mediated Pt colloidal synthesis via the photoreduction of
PtCl62- was followed by UV-vis spectroscopy. Figure 1
presents the UV-vis spectra of the Pt solutions with PEI and
without PEI before and after UV irradiation in dilute solution.
Figure 1a shows a typical electronic absorption spectrum of
H2PtCl6 in aqueous solution, which displays a strong absorp-
tion band in 250 nm. After mixing with PEI, as shown in
Figure 1b, the peak at 250 nm disappears, and a new
shoulder peak at 235 nm appears because of ligand-to-metal
charge transfer (40), which is assigned to the absorption
band of a complex of PtCl62- with PEI (chloride ligands were
replaced by the amine groups of PEI). After only 5 min of
irradiation, the peak at 235 nm totally disappears, and
another shoulder peak at 210 nm appears, as shown in
Figure 1c. This is typical of the absorption by PtCl42- (41).
We conclude that Pt4+ was reduced to Pt2+ in the first 5 min,

FIGURE 1. Variation of UV-vis absorption spectra during the pho-
toreduction of H2PtCl6: (a) H2PtCl6 aqueous solution; (b) mixture of
H2PtCl6 with PEI; (c) complex of H2PtCl6 with PEI after 5 min of UV
irradiation; (d) complex of H2PtCl6 with PEI after 60 min of UV
irradiation; (e) complex of H2PtCl6with PEI after 1 day of UV
irradiation.
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a fast reaction. Curve d in Figure 1 shows the adsorption of
the solution after 60 min of irradiation. The spectra of the
solutions irradiated for 60 min are similar to the solution
irradiated for 5 min, with only a small increase in the 210
nm feature and a slightly increased baseline compared with
curve c. Apparently, no further reduction of Pt2+ occurs until
almost all of Pt4+ is reduced to Pt2+. The further reduction
of Pt2+ to Pt0 is a slow process compared with the reduction
of Pt4+ to Pt2+. This is consistent with Cameron’s NMR
observation of the photoreduction of Pt in an ethanol/water
solution (42). Cameron indicated that the photoreduction of
PtCl62- complexes to Pt0 via Pt2+ and Pt0 metal formation
does not occur until a ∼90% yield of PtCl42- has ac-
cumulated. Photoirradiation for 1 day resulted in the com-
plete disappearance of the absorption band and a significant
increase of the baseline absorbance. The spectrum of the
solution after 1 day of UV irradiation is presented in curve
e, which implies the formation of Pt NPs (27). This feature
has been observed for PVP-stabilized Pt by photoreduction
and heat treatment in an alcohol/water solution and hydro-
gen reduction in water, indicating that PtCl62- complexes
were reduced to metallic species (39). (XPS spectra of as-
made Pt NPs also confirmed the metallic Pt species. See
Figure S1 in the Supporting Information.) The resulting
solution was stable, and no large aggregates or precipitates
were observed for at least several months.

TEM Images and Size Distributions. Figure 2a
shows a typical TEM image at moderate magnification and
the corresponding size distribution histograms of the PEI/
Pt NPs after photoirradiation. The average particle diameter
is 2.88 ( 0.57 nm. The isolation of the PEI/Pt NPs is quite
good in the colloidal solution. It can be found that the
majority of the Pt NPs have a nearly isometric morphology
with very narrow size distribution in the image, and only a
very few aggregated particles were observed. Figure 2b
displays a high-resolution TEM (HRTEM) image. The spacing
of lattice fringes measured from the image is 0.25 nm, which
is consistent with the (111) interplane spacing of face-
centered-cubic Pt NPs. The inset image shows a representive
diffraction pattern obtained from fast Fourier transform
(FFT) analysis of that particle. The HRTEM image shows that
the photoreduced Pt NPs are well ordered at the atomic
scale.

3.2. Characterization of PEI/Pt NPs by Cyclic
Voltammetry (CV). Deposition of Pt NPs on
Glassy Carbon Electrodes. The catalytic activity of Pt
NPs is generally affected by their size, shape, and stabilizing
agents controlled by preparative conditions. Many kinds of
polyelectrolyte assemblies on electrodes have been studied
(43). Among them, PEI is a polyelectrolyte that has been
used widely for the preparation of multilayer assemblies,
yielding novel multifunctional materials. The procedure in
this study for polyelectrolyte coating of the electrode with
PEI is based on solvent evaporation. The PEI/Pt NP solution
was applied directly to the glassy carbon surface. After the
solvent evaporated, the PEI coating layer was irradiated by
UV light. It has been shown that γ-irradiation or UV radiation
can generate free radicals on the polymer chains, which
react to covalently cross-link the chain (44). Cross-linking
combines the polymer chains into a continuous network
extending over the entire electrode, which makes it intrac-
table in that it is stable on the surface of the electrode and
will not be soluble in the medium.

CV Profiles of PEI/Pt NPs. Figure 3 presents the
cyclic voltammograms for PEI/Pt NP coating electrodes at
different scan ranges in a 1 M H2SO4 solution. The PEI-coated
electrode does not show any characteristic peak in the
potential range shown (Figure S2 in the Supporting Informa-
tion), whereas the PEI/Pt NP coating electrodes display the
characteristic voltammetric profile of Pt surfaces (45): hy-
drogen adsorption-desorption, the double layer, and for-
mation and removal of Pt surface oxides. These features are
in good agreement with the CV curves for other Pt electrodes
(46). This demonstrates that the voltammetric features of Pt
NP electrodes are due to the presence of Pt in PEI on the
electrode. Hydrogen underpotential (Hupd) deposition is very
sensitive to the crystallographic orientation of the Pt surface
(47). The adsorption peaks of hydrogen are distinctly re-
solved when the potential was scanned to the region of oxide
formation, while when the potential was scanned below the
oxide formation region, the adsorption peaks of hydrogen
are not well resolved (Figure 3b). The corresponding hydro-
gen adsorption-desorption peaks HA1 and HD1 are associ-
ated with the Pt(110) crystal plane, and the hydrogen
adsorption-desorption peaks HA2 and HD2 are associated

FIGURE 2. TEM images of PEI/Pt NPs synthesized by photoreduction. (a) Image in moderate magnifications. The inset at the bottom shows the
corresponding size distribution histograms of PEI/Pt NPs. (b) HRTEM of Pt NPs. The inset on the top right shows the FFT pattern. The fringe
spacing of 0.25 nm corresponds to the interplanar separation between the (111) planes.
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with the Pt(100) crystal plane (36). The broad hydrogen
adsorption below the Pt(110) and Pt(100) peaks possibly
indicates the presence of Pt(111) sites. Resolved hydrogen
adsorption states at the PEI/Pt NPs assembled on the elec-
trode are a significant signal because they indicate that PEI
is a good capping agent that does not block Hupd catalytic
sites, while in the case of a PVP-mediated Pt colloidal, Hupd

states cannot be resolved (29). The OO1 and OO2 peaks show
typical Pt oxidation at high potential, while peak OR is
associated with the reduction of platinum oxide. This is
further evidence of the presence of Pt at the electrode
surface (48). It is concluded that the Pt NPs have accessible,
active surfaces.

The catalytic activity of Pt NPs was evaluated by its active
surface area. The active area of Pt NPs can be estimated by
the hydrogen underpotential deposition. This area is calcu-
lated by integrating the cathodic current for the hydrogen
adsorption reaction, correcting for the “double-layer” charg-
ing current (49) (as shown in the net shaded region in Figure
3a). A reported clean polycrystalline Pt electrode charge
density of 210 µC cm-2 was used, assuming adsorption of
one H atom per Pt atom (50). The area of the electrochemi-
cally accessible NPs was calculated to be 1.32 cm2. The
roughness factor (f), defined as the ratio of the true active
surface area to the apparent geometric area, gives a value
of about 20.

3.3. Electrocatalytic Activity of MOR. Pt NPs
have good catalytic activity and stability for the electro-
chemical oxidation of methanol in the acidic environment
of DMFCs (3). The catalytic properties of PEI-mediated Pt
were studied by CV. Figure 4 presents the CVs obtained from
the oxidation of methanol at PEI/Pt NP-coated electrodes in
1 M H2SO4 containing 2 M methanol. Voltage sweeps were
scanned in the range of 0-1 V at a rate of 20 mV s-1. A well-
defined symmetric anodic peak for the oxidation of metha-
nol at 0.66 V in the forward scan is apparent. In the reverse
sweep direction, an anodic reverse peak was recoded at 0.47
V. This reverse anodic peak is attributed to the removal of
surface-adsorbed, incompletely oxidized intermediate spe-
cies generated during the oxidation of methanol, mainly CO.
The peak currents at 0.66 and 0.47 V, which are consistent
with that reported in the literature (48), are not observed at
the pure PEI electrode (Figure S3 in the Supporting Informa-

tion), demonstrating that the Pt NPs are responsible for the
electrocatalytic activity.

Electrooxidation of methanol is a complicated chemical
reaction. Even after several decades of study, the mecha-
nism of the oxidation of methanol is still not completely
understood. Several reaction mechanisms have been pro-
posed (51). Spectroscopic studies (52) indicate that methanol
molecules are first absorbed on the surface of Pt and
disassembled as intermediates such as Pt(CHO)ads and Pt-
(CO)ads; H2O is absorbed to the surface of Pt as intermediate
Pt(OH)ads, which reacts with carbonaceous intermediates to
give CO2, producing the stripping peak in the backward scan.
It is generally agreed that the most abundant surface inter-
mediate is CO, which can poison the catalyst. The ratio of
the magnitude of the anodic peak current in the forward
sweep to the reverse sweep has generally been used to
evaluate catalyst tolerance to intermediate species accumu-
lation on the surface of the electrode (53). The higher the
ratio of the forward anodic peak current to the backward
anodic peak current (If/Ib), the more methanol is oxidized to
carbon dioxide, which means that the concentration of
intermediate species on the electrode is relatively lower, thus
a better tolerance to the poisoning (48). In our experiments,
the ratio is about 1.3. This is much higher than those
reported for most of the other Pt-based electrodes. For
example, the ratio of 0.87 was reported with nanosized Pt
on C (53). Such a high value indicates that most of the CO is

FIGURE 3. CV of the as-prepared PEI/Pt NP-coated electrode. Supporting electrolyte: nitrogen-saturated 1 M H2SO4. Scan rate: 20 mV s-1.
Electrode area: 0.07 cm2. (a) Potential between -0.22 and 1.2 V. (b) Potential between -0.22 and 0.35 V.

FIGURE 4. 50 consecutive cycle scans of methanol oxidation ob-
tained from a PEI/Pt NP-coated electrode with a scan rate of 20 mV
s-1 in 1 M H2SO4 and 2 M methanol at 298 K. The peak current
decreases with the number of scans. The voltammograms were
recorded at 2 s intervals.
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oxidized to CO2 in the forward scan and that the PEI/Pt NP
electrode does not undergo serious poisoning by the ac-
cumulation of CO. The onset potential for the oxidation of
methanol in our experiments is about 0.1 V (Figure S4ain
the Supporting Information), which is 0.3 V less positive than
that for the bulk Pt electrode. (Figure S4b in the Supporting
Information shows a CV comparison of PEI/Pt NPs with Pt
electrodes. Both of them were recorded in 1 M H2SO4

containing 2 M CH3OH at 20 mV/s.) The onset potential for
the oxidation of methanol on our PEI/Pt NP-coated electrode
is also much lower than those of the other Pt-based NP-based
electrodes. For example, Geng and Lu (54) studied the onset
potential of methanol electrooxidation for various Pt-based
multicomponent electrocatalysts, and most onset potentials
of their catalysts are in the range of 0.12-0.39 V; the onset
potential on iridium (Ir)/Pt NP-based (55) and nanoporous
Pt network (14) electrodes was observed at 0.2 V; it was also
shown that the onset potential of CNT/Pt NP electrodes (56)
was 0.2 V. Although such a comparison is not very precise
because the catalytic activity is related to many factors such
as the preparation technique, surface area, particle size and
distribution, pretreatment, etc., the low onset potential and
larger If/Ib ratios indicate that PEI/Pt NPs show superior
electrocatalytic activity for methanol oxidation and good
tolerance to CO poisoning.

In our study, the peak current in the first forward scan at
0.66 V is 0.861 mA. On the basis of the geometric electrode
surface of 0.07 cm2, we obtain a current density of 12.3 mA
cm-2 for 2 M methanol (scan rate of 20 mV s-1) on the Pt
NP-coated electrode with a very low Pt loading. For com-
parison, Liang et al. (29) found that PVP-coated Pt NPs
produce almost no response to methanol with no oxidative
or hysteresis phenomena observed. Their work indicates
that the poor signal arising from the PVP-stabilized NPs can
be attributed to the presence of a strong capping agent on
the Pt NP surface, inhibiting the particles’ catalytic proper-
ties. The strong affinity of PVP for the Pt NPs hinders the
diffusion of methanol to the Pt surface and thus inhibits
electron transfer from Pt. In contrast, PEI/Pt NPs show good
catalytic properties for methanol oxidation. The reasons may
be that the affinity of PEI for Pt is not as strong as that of
PVP or that UV irradiation lessens the affinity of PEI with

Pt. In any event, the homogeneous distribution of Pt NPs
and small size are expected to produce high electrocatalytic
activity.

It may also be instructive to compare our results with
those of Nafion-stabilized Pt NPs (57). The peak current of
Nafion-stabilized Pt NPs for methanol reduction is 12.31 mA
cm-2 (1 M H2SO4 + 2 M CH3OH under a scan rate of 100
mV s-1; Pt loading of 56 µg cm-2). The peak current of PEI-
stabilized Pt NPs for methanol reduction is also 12.3 mA
cm-2 but with a much lower scan speed and much lower
loading (1 M H2SO4 + 2 M CH3OH under a scan rate of 20m
V s-1; Pt loading of 9.1 µg cm-2). This comparison indicates
that PEI-mediated Pt NPs appear to have greater electro-
catalytic activity than Nafion-stabilized Pt NPs.

The long-term stability of the Pt NP-coated electrode is
particularly important for the development of DMFCs. The
long-term stability of the electrode was tested by using the
same electrode for 50 repetitive cycles. The forward and
backward peak currents (Figure 4) on Pt NP-coated elec-
trodes were measured as a function of the number of cycles,
as shown in Figure 5a. It can be seen that the shape and peak
potential of the curves show no evident changes, but the
peak current decreases with increasing cycle number. The
gradual decrease in the catalytic activity after successive
cycles of potential scans could result from the consumption
of methanol during the electrochemical oxidation reaction.
A better measure of the stability comes from the ratio of the
forward anodic peak current to the backward anodic peak
current (If/Ib), calculated as a function of the number of
cycles, as shown in Figure 5b. Only a 3.7% decrease in If/Ib

was observed after 50 cycles, demonstrating that the elec-
trode does not undergo serious deactivation by the oxida-
tion/reduction product and still shows good catalyst toler-
ance to poisoning.

In order to understand more about the nature of the
oxidation product, scans at different potential limits were
obtained as shown in Figure 6. When the scan limit is higher
than 1.2 V, a new shoulder peak appears at about 1.18 V,
which is associated with the oxidation of carbonaceous
species. The backward anodic peak potential and peak
current density decrease. This is consistent with results from
Pt/C and Pt/CNTs (48, 53). The ratio of If/Ib increasing with
the anodic scan limit confirms that the reverse anodic peak

FIGURE 5. Long-term cycle stabilities of PEI/Pt NP-coated electrodes over 50 scans in nitrogen-saturated 1 M H2SO4 + 2 M CH3OH at a scan
rate of 20 mV s-1: (a) variation of the forward and backward scan peak currents with the cycle number; (b) plot of If/Ib vs cycle number.
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current is associated with the residual carbon species on the
Pt NP-coated electrode.

Chronoamperometry scans were measured at different
potentials for 600 s on the Pt NP-coated electrode, and the
results are shown in Figure 7. It was found that the largest
current occurs at 0.6 V (compared to 0.8 and 0.3 V),
consistent with the above results from CV. The current
gradually decreases with time because methanol is elec-
trooxidized continuously and the concentration of methanol
decreases with time.

CONCLUSION
In this study, we have demonstrated that monodisperse

Pt NPs can be synthesized in a PEI aqueous solution by a
photoreduction method. The results obtained from UV-vis
spectroscopy and TEM clearly demonstrate the photoreduc-
tion of PtCl62- to Pt NPs and the photoreduction of PtCl62-

complexes to Pt0 metal particles via Pt2+. Pt0 metal formation
apparently occurs only after almost all of PtCl62- converts
to PtCl42-. The reduction from PtCl62- to PtCl42- is a fast
process, while the reduction of PtCl42- to Pt0 metal particles
is a slow process. PEI/Pt NPs can be assembled on the
surface of a glassy carbon electrode and the electrocatalytic
activity evaluated. Hydrogen adsorption states were ob-
served and well resolved at as-prepared PEI/Pt NP assembled
on electrode surfaces, without subjecting the NPs to decap-

ping processes. The high current density, If/Ib value, and
lower onset potential for methanol oxidation show that the
PEI/Pt NPs exhibit excellent catalytic properties for MORs.
They do not appear to be strongly sensitive to the accumula-
tion of intermediate carbonaceous species on the surface,
which leads to catalyst poisoning in fuel cells. The system is
stable toward the oxidation of methanol. These results
indicate that PEI is a good candidate to be used as a capping
and reducing agent in the photoreduction of Pt NPs. At the
same time, it can work as a good carrier to immobilize the
NPs on the surface of the electrode. The presence of PEI in
this system not only mitigates the CO poisoning of the Pt
catalyst but also enhances the electrocatalytic activity and
stability of the catalyst. A PEI-assisted photoreduction syn-
thesis appears to be a promising method for the preparation
of well-dispersed Pt NPs, and this method provides an
attractive route to Pt catalysts with good electrocatalytic
activity and reliable catalytic performance.
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