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ABSTRACT: Colloidal nanoparticles prepared by solution
synthesis with robust control over particle size, shape,
composition, and structure have shown great potential for
catalytic applications. However, such colloidal nanoparticles are
usually capped with organic ligands (as surfactants) and cannot
be directly used as catalyst. We have studied the effect of
surfactant removal on the electrocatalytic performance of Pt
nanoparticles made by organic solution synthesis. Various
methods were applied to remove the oleylamine surfactant,
which included thermal annealing, acetic acid washing, and UV-Ozone irradiation, and the treated nanoparticles were applied as
electrocatalysts for the oxygen reduction reaction. It was found that the electrocatalytic performance, including electrochemically
active surface area and catalytic activity, was strongly dependent on the pretreatment. Among the methods studied here, low-
temperature thermal annealing (∼185 °C) in air was found to be the most effective for surface cleaning without inducing particle
size and morphology changes.
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Recently colloidal nanoparticles from aqueous1−4 or
organic,5−7 solution synthesis have attracted increasing

interest for the development of advanced catalysts. Through
controlled nucleation and growth in a homogeneous solution,
this method has been demonstrated to be powerful in
controlling nanoparticle (NP) size,6,8−10 shape,1,11,12 composi-
tion13−15 and structure,16−19 which has enabled systematic
studies of these parameters in catalysis.5,10,18−21 However, the
NPs obtained by solution synthesis are usually capped by
organic surfactants and cannot be directly applied as catalysts.
For example, in the organic solution synthesis of Pt and Pt-
based alloy NPs, oleylamine and/or oleic acid are usually used
to stabilize the NPs and control NP sizes and shapes.11,18,22,23

While these ligands are indispensible in the NP synthesis, they
are detrimental for catalysis as they block the access of reactant
molecules to the surface atoms. Therefore, it is critical to
establish a proper procedure of surfactant removal and surface
cleaning, without inducing particle size and morphology
changes, for application of colloidal NPs in catalysis.
Here we report a systematical investigation of the effect of

surfactant removal on the electrocatalytic performance of Pt
NPs prepared by organic solution synthesis. Various methods
were applied to remove the oleylamine surfactant, including
thermal annealing, acetic acid washing, and UV-Ozone
irradiation, and the efficiency of surface cleaning was examined
by electrocatalytic studies of the treated catalysts for the oxygen
reduction reaction (ORR). The removal of organic surfactants
from the NP surface was further confirmed by thermogravi-

metric analysis (TGA) and infrared adsorption spectroscopy
(IRAS) studies.

■ METHODS
Synthesis. For the synthesis of Pt NPs, 50 mg of platinum

acetylacetonate (Pt(acac)2) was dissolved in 10 mL of
oleylamine at 100 °C under Ar flow. After 20 min, a mixture
of 0.2 g of borane tributylamine (Aldrich) and 5 mL of
oleylamine was added into the solution. The solution
temperature was raised to 120 °C and kept at this temperature
for an hour. The solution was then cooled to room
temperature, and 30 mL of ethanol was added. The product
was collected by centrifugation (8,000 rpm, 6 min). The
obtained precipitation was dispersed in hexane for further
experiments.

Catalyst Preparation and Surfactant Removal. The as-
synthesized Pt NPs were washed by ethanol and then dried in
vacuum. After that, they were mixed with carbon black
(Tanaka, ∼900 m2/g) with a mass ratio of 1:1 in chloroform
(CHCl3) by sonication. The solvent was then evaporated at
room temperature in air. The obtained powder was denoted as
“untreated” catalyst.
The following treatments were applied to the untreated

catalyst for surfactant removal: (1) Thermal annealing. The
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catalyst was heated in a tube furnace for 5 h at 185 °C in air;
(2) Chemical washing. The catalyst was dispersed in pure acetic
acid (HAc) with vigorous stirring at 75 °C for 10 h, and then
collected by adding ethanol and centrifugation; (3) UV-Ozone
treatment. An aqueous suspension of the untreated catalyst was
deposited onto a glassy carbon electrode. After drying in air, the
electrode was placed in a UV-Ozone chamber and subject to
UV irradiation for 30 min.
Characterizations. Transmission electron microscopy

(TEM) images were collected on a Philips EM 30 (200 kV).
X-ray diffraction (XRD) patterns were collected on a
PANalytical X’pert PRO diffractometer using Cu Kα radiation
at room temperature. Thermogravimetric analysis for the Pt
NPs was done with a Pyris 1 TGA/HT Lab System
(PerkinElmer). Fourier transformed infrared (FTIR) spectra
were collected on a Nicolet Nexus 8700 spectrometer with a
MCT detector cooled by liquid nitrogen and in situ electrode
potential control, following the previous reported procedures.24

Electrochemical Studies. All electrochemical measure-
ments were performed in a three-compartment electrochemical
cell in 0.1 M perchloric acid at room temperature. A Ag/AgCl
electrode was used as the reference electrode, and a platinum
wire as the counter electrode. A mirror-polished glassy carbon
disk (6 mm in diameter) was used as the working electrode.
The catalyst was dispersed in deionized water by sonication and
30−40 μL of the suspension was deposited onto the glassy
carbon electrode by pipet. The loading of Pt was controlled to
be ∼20 μg/cm2

disk. A solution of Nafion (0.1 wt %, 15 μL) was
added on top of the catalyst and then dried in air. Cyclic
voltammograms (CVs) were recorded in Ar saturated electro-
lytes with a scan rate of 50 mV/s. Polarization curves for the
ORR were recorded in an oxygen saturated electrolytes at 20
mV/s with an electrode rotation speed of 1600 rpm. All the
potentials given were calibrated versus reversible hydrogen
electrode (RHE).

Figure 1. TEM images of (a) as-synthesized Pt NPs, (b) Pt NPs loaded on carbon black, and (c) Pt NPs on carbon black after 185 °C annealing.

Figure 2. (a) Cyclic voltammograms of various Pt/C catalysts. (b) ORR polarization curves of the annealed, the UV-ozone treated and the untreated
samples. (c) Tafel plots of Pt/C catalysts at 20 mV/s, 1600 rpm, 20 °C. (d) Specific activity at 0.90 V and specific surface area.
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■ RESULTS AND DISCUSSION

Monodisperse Pt NPs were synthesized by reduction of
Pt(acac)2 with borane tributylamine in an oleylamine solution
(see the Methods). Here oleylamine served as both solvent and
surfactant. Figure 1a shows a representative TEM image of the
as-synthesized Pt NPs with a particle size of 2.8 ± 0.4 nm
(Supporting Information, Figure S1a). The synthesized NPs
were supported on high-surface-area carbon (Tanaka, ∼900
m2/g) and various treatments were applied to remove the
organic surfactants and clean the surface. These include mild-
temperature heating (160−200 °C) in air,25 chemical washing
by acetic acid,26 and UV-Ozone irradiation.27 No significant
change in particle size or morphology was found after these
treatments, as shown by the TEM images presented in Figure 1,
for example, for the 185 °C thermal treatment in air (Figure
1b,c and Supporting Information, Figure S1b). X-ray powder
diffraction patterns of the as-synthesized Pt NPs, 185 °C
annealed and HAc treated catalysts were presented in
Supporting Information, Figure S2, which shows no significant
particle size change or coarsening after these treatments.
Catalytic performance of the various treated catalysts was

examined by the RDE method. Figure 2 summarizes the results
of electrochemical studies. CVs show typical Pt like features
with under potential deposited hydrogen (Hupd) peaks at E <
0.4 V (Figure 2a). Among the various treated catalysts, the 185
°C annealed one shows more pronounced Hupd peaks than the
others. As the catalyst loading was consistently controlled to be
∼20 μg/cm2

disk, this difference directly corresponds to the
variation in specific surface area, namely, the electrochemically
active surface area (ECSA, estimated from the Hupd charges by
ECSA = QHupd/210 μC/cm2) normalized by the mass of Pt in
the catalyst. As shown in Figure 2d, the 185 °C annealed
catalyst gave a specific surface area of ∼330 cm2/gPt, versus
∼270 cm2/gPt for the HAc washed, 240 cm2/gPt for the UV-
Ozone treated, and 190 cm2/gPt for the untreated catalyst.
Moreover, the electrocatalytic activity was found to be also
strongly dependent on the methods of surfactant removal. Both
the polarization curves (Figure 2b) and Tafel plots (Figure 2c)
show that the 185 °C annealed catalyst has the highest ORR
activity, reaching 0.64 mA/cm2 at 0.9 V, compared to 0.49 mA/
cm2 for the HAc washed, 0.29 mA/cm2 for the UV-Ozone
treated, and 0.22 mA/cm2 for the untreated catalyst. Both the
results of specific surface areas and specific activities indicate
that the efficiency of surfactant removal follows the trend 185
°C annealing > HAc washing > UV-Ozone (Figure 2d). It has
to be pointed out that potential cycling can bring additional
cleaning for the catalysts. For example, after one hundred
potential cycles, the HAc washed Pt/C shows comparable
electrocatalytic performance as the thermal annealed one
(Supporting Information, Figure S3). However, such potential
cycling had very limited effect on the UV-Ozone treated and
untreated catalysts. In the following discussion, we will focus on
the study of surfactant removal by thermal annealing to confirm
the effectiveness of surfactant removal.
Figure 3 shows the weight loss curves for the process of

surfactant removal by 185 °C annealing in air for the as-
synthesized Pt NPs and carbon support. It was found that a
weight loss of up to 44% took place during the isothermal
process at 185 °C for the NPs, because of the removal of
organic surfactants. Not much organic substances were left after
the 185 °C stage, as further increase of the temperature up to
900 °C did not lead to substantial loss in addition (∼1%). The

total loss in weight, ∼45%, corresponds to the weight ratio of
surfactants in the NPs. On the basis of the TGA studies, we can
conclude that the thermal annealing at 185 °C in air is efficient
for removing the organic surfactants from the Pt NP surface. It
is also important to point out that the employed carbon black is
stable in the surfactant removal process, as no weight change
was observed in TGA for the carbon support at 185 °C.
After surfactant removal, surface atoms on the Pt NPs were

exposed and became electrochemically active. This was further
confirmed by in situ electrochemical IRAS studies, in which
surface conditions of the NPs as well as the CO-Pt interaction24

was examined. Figure 4a shows the IR spectra of the annealed
and untreated NPs collected at 0.1 V in 0.1 M HClO4
electrolyte. The insets of closeup view highlight the difference
between the two spectra in the region from 2800 cm−1 to 3000
cm−1. The bands at 2850 cm−1 and 2920 cm−1 observed in the
untreated NPs can be associated to the C−H stretching
vibrations in oleylamine molecules.28 After the thermal
annealing, the C−H bands disappeared, suggesting successful
removal of surfactants from the particle surface. Figure 4b
shows the differentiation spectra obtained by subtracting the IR
spectra recorded at 0.1 V with the spectra at 0.9 V (see
Supporting Information, Figure S4 for the primary spectra).
Considering that the adsorbed CO (COad) is oxidized at high
potentials (E = 0.9 V) while at low potentials CO is strongly
adsorbed on Pt, the differentiation spectra are thus able to
exclusively tell the situation of CO adsorption on the particle
surface. The untreated NPs do not exhibit any observable
feature in the wavenumber range from 1800 cm−1 to 2800 cm−1

because of the blocked CO adsorption on the particle surface.
The annealed NPs show a sharp peak at 2060 cm−1 which can
be assigned to atop-bonded CO on Pt,29 indicating that the
surface atoms were activated by the thermal annealing and
became accessible for CO adsorption. The positive peak around
2340 cm−1 can be associated with CO2 which was the product
of CO oxidation. Consistent with the observations from
electrochemical and TGA studies (Figure 2 and 3), the IRAS
results demonstrate that organic surfactants present on the NP
surface, which block Hupd and CO adsorption and ORR, can be
sufficiently removed by the thermal annealing at a mild
temperature in air.

■ CONCLUSION
We have studied the effect of surfactant removal on the
electrocatalytic performance of Pt nanoparticles made by

Figure 3. TGA of the as-synthesized Pt NPs and carbon support.
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organic solution synthesis. Various methods existing in the
literature were applied to remove the oleylamine surfactant, and
the dependence of electrocatalytic performance for the ORR on
the treatment was found to follow the trend: 185 °C annealing
in air > HAc washing > UV-Ozone. The effectiveness of
surfactant removal and surface cleaning by thermal annealing in
air was further confirmed by TGA and IRAS studies. Our work
revealed the importance of pretreatment in catalyst preparation
and would have great implication for the development of
advanced catalysts with colloidal nanoparticles from solution
synthesis.
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