
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Graphic Abstract 

 

The size effect of Pt nanoparticles on detection of arsenic is clarified and the phenomenon is 

explained by anodic oxygen-transfer reactions and binding energy. 
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Abstract 

In this work, we demonstrate a size-dependent effect of Pt nanoparticles ranging 2-5 

nm on the electrochemical behavior toward arsenic [As(III)]. This work presents the 

stripping voltammetry for sensitive identification of As(III) using four types of 

platinum nanoparticles for the first time, the sizes of which are 2.3, 3.5, 4.3 and 5.5 

nm. Anodic oxygen-transfer reactions are expected to explain the interaction between 

As(III) and different size Pt nanoparticles for scientific understanding of the size 

effect on stripping voltammetry. We report that surface sites of Pt are made up of 

{111}, {100} facts and the edges. The percentage of the edges decreases with the 

increase of the particle size, while the percentage of {111}, {100} sites increases. The 

binding energy of the edge sites is higher than that of {111}, {100} facts. As a result, 

the desorption of the intermediates during the electrochemical process is easier on the 

edge sites. Therefore, the sensitivity of detection of As(III) is higher on the edge sites 

than on the {111} and {100} sites. 

 

 

Keywords: size effect; platinum nanoparticles; anodic oxygen-transfer reactions; 

arsenic; stripping voltammetry.
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Introduction 

To date, much attention has been paid on the exploration of nanomaterials (especially, 

gold, platinum, etc.) modified electrodes for electrochemical detection of trace levels 

of arsenic, because it has a detrimental effect on human health and a great hazard to 

environment
1-4

. Arsenic is a poisonous chemical widely distributed all over the world 

and exists in four valency states: -3, 0, +3, and +5
5
. In ground waters, Arsenite 

[As(III)] is the general form in reducing conditions and arsenate [As(V)] is 

dominantly the stable form in oxygenated environments. Both of them have 

contributed greatly to many health problems such as skin lesions, keratosis (skin 

hardening), lung cancer, and bladder cancer
6
. It is reported that As(III) is 25~60 times 

more toxic than As(V)
7
. Therefore, it is urgent to find an accurate, fast, and sensitive 

method to detect and monitor this pollutant in drinking water.  

To solve this problem, varieties of methods, such as inductively coupled plasma 

mass spectrometry (ICPMS)
8
, graphite furnace atomic absorption spectrometry

9
, and 

hydride generation atomic fluorescence spectrometry
10

, can be used. Nevertheless,  

these techniques require expensive instruments, high operating cost, and well trained 

technicians to conduct the measurements
11

. On the contrary, electrochemical detection 

techniques may provide an promising alternative due to low-cost instrumentation and 

ease of portability. However, the sensitivity of electrochemical detection techniques is 

low. Thus, a lot of studies focus on the electrochemical methods and electrode 

nanomaterials to improve the sensitivity. Among all kinds of electrochemical methods, 

including cathodic stripping voltammetry (CSV), anodic stripping voltammetry(ASV) 
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and differential pulse anodic stripping voltammetry (DPASV), ASV is the most 

promising due to its high sensitivity, large linear range and low limit of detection 

(LOD)
12

.  

 Due to the versatile and important properties of nanomaterials including large 

specific surface area, improved mass transport, and catalytic properties, these metal 

nanoparticles are gaining popularity. These properties can make the reagent have 

more area, lower resistance and lower energy to react. Therefore, different electrode 

nanomaterials, especially Hg, Au, Pt, were used to detect arsenic in many reports. Hg 

suffers from toxicity and the limited solubility of arsenic, although, it has a high 

sensitivity toward many pollution. Au and Pt are widely used, however, they suffer 

from lengthy analysis time, poor response precision and stability
13

. Compared With 

Au, Pt nanomaterial has a better catalyze ability in methanol oxidation reaction, 

oxygen reduction and electrocatalytic activity.
14-17

 Thus, various kinds of Pt-based 

electrodes, such as Pt nanoparticle
18

, Pt nanotube
19

, Pt nanoflower
20

, have been 

conducted to improve analytical performance. 

Despite great success, these studies generally focused on a good analytical 

performance. Actually, nanomaterial processes many unique properties, such as crytal 

plane, crystal phase, small size effect, and so on. A serial of excellent results on the 

particle size effect of Pt nanoparticles have been reported in the field of catalysis. For 

example, Bell et al have investigated the effect of composition and metal particle size 

of Pt catalysts on ethane dehydrogenation
21

. Sung et al have reported that the particle 

size of Pt nanoparticles affects the catalytic reactions through making an alteration to 
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the value of the oxophilicity.
22

 However, few studies have been carried out on the 

particle size effect in electrochemical detection, especially detection of arsenic. We 

would expect that different particle sizes of Pt nanoparticles would affect the 

detection of As(III). According to the result, we can synthesize the Pt nanoparticle in 

the best size to obtain the best analytical performance.  

 

2. Materials and methods 

2.1 Apparatus. 

AutoLab computer-controlled potentiostat (EcoChemie, Utrecht, Netherlands) 

associated with the GPES software. A bare glass carbon electrode (GCE, diameter of 

3 mm) or modified GCE was used as a working electrode; a platinum wire severed as 

a counter-electrode with a saturated Ag/AgCl electrode (Chen Hua Instruments Co., 

Shanghai, China) completing the cell assembly. All experiments were performed at a 

temperature of 293 ± 3K. 

2.2 Chemical reagents. 

Pt nanoparticles with an average particle size of 2.3 nm supported on Ketjen Black 

was purchased from Alfa Aesar, Tianjin, China. CuSO4, H2SO4, K2PtCl4, HCl, HNO3 

and Nafion were all purchased from Sinopharm Chemical Reagent Co., Ltd., 

Shanghai, China. Double distilled water (MilliQ, specific resistivity >18 MΩ cm, S.A., 

Molsheim, France) was used throughout the experiment. 

2.3 Electrode Fabrication. 

Approximately 20 mg of Pt/C was added into a solvent consisting of 16 mL of water, 
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80μL of 5% Nafion, and 4 mL of isopropanol by ultrasonic for 10 min. 8 μL of 

suspension was deposited on the glass carbon electrode (GCE) polished with 0.3 and 

0.05 μm alumina before modified.  

2.4 Preparation of Pt nanoparticles in different size. 

In our research, the Pt particle size was grown by layer-by-layer growth through a 

Cu-UPD-Pt replacement method. Underpotentially deposited (UPD) Cu was carried 

out in 0.5 M H2SO4 + 50 mM CuSO4 solution. Then the electrode was immersed in a 

5 mM K2PtCl4 + 0.5 M H2SO4 solution to displace the Cu with Pt. 

2.5 Electrochemical Experiments. 

The electrochemical characterization (cyclic voltammograms and electrochemical 

impedance spectra) were performed in a degassed solution with a high purity N2 

(Nanjing Special Gases Factory Co., Ltd.) containing 0.1 M KCl and 5 mM 

K3Fe(CN)6. The frequency range was from 0.1 Hz to 10000 Hz with signal amplitude 

of 5 mV, and the scan rate was 0.1 V s
-1

.  

The square wave anodic stripping voltammetry (SWASV) was measured in 0.5 M 

H2SO4 solution. The measurements were performed in the potential range from - 0.15 

to + 0.60 V with a frequency of 15 Hz, amplitude of 25 mV, and a potential step of 4 

mV. After each measurement, the electrode was regenerated by immersing in a stirring 

0.5 M H2SO4 solution at + 0.8 V for 150 s. Then, the electrode was checked in the 

supporting electrolyte before the next measurement to ensure that it was renewed. All 

measurements were performed at room temperature. 

2.6 Cu-UPD-Pt replacement method. 
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In an effort to control the platinum nanaoparticles size, we use a Cu-UPD-Pt 

replacement method
23

 by layer-by-layer growth. An underpotentially deposited (UPD) 

Cu monolayer on a Pt substrate can be deposited from a 0.5 M H2SO4 + 50 mM 

CuSO4 solution. The electrode covered with a Cu monolayer was immersed in a 

K2PtCl4 solution to the Cu with Pt. 

 

3. Results and discussion 

3.1 Characterization of the Pt nanoparticles. 

The surface modified electrodes were firstly characterized by cyclic voltammetry (CV) 

(Fig. 1a). Since Pt/C nanoparticles consist of Pt and black carbon which are 

conductive material, they could be incorporated into the electrochemical system to 

facilitate the electron exchange between the electrochemical probe and the electrode 

and result in the enhanced conductivity of the matrices. Thus, the anodic and catholic 

peaks increased at the modified electrode compared with the bare GCE. Enhanced 

electrochemical responses (EIS) of 5 mM K3Fe(CN)6 at the modified glassy carbon 

electrodes were also observed (red line in Fig. 1b). In EIS, the semicircle diameter of 

the Nyquist diagram is equal to the surface electron transfer resistance (Ret). The 

immobilization of  Pt/C nanoparticles on the electrode surface can change the Ret 

value. The obtained result further indicates that the Pt/C nanoparticles have been 

assembled onto the GCE surface and enhance the electron transfer between the 

electrolyte and the electrode. 

Then we seek to optimize the experimental conditions (e.g. deposition potential, 
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deposition time and supporting electrolytes) for the determination of 1 ppm As(III) 

using Square wave anodic stripping voltammetry (SWASV). We compared the anodic 

peak current for As(III) obtained in three different supporting electrolytes: 0.5 M 

H2SO4 solution, 1 M HCl solution and 1 M HNO3 solution (Fig. 2c). As it is clearly 

shown, the strongest response is obtained in H2SO4 solution. Therefore, the 0.5 M 

H2SO4 solution is selected as a supporting electrolyte for further optimization. In 

SWASV analysis, the application of suitable deposition potential is significant to 

achieve the best sensitivity. Thus the effect of the deposition potential on the peak 

current after 90 s accumulation is studied in the potential range from - 0.15 V to 0.1 V 

in 0.5 M H2SO4 solution. Fig. 2a plots the stripping peak current of As(III) against the 

deposition potential at the given conditions, which increases when the deposition 

potential shifts from 0.1 V to - 0.15 V. At more negative potential than - 0.15 V, 

however, the appearance of hydrogen is observed. Thus, we choose - 0.15 V as the 

optimal deposition potential for the subsequent stripping experiment. Also, the 

deposition time would affect the amount of analytes accumulated onto electrode 

surface, which further affected the detection limit and the sensitivity. As a result, the 

different deposition time was also studied in this work (Fig. 2b). As expected, the 

stripping peak currents for As(0) to As(III) enhances significantly with the increase of 

the deposition time varying from 30 up to 90 s, due to the increased amount of 

analytes onto the modified electrode surface. Then, a slower increase is obtained 

when further increasing the deposition time. Therefore, 90 s is chosen as 

accumulation time for further detection of As(III). 
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The different-sized Pt nanoparticles are synthesized through a Cu-UPD-Pt 

replacement method
23

 by layer-by-layer growth. The underpotential deposition (UPD) 

phenomenon occurs in the first stage of electrochemical heteroepitaxial growth for 

many systems. During the initial stages of metal deposition, the electrochemical 

heteroepitaxial growth of two-dimensional single-crystal metal film can be observed.  

From the CVs showed in Fig. 3, it represents that at the Pt/C modified electrode the 

UPD-Cu occurs in a wide potential region from 0.8 V to 0.1 V. Thus, we believe the 

Cu monolayer synthesized at a potential of 0.13 V. To ensure UPD-Cu to take place 

completely, the electrode was kept at 0.13 V for 6 min. Then, the electrode covered 

with a Cu monolayer was immersed in a 5.0 mM K2PtCl4 + 0.5 M H2SO4 solution for 

about 5 min to displace the Cu with Pt. To avoid the interference of metal ions (Cu, 

Pt), the electrode was cleaned with water and cycled 50 cycles in N2 saturated H2SO4 

solution. At last, a final CV was recorded at 50 mV s
-1

 for electrochemical active areas 

(ECAs) calculation. This process was repeated on the electrode to increase the size of 

Pt layers and characterize their electrochemical behaviors. As we repeat this progress, 

the Pt layers have been added to the Pt particle and result in the growth of the particle. 

When we compare the sensitivity of different size particle, the ECAs are taken into  

consideration to eliminate of affecting elements, such as the change of the amount of 

platinum present and the surface area of the nanoparticle. Fig. 4 shows the typical TEM 

images of Pt/C after Pt depositing. The average particle sizes are 2.3, 3.5, 4.3, and 5.5 

nm, corresponding to the as synthesized (Fig. 4a), after depositing 3 layers (Fig. 4b), 

after depositing 6 layers (Fig. 4c) and after depositing 9 layers (Fig. 4d) Pt particles, 
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respectively. Obviously, the Pt nanoparticles size increases as the repetition of 

Cu-UPD-Pt replacement procedure. That is confirmed by Fig. 5a, which shows the 

cyclic voltammograms of Pt/C for as synthesized and after depositing three, six, and 

nine layers of Pt. As it is shown, the hydrogen adsorption and desorption current 

density increases significantly with the increase of the Pt particles size. According to 

Fig. 5a, the ECAs are calculated by integrating the hydrogen adsorption charges 

assuming 220 μC cm
-2

 
24

. The measured ECAs are larger than the area of GCE. This 

phenomenon can be explained by the fact that the Pt nanoparticles were not signal 

layer dispersed on the electrode but several layers supported by black carbon. Fig. 5b 

shows that the ECAs increase obviously, as the size of nanoparticles increases. The 

obvious increase of ECAs is caused by the enlargement of the Pt nanoparticles surface 

areas which have a connection with the square of radius (R
2
). 

3.2 SWASV response toward detection of As(III). 

Prior to discuss the electrochemical performance of Pt nanoparticles toward As(III), 

the experimental parameters (deposition potential, deposition time, supporting 

electrolytes) are firstly explored (Fig. 2). Under the optimal experimental conditions, 

Pt/C nanoparticles in different size modified GCEs are applied to the detection of the 

target As(III) by SWASV. Under the optimal experimental conditions, Pt/C 

nanoparticles in different size modified GCE is applied to the detection of the target 

As(III) by SWASV. As it is shown in Fig. 6, the linearity of peak current versus 

As(III) up to the concentration of 1000 ppb is obtained, with the sensitivity of the 

electrode 0.356 (2.3 nm) , 0.318 (3.5 nm), 0.169 (4.3 nm), 0.257 (5.5 nm) µA ppb
-1
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(Inset), respectively. Fig. 8a displays SWASV response of Pt nanoparticles in 

different size modified GCE and Pt disk electrode for analysis of 500 ppb As(III). 

Obviously, the stripping peaks of Pt nanoparticles are significantly higher than that of 

Pt disk electrode. When the size of Pt nanoparticles increases from 2.3 nm to 4.3 nm, 

the stripping peaks decrease gradually. While the diameter is 5.5 nm, the peak 

increases, and this may be caused by the increase of Pt loaded on the surface of 

nanoparticles. After considering the ECAs, we find the sensitivity for detection of 

As(III) increased as the nanoparticles size decrease, as shown in Fig. 8b. The 

sensitivity for the Pt nanoparticles in 2.3 nm is about 3-fold of that for the Pt 

nanoparticles in 5.5 nm and 7-fold of that for the pt disk (Fig. 7). This phenomenon 

maybe connected with the active sites the particle explored. According to Krista 

Shoemaker et al’s study, in which the size-dependent activity of the oxygen reduction 

on the particles is studied, surface sites of platinum are made up of {111}, {100}facts 

and the edges. The percentage of the edges decreases with a increase in particle size, 

while the percentage of {111},{100} sites increases
14

. Thus, the edge sites contributed 

greatly to the sensitivity of the detection for As(III). 

3.3 Interference study.  

It is a challenge to detect As(III) in the real sample without interference as a result of 

the other metal ions coprecipitated, especially Cu(II). Therefore Cu(II) is chosen for 

interference study. Fig. 9a shows the SWASV response obtained at Pt/C modified 

electrode for different concentration of As(III) in the presence of Cu(II) (1 ppm). The 

striping signal obtained for Cu(II) (0.1 V) is almost invisible, while the peak for As(III) 
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increase gradually. In the presence of Cu(II), the obtained sensitivity was 0.268 μA 

ppb
-1

. However, in the absence of Cu(II), the obtained sensitivity (0.356 μA ppb
-1

) is 

about 1/2 higher. In addition, when we fix the concentration of As(III), the loss on 

arsenic signal as the concentration of Cu(II) increased is provided in Fig. 9b and Fig. 

9c. The decrease in sensitivity in the presence of Cu(II) can be attributed to the 

formation of intermetallic compounds (Cu3As2) and the competition by the Cu(II) for 

deposition sites. To solve this problem, more attention is needed. 

3.4 Reasonable mechanism. 

The electroanalysis of As(III) is recognized as an anodic oxygen-transfer reaction 

(Equation (1)) in which oxygen is transferred from H2O to the oxidation product(s) 

(Equation (4))
18, 25-26

. Adsorbed hydroxyl radicals (PtOH)
27

, the intermediate state of 

oxygen in the process of transfer from H2O to As(0), may generate at the first step 

(Equation (2)) in the O-transfer reactions
28

 and convert to the inactive oxide (PtO) 

( Equation (3))
27

, which passivate the Pt surface for further detection of As(III)
29

.  

As + 3H2O → As(OH)3 + 3H
+
 + 3e

-
        (1) 

Pt + H2O → Pt(OH) + H
+
 + e

- 
            (2) 

Pt(OH) → PtO + H
+
 + e

-
                 (3) 

Pt-As + 3H2O → Pt + As(OH)3 + 3H
+
 + e

-
   (4) 

Among all these sites, the binding energy of the edge sites is higher than that of 

{111}, {100} facts
14

. Thus it is easier for {111}, {100} sites to form PtOH. But it is 

more possible for PtOH to convert to PtO passivating the detection of As(III), as a 

result of a stronger Pt-O bond at these sites
30

. Therefore, as the increase of the 
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percentage of the edge sites, the sensitivity increases. 

As(0) (ads) → As(I) (aq) + e
- 

   (5) 

As(I) (aq) → As(II) (aq) + e
-  

   (6) 

As(II) (aq) → As(III) (aq) +e
- 

   (7) 

For the anodic oxygen-transfer reaction, the extremely high reactivity of the fact 

hinders reaction by blocking the active sites with strong adsorbed intermediates, while 

the extremely low reactivity impedes the dissociation of H-O bond and charge 

transfer
14

. Besides, the oxidation of As(0) is a multiple-step, multiple-electron 

electrochemical reaction.
23

 According to Richard G. Compton et al’s study,  the 

transfer of the last accepted electron (Equation (7)) is the rate-determining step. 

Therefore, whether there is enough sites for the As(II) to adsorb is urgent for the 

detection. During the electrochemical process, the intermediates generate during the 

reaction (such as As(I))
26

 may adsorb at the lower binding energy sites such as the 

{111}, {100} sites and further hinder the adsorption of As(II). It may indicate that the 

rate-determining step of the anodic oxygen-transfer reactions desorption of the 

intermediates during the electrochemical process. According to anodic 

oxygen-transfer reaction, we find the desorption of the intermediates and the 

formation of the inactive oxide on the surface of Pt nanoparticles may significantly 

affect the sensitivity of the detection of As(III). To clarify this effect, more studies are 

needed. 

 

4. Conclusion 
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In the present work, the size of the platinum nanoparticles is increased through a 

Cu-UPD-Pt replacement method by layer-by-layer growth. Then, the ECAs are 

calculated by integrating the hydrogen adsorption in H2SO4 solution. After 

considering the ECAs, we have demonstrated that the platinum size has an effect on 

the detection of As(III). As the size of Pt nanoparticles increases from 2.3 to 5.5 nm, 

the sensitivity decreases, which is caused by the change of the binding energy. The 

extremely low binding energy of the surface impedes reaction by blocking the active 

sites with strong adsorbed intermediates and with the formation of the inactive PtO 

during the anodic oxygen-transfer reaction. More importantly, this work presents an 

important insight into a new route to realize the improved sensitivity in 

electrochemical sensing of As(III) through the change of the particle size. 
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Figure captions 

Fig. 1 Cyclic voltammograms a) and Nyquist diagram of electrochemical impedance 

spectra b) for bare, Pt/C modified GCE in the solution of 5 mM Fe(CN)6
3-/4-

 

containing 0.1 M KCl. Potential scan rate: 50 mV s
-1

. 

Fig. 2 Optimum experimental conditions: Influence of a) deposition potential; b) 

deposition time; and c) supporting electrolytes the voltammetric response of the Pt/C 

modified GCE. Data were evaluated by SWASV of 1 ppm As(III). 

Fig. 3 CVs of Pt/C modified electrodes in 0.5 M H2SO4 (black line, -0.2~1.2 V), 0.5 

M H2SO4 + 50 mM CuSO4 (red line, 0.1~0.8 V ); scan rate: 20 mV s
-1

. 

Fig. 4 TEM images of Pt particles supported on carbon black: a) as synthesized, b) 

after 3 layers deposition, c) after 6 layers deposition, and d) after 9 layers deposition, 

respectively. Insets in each panel are particle size distribution derived from TEM 

images. The mean particle sizes for a), b), c), and d) are 2.3, 3.5, 4.3, and 5.5 nm, 

respectively. Inset in panel b is a HRTEM image. 

Fig. 5 a) CVs of Pt/C in different sizes in a N2-saturated 0.5 M H2SO4 solution. 

Sweep rate 50 mV s
-1

. b) The electrochemical active surface areas (ECAs) as a 

function of Pt particle size. 

Fig. 6 a), c), e), g) Typical SWASV response of As(III) in different concentration 

ranges at Pt nanoparticles in different size modified GCE. b), f), g), h) Corresponding 

plots of peak current against As(III) linear calibration concentrations, respectively. 

SWASV conditions are identical to Fig. 2. 

Fig. 7 SWASV response of Pt disk electrode for analysis of As(III) in different 
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concentration ranges without considering the ECAs. 

Fig. 8 a) SWASV response of Pt nanoparticles in different size modified GCE and Pt 

disk electrode toward As(III) (C0 = 500 ppb). b) Comparison of sensitivity toward 

As(III) at Pt nanoparticles modified GCE and Pt disk electrode. 

Fig. 9 a) SWASV responses of the Pt/C modified GCE toward 0~1000 ppb As(III) in 

the presence of 1 ppm Cu(II) in 0.5 M H2SO4 solution, showing the interference of 

Cu(II) on the anodic peak currents of As(III). Inset is the plot of peak current versus 

the concentration of As(III) from 100~1000 ppb. The dotted line refers to the baseline.  

b) SWASV responses of the Pt/C modified GCE toward 0~10 ppm Cu(II) when the 

concentration of  As(III) is 1000 ppb (1 ppm). 

c) The corresponding loss of arsenic signal versus the changing concentration of Cu(II) 

in the presence of 1 ppm As(III).

Page 19 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



19 
 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 

 

Page 25 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



25 
 

Fig.7 
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Fig.8 

 

Page 27 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



27 
 

Fig. 9 
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