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Abstract: This work focused on the decontamination of polyvinylpyrrolidone(PVP) on platinum by
electrochemical treatment. Pt nanocrystals were synthesized by colloidal method using chloroplatinic
acid as the metal precursor and PVP K30 as a stabilizer. Spherical, cubic, octahedral and cuboctahedral
Pt nanocrystals were obtained by adding different concentrations of silver nitrate to the above colloidal
solution. The morphology of Pt nanocrystals was characterized by transmission electron microscope
(TEM). It was found that the as-prepared Pt nanocrystals were well dispersed with a narrow size
distribution. Electrochemical decontamination was applied to the Pt nanocrystals by short pulse
potential step before electrocatalytic performance measurements. Repeating potential steps were set up
between high voltage and low voltage. As the potential step proceeding, Pt surface sites were exposed
gradually, which could be confirmed from the more and more clear hydrogen and oxygen
adsorption/desorption peaks of the cyclic voltammograms (CV). The electrocatalytic activity of the
electrochemically cleaned Pt nanocrystals was characterized by CV and chronoamperometry
measurements. It was found that cuboctahedral Pt nanocrystals showed the best catalytic activity for
methanol electrooxidation. This study put forward a simply and effective electrochemical
decontamination method of the Pt surfaces capped by PVP.
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Platinum is the most widely used catalyst for fuel cells. The morphology of platinum is of
great importance on its catalytic activity and selectivity. Thus, the morphology controlled
synthesis of platinum nanocrystals is attracting more and more attention in recent years [1-3].
Polyvinylpyrrolidone (PVP) is one of the most commonly used surface active agent for the
morphology control of platinum nanocrystal. This large applicability is due to a combination of
simplicity of the method, reproducibility and to the facility in obtaining highly dispersed
nanocrystals over different kinds of carbons with a narrow size distribution, a feature which is
especially interesting in catalysis [4,5].
However, since PVP could strongly bind to the platinum surface through chemisorption, it
can block the direct interaction between surface active sites and reagent molecules, and thus
decrease the activity and/or selectivity of a catalytic reaction[6]. Even if Pt nanocrystals were
carefully cleaned by extensive washing with organic solvents, the distinctive hydrogen
adsorption/desorption peaks of Pt CVs in blank sulfuric acid were still unconspicuous. This is
mainly attributed to the high-molecular-weight PVP adsorbed on the Pt surface[7,8]. Therefore, it
is necessary to apply a thorough cleaning process for Pt nanocrystals before electrochemical
measurements.
Various methods have been reported in the literature for the removal of adsorbed PVP from
the nanoparticle surface. The most established method has been the heat-treatment of stabilized
nanoparticles in an oxidative atmosphere where the ligands are oxidized at 180-200 oC, followed
by thorough washing of the heat-treated sample. At higher temperatures, there is a possibility of
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particle agglomeration and change in actual shape, and hence, proper control of temperature is
required with the heat treatment procedure[9]. Another method of cleaning organic ligands from
the catalyst is by using UV–ozone exposure wherein the nanoparticles are treated in the
UV–ozone atmosphere for the removal of PVP[10,11]. But, it is difficult to generalize the
procedure for removal of impurities from the catalyst surface and it depends on the chemical
nature of the surfactants and capping agents. The removal of PVP has also been reported by
applying cyclic voltammograms (CV) up to 1.5 V[12,13], CO-adsorption-induced removal[14].
However, it has been generally accepted that too many cycles up to high potentials may degrade
the surface structure [15,16]. Specially, Pt(100) surface could only maintain its structure under 0.9
V. While, CV cycles below 0.9 V couldn’t clean PVP adsorbed on Pt nanocrystals. Applying a
high voltage to the Pt surface will introduce defects to primary surface. That’s mainly because
oxygen could adsorb on the Pt(100) surface when the potential is higher than 0.9 V and oxygen
atom could crowd out some Pt atoms from its equilibrium position[17]. This process is irreversible.
Therefore, it is of high significance to develop a simple method to clean Pt nanocrystals with high
catalytic performance avoiding the use of too much organic solvents. In this paper a facile
electrochemical decontamination method was applied to the platinum nanocrystals by short pulse
potential step before electrocatalytic performance measurements. Repeating potential steps were
set up between high voltage and low voltage to remove the chemical adsorbed PVP molecules and
to maintain the surface structure and performance as far as possible.

1 Experimental
1.1

Synthesis of Pt nanocrystals.
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Headlines of diagram and table: the headline should be placed in the middle under the
First-order headline Pt nanocrystals were prepared using the colloidal method described
previously[15]. The precursor platinum salt used is H2PtCl6·6H2O, and the stabilizer used is PVP.
Different amounts of AgNO3 solution in EG were added to the reaction mixture to adjust the
morphology of Pt nanocrystals.
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Characterization and electrochemical measurements

Transmission electron microscopy (TEM) and high-resolution transmission microscopy
(HRTEM) experiments were made on a JEM-3010 microscope operated at 300 kV.
For the electrochemical measurements, Pt nanocrystals dispersed in ultra-pure water were
sonicated for 20 min and 6 μL suspension was then quantitatively transferred to the surface of a
polished glassy carbon electrode with a diameter of 4 mm. The electrode was dried in air at room
temperature. Conventional three-compartment electrochemical cells were used for the
electrochemical experiments. Reference electrode was saturated Hg/Hg2SO4 electrode, and
counter electrode was platinum foil. The electrolyte solution was deaerated with high-purity Ar
(99.99%) for at least 20 min before each experiment. All electrochemical experiments were
carried out at room temperature (ca. 20 oC) with a CHI electrochemical workstation (CH
Instruments, model CHI750d). All the potentials reported herein are with respect to reversible
hydrogen electrode (RHE).

2 Results and Discussion
2.1
85

Morphology characterization of platinum nanocrystals
Fig. 1 shows TEM (a, c, d) and HRTEM (b, d, f) images of cubic (a, b), octahedral (c, d),
-2-

中国科技论文在线

http://www.paper.edu.cn

cuboctahedral (e, f) Pt nanocrystals synthesized in this reaction. These Pt nanocrystals are
homogeneous in shape with a narrow size distribution (cubic Pt: 7.0 nm, octahedral Pt: 10.0 nm,
cuboctahedral Pt: 9.5 nm). The HRTEM image (Figure 1b) of a Pt cube demonstrates the exposed
90

{100} facets with a interplanar spacing of 0.20 nm. While HRTEM of Pt octahedra demonstrates a
interplanar spacing of 0.23 nm, in which all side faces are covered with {111} facets. The
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cuboctahedral Pt was covered by both {100} and {111} facets.
According to the reaction mechanism proposed by P. D. Yang’s group[15], the Ag+ ion plays a
crucial role in controlling the shape and surface structure of the Pt nanocrystals. As the
concentration of Ag ion increases in the reaction mixture, the majority of the Pt particles changes
from the cubes to the cuboctahedra, and eventually to the octahedra.
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Fig. 1 TEM (a, c, d) and HRTEM (b, d, f) images of cubic (a, b), octahedral (c, d) and cuboctahedral (e, f) Pt
nanocrystals
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Electrochemical testing

Fig. 2 shows the electrochemical decomtamination potential sequence (a) and the CV curves
(b) of spherical platinum nanocrystals before and after electrochemical treatment in 0.5 mol·L-1
H2SO4 solution with a scanning rate of 0.05 V·s-1.
In the earlier tests, the as-prepared and carefully washed platinum nanocrystals were used for
the electrocatalytic oxidation of methanol. However, no electrooxidation current was detected.
Therefore, a repeated potential step sequence between 0.05 V and 1.4 V with a pulse width of 0.5
s was applied to the PVP-capped Pt nanocrystals. Short pulse width was selected to avoid
-3-
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long-time oxygen adsorption and its influence on surface structure. As can be seen in Fig. 2b, the
adsorption and desorption peaks of hydrogen and oxygen are very small before electrochemical
cleaning since the active sites were blocked by chemically adsorbed PVP. After electrochemical
treatment for 100 steps, the featurable hydrogen and oxygen peaks become clear and tend to stable.
This indicates that the potential step treatment can effectively remove PVP species strongly
adsorbed on platinum surfaces which was hard to be removed by solvent washing method. At the
same time, this method could protect the surface structure from reconstructure so that the catalytic
activity of platinum nanocrystals with different morphologies could be distinguished in the
subsequent methanol electrooxidation experiments.
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Fig. 2 Potential sequence (a) and CVs (b) of spherical platinum nanocrystals before and after potential step
treatment in 0.5 mol·L-1 H2SO4
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Fig. 3 shows stable CV curves (a) of platinum nanocrystals with different morphologies after
electrochemical treatment in 0.5 mol·L-1 H2SO4 solution, CVs (b) and chronoamperometric (CA)
curves (c) of methanol electrooxidation on Pt nanocrystals of different morphologies in 0.5
mol·L-1 H2SO4+0.5 mol·L-1 CH3OH. In Fig. 3a, the CVs display the typical shape for the blank
voltammetrys of Pt. The voltammograms show the presence of adsorption states associated to
(110) and (100) sites at 0.12 and 0.27 V, respectively. The relative peak height for the two
aforementioned Pt sites can give some information for the shape and yield of the as-prepared
nanoparticles[16]. Spherical Pt nanocrystals shows clear typical polycrystalline Pt features,
which has the peak height for (110) to be relatively higher than that for the (100) sites[18]. For
the octahedral and cubic shape Pt nanoparticles, the current in the potential region between 0.11
~ 0.23 V is a bit higher than that of spherical Pt in the voltammetric response, suggesting the
morphologies of Pt nanoparticles that are mainly of (111) facets and (100) step sites. These
-4-
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electrochemical features agree well with the TEM results. It is known that long-range ordered
(100) surface domains will be disturbed when the potential is higher than 0.9 V (vs. RHE) while
{111} facets can preserve its structure until 1.2 V. Therefore, the shoulder around 0.35 V which
indicates the existence of long-range ordered (100) terrace sites was not well identified.
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Fig.3 (a) CV curves of Pt nanocrystals of different morphologies in 0.5 mol·L-1 H2SO4 solution; (b) CVs and (c)
Chronoamperometric curves of methanol electrooxidation on Pt nanocrystals of different morphologies in 0.5
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It should be clearly seen in Fig. 3b that hydrogen adsorption was depressed significantly in
the solution containing methanol. This was due to the dissociative adsorption of methanol. It was
known that methanol started to decompose on Pt from 0.05 V and the resulting intermediates
(COad, etc) adsorb on the platinum surfaces, which block the active sites for further
electrooxidation of methanol. This was regarded as the indirect oxidation of methanol. In higher
potential region, these intermediates were oxidized and the direct oxidation of methanol will occur.
For the cubic Pt nanocrystals as an example, during positive scanning process, the onset potential
of methanol electrooxidation was 0.45 V. The peak potential lacated at 0.85 V with a peak current
density of 1.06 mA·cm-2, which included both the oxidation of methanol dissociative adsorption
species (i.e. indirect oxidation of methanol) and the direct oxidation of methanol from aqueous
solution. In higher potential region, the electrode surface will be covered by adsorbed oxygen
species. In the negative scanning process, along with the desorption of oxygen species, methanol
oxidation appeared again and resulted another oxidation peak with a maximum current density of
0.88 mA·cm-2 at 0.72V. As the potential sweep negatively, the dissociative adsorption of methanol
occured and poisonous intermediates formed and occupied Pt surface sites again, which prevents
the direct oxidation of methanol and caused the oxidation current decrease. As can be seen from
Fig. 3b, the platinum nanocrystals after electrochemical cleaning show quite different catalytic
activity for methanol electrooxidation. The positive oxidation peak currents decrease in the order
of cuboctahedral Pt > cubic Pt > spherical Pt > octahedral Pt. The peak current for cuboctahedral
Pt was 5 times as that of octahedral Pt. On the other hand, the residual current in hydrogen region
of octahedral Pt was much higher than others, indicating the octahedral Pt has better resistance to
methanol dissociative adsorption.
It has been previously reported by A. Wieckowski that methanol oxidation on Pt basal planes
showed an increase in maximum activity in the order Pt(111) < Pt(100) < Pt(110)[18]. In addition,
Housmans et al. studied methanol oxidation on Pt[n(111)×(110)] stepped surfaces, and reported an
increase in the activity with the step density, suggesting that the presence of steps with a (110)
orientation catalyzes methanol decomposition, CO oxidation and also the direct methanol
oxidation[19]. Furthermore, the catalytic activity of nanoparticles of well-defined edges and large
surface boundaries are said to be greatly dependent on the bounding planes where catalytic
activity follows the (111) < (100) < (110) order, as in the case of hydrogen-related
reactions[20,21]. In a previous paper reported by Feliu and co-workers[22], different surface sites
on platinum samples have been quantitatively analyzed by specific site-probe reactions. It has
been shown clearly that for the surface of cubic and octahedral Pt nanoparticles, the ordered
domains were mainly (100) and (111) sites. While the ordered domains for spherical Pt
represented a much smaller fraction of the total surfaces. In their cover picture, they illustrated by
a cuboctahedral Pt particle that the edge and corner atoms mainly attributed to the current for (110)
sites. Therefore, it is reasonable to suppose that the much higher activity of cuboctahedral Pt
originated from the higher fraction of edge and corner Pt atoms for Pt cuboctahedra.
The stability of the catalysts with different morphologies has been investigated by CA curves
recorded at 0.80 V (after a potential step from 0.05 V) as a function of time, which was shown in
Fig. 3c. A large anodic current is observed on cuboctahedral Pt with only a small drop. A large
current is also found on cubic Pt and spherical Pt, whereas a much lower current is observed on
octahedral Pt. The final methanol electrooxidation current density on cuboctahedral Pt after 600 s
is nearly 13 times higher than that on octahedral Pt. The electrooxidation activity and stability for
-6-
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methanol increase in the order cuboctahedral Pt > cubic Pt > spherical Pt > octahedral Pt, which is
in accordance with the results of CV curves.

3 Conclusion
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In this paper, we developed a facile decontamination method of PVP on Pt nanocrystals by
electrochemical treatment and investigated its influences on the electrooxidation of methanol. Pt
nanocrystals with different morohologies was synthesized by colloidal method. Electrochemical
decontamination was applied to the Pt nanocrystals by short pulse potential step before
electrocatalytic performance measurements. It was found that the potential step was an effective
method for the thorough decontamination of PVP on platinum nanocrystals and protection of
preferential-oriented surfaces. More and more surface sites were exposed as the potential step
proceeding, which could be confirmed from the more and more clear hydrogen and oxygen
adsorption/desorption peak of the CV curves. The electrocatalytic activity of the electrochemically
cleaned Pt nanocrystals for methanol was characterized by CV and CA measurements. It was
found that cuboctahedral Pt nanocrystals showed the best catalytic activity for methanol
electrooxidation in 0.5 mol·L-1 H2SO4 + 0.5 mol·L-1 CH3OH solution. The electrocatalytic activity
of Pt nanocrystals for methanol increases in the order of cuboctahedral Pt > cubic Pt > spherical
Pt > octahedral Pt. This study put forward a simply and effective electrochemical decontamination
method of the Pt surfaces capped by PVP.
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铂纳米晶的电化学处理及其对甲醇电
催化活性的影响
路蕾蕾，杨蓉，杜宝中，刘玉瑶，李宇康
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（西安理工大学理学院，西安 710048）
摘要：本文以氯铂酸为主要材料，采用聚乙烯吡咯烷酮-K30（PVP）作稳定剂，通过添加不
同浓度的硝酸银溶液控制铂纳米晶体的生长方向，分别得到了球形、立方体、八面体和立方
八面体铂纳米晶。采用透射电子显微镜（TEM）对铂纳米晶的形貌进行了表征，发现所制
备的铂纳米晶分散良好，粒度较均匀。对所制备的铂纳米晶进行了电化学清洁处理，在高电
位与低电位之间，反复瞬间阶跃。随着电位阶跃的进行，催化剂暴露的活性位越来越多，循
环伏安图上氢氧的吸脱附峰越来越明显，并最终趋于稳定。采用该方法能够有效地去除铂表
面的 PVP，达到了对铂纳米晶清洁的目的。随后，用循环伏安法和计时电流法对电化学清
洁后的铂纳米晶的电催化活性进行了测试。结果表明，立方八面体铂纳米晶对甲醇电氧化表
现出了最佳的催化活性，其氧化峰电流远高于其他形貌铂纳米晶。该研究提出了一种简便有
效的 PVP 包覆铂纳米晶的电化学处理方法。
关键词：铂纳米晶；甲醇；电氧化；PVP；电化学处理
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