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Electrochemical monitoring of colloidal silver nanowires in 
aqueous samples 
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Silver nanowires (NWs) are increasingly utilized in technological materials and consumer products, but an effective 

analytical technique is not yet available to measure their concentration in the environment. Here, we present an 

electrochemical method to quantify Ag NWs suspended in aqueous solution. Using linear sweep voltammetry, the Ag NWs 

are identified by the peak potential while their concentration is revealed by the intensity of the peak current. The peak 

current varies linearly with the Ag NW concentration with a low detection limit of 3.50 ng·mL−1. This method is also 

successfully applied to quantify Ag NWs in mixtures with nanoparticles, through their specific oxidation behavior, and in 

wastewater obtained after Ag NW film preparation process.

Introduction 

The highly desirable electrical, mechanical, and optical 

properties of Ag nanowires (NWs) have recently been 

exploited to prepare transparent flexible electrodes,
1
 and they 

are also utilized in optoelectronic devices such as liquid crystal 

displays, solar cells, light emitting diodes.
2-5

 However, the 

toxicity of Ag NWs makes their increasing production and 

release into the environment a cause of great concern. Verma 

et al. found Ag NWs to be mildly cytotoxic to four different cell 

lines, the toxicity varying with the cell type, nanowire length, 

dose, and incubation time.
6
 In studying the toxicity of Ag NWs 

to Escherichia coli, Visnapuu et al. observed that the 4-hour 

median effective concentration (EC50) was 0.42 ± 0.06 

μg·mL
−1

.
7 

Scanlan et al. investigated the acute toxicity of 

different-sized and coated Ag NWs on Daphnica magna, 

classifying poly(vinylpyrrolidone)-coated Ag NWs as highly 

toxic, with 24 h median lethal concentrations (LC50) ranging 

from 0.2339 to 0.4210 μg·mL
−1 

in
 
simulated freshwater media.

8
 

Since previous studies have associated the toxicity of silver 

nanomaterials with the release of silver ions (Ag
+
) from their 

surface,
7,9

 considerable research efforts have been devoted to 

sensitive detection methods for Ag
+
.
10

 However, Ag NWs in 

aquatic environments are intrinsically toxic to organisms.
6,8,11

 

Kim and Shin showed that Ag NWs rather than the Ag ions 

mainly cause rheological changes of human blood from their 

controlled experiment.
11

  A suitable analytical technique is 

therefore required to quantify Ag NWs directly. Some 

techniques have been proposed to measure the 

concentrations of metallic nanomaterials.
12-14

 However, these 

systems involve costly and complex optics and are difficult to 

miniaturize into inexpensive portable instruments for on-site 

analysis. 

In contrast, an electrochemical method potentially offers 

rapid and sensitive analyte determination with a more cost-

effective and portable setup. In this approach, electrical signals 

(e.g. current, potential, charge and impedance) associated 

w i th  chemi ca l  rea ct i o ns  a re  mea s ured us i ng  a n 

electrochemical cell.
15 -1 9

 The most commonly used 

electrochemical cell consists of working, reference, and 

counter electrodes in an electrolyte solution. This simple and 

inexpensive setup is widely employed for industrial or 

environmental analysis. Recently, the electrochemical method 

was applied to detection of Ag nanoparticles (Ag NPs).
20

 

However, it has seldom been used to quantify Ag NWs. Here, 

we have adopted an adsorption and electrochemical detection 

as shown in scheme 1. We immerse clean glassy carbon (GC) 

electrodes (3 mm in diameter) into a solution containing Ag 

NWs, leading to their adsorption to the rod. The resulting 

coverage depends on the concentration of Ag NWs in the 

solution. The adsorbed NWs are subsequently stripped from 

the electrode by linear sweep voltammetry (LSV). When the 

potential applied to the electrochemical cell reaches the 

oxidation potential of Ag NWs, Ag NWs adsorbed on the  

Scheme 1. Method for electrochemical detection of Ag NWs in 
aqueous solution. 
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electrode is oxidized and the current response according to the 

oxidation is detected. This oxidation results in a current peak, 

the magnitude of which is determined by the number of Ag 

NWs on the electrode surface; this in turn is proportional to 

the NW concentration in the solution. 

Experimental 

Chemicals 

All reagents were of analytical grade. Two kinds of Ag NWs (1 

wt%, 20–30 nm diameter, 10–20 μm length; 1 wt%, 40–60 nm 

diameter, 15–25 μm length) and Ag NPs (3 wt%, ~51.3 nm 

diameter) were purchased from Ditto Technology (Anyang, 

South Korea) as suspensions in water, which were diluted and 

sonicated for 5 min before use. Sodium perchlorate was 

purchased from Sigma, diluted in ultrapure water (resistivity ≥ 

18.2 MΩ·cm, Millipore), and degassed thoroughly with N2.  
 

Materials characterization 

The Ag NWs and NPs were characterized using a scanning 

mobility particle sizer (TSI 3080), scanning electron microscopy 

(SEM, FEI Nova NanoSEM 200; acceleration voltage, 10 kV), 

and powder X-ray diffraction (XRD, PANalytical Empyrean 

Series 2; Cu-Kα radiation, λ = 0.154060 nm).  
 

Electrochemical analysis 

Voltammetric measurements were carried out with a CHI 660E 

analyzer connected to a three-electrode arrangement, with a 

NaCl reference electrode (BASi company, USA), a Pt auxiliary 

electrode, and a glassy GC working electrode (3 mm in 

diameter), from 0 to 0.6 V vs. [3 M] Ag/AgCl/Cl
−
. The 

electrochemical cell was filled with 25 mL of 0.1 M NaClO4 as 

the background electrolyte to obtain the voltammograms with 

the GC electrode. All the electrochemical measurements were 

performed in triplicate at least, with new solutions and 

glassware in each case. The NW–NP mixture voltammograms 

were fit using Origin v.8.6 to separate the two oxidation peaks. 
 

Preparation of Ag NW films and concentration measurement 

Ag NW films were prepared by vacuum drawing Ag NW 

suspensions through porous mixed cellulose ester membranes 

(0.45 μm, 47 mm); the films were then dried at room 

temperature. The Ag concentration in the filtrate was 

measured in triplicate by inductively coupled plasma optical 

emission spectrometry (ICP-OES, Agilent, ICP-OES 720) after 

acid digestion. 

Results and discussion 

The procedure used to measure the solution concentration of 

Ag NWs was as follows. First, the GC electrode was subjected 

to mechanical polishing and cyclic voltammetric scanning using 

a 0.1 M NaClO4 electrolyte to ensure that there is no pre-

adsorbed material. The working electrode was then  

Fig. 1 (a) Linear sweep voltammograms of Ag NWs (D = 20-30 nm, 

L = 10-20 μm) at 0.005, 0.05, 0.10, 0.25, 1.0, 2.5 µg·mL
−1

 in 0.1 M 

NaClO4, recorded at a scan rate of 20 mV·s
−1

. The inset shows 

higher magnification voltammograms of a blank control and of 

solutions containing 0.005 and 0.05 µg·mL
−1

 Ag NWs. (b) Linear 

sweep voltammograms of two kinds of Ag NWs (D = 20-30 nm, L = 

10-20 μm; D = 40-60 nm, L = 15-25 μm) at 0.05, 0.25, 1.0 µg·mL
−1

 in 

0.1 M NaClO4, recorded at a scan rate of 20 mV·s
−1

. (c) Calibration 

curve used to relate the peak current to the concentration of Ag 

nanowires. The inset shows the same data on logarithmic scales. 

transferred to freshly prepared solutions with different Ag NW 

contents, which were sonicated for 5 min to disperse the 

nanowires homogeneously. After immersing the electrode for 
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10 min, the Ag NW suspension was characterized by LSV. As 

shown in the inset of Fig. 1a, the linear sweep voltammogram 

of the GC electrode shows no anodic peak in the absence of Ag 

NWs, while for the electrolyte containing Ag NWs, a well-

defined oxidation peak appears at ~0.33 V vs. Ag/AgCl, 

consistent with the one-electron oxidation of metallic Ag
0
 to 

Ag
+
.
21

 During LSV scanning, the magnitude of the current signal 

originating from an electrochemical cell reflects the activity or 

concentration of the analytes in the cell. The peak potential 

can be used to identify unknown species while the intensity of 

the peak current gives their concentration. 

Fig. 1a shows linear sweep voltammograms of a GC 

electrode placed in solutions with different concentrations of 

Ag NWs (D = 20-30 nm, L = 10-20 μm). The intensity of the 

peak current increases with the concentration of Ag NWs as 

more of these become attached to the electrode. The effect of 

Ag NW size on its oxidation was also investigated by detecting 

Ag NWs having different diameter and length (D = 40-60 nm, L 

= 15-25 μm). Fig 1b shows that the larger Ag NWs are detected 

in the same peak potential and that the effect of the Ag NW 

size on the peak current according to the concentration is 

insignificant. There have been some reports showing the size 

dependency of the oxidation potential for Ag NPs with 

diameter smaller than 25 nm.
22,23

 Even though we have not 

seen any evidence of the size effect for Ag NWs whose 

diameter is larger than 20 nm, the size effect for extremely 

thin Ag NWs requires further study. A quantitative relationship 

between the peak current and the Ag NW concentration was 

derived, as shown in Fig. 1c.  The peak intensity from silver 

oxidation depends linearly on the Ag NW concentration from 

0.005 to 2.5 μg·mL
−1

. The equation obtained by linear 

regression for these data was I (μA) = 0.00017 + 1.331 C 

(μg·mL
−1

)—where I and C are the peak current and the AgNW 

concentration, respectively—with a linear regression 

coefficient R
2 

= 0.991. The estimated detection limit was 3.50 

ng·mL
−1

 at a signal-to-noise ratio of 3. This was calculated as 3 

times (for a 99.9% confidence level) the standard deviation of 

the blank measurement divided by the slope of the calibration 

curve.
24,25

 This detection limit is two orders of magnitude 

lower than the previously reported EC50 or LC50 values for Ag 

NWs in aquatic organisms,
7,8,26

 and should allow the detection 

of Ag NWs under environmentally relevant conditions, 

typically very low concentration. Moreover, the simplicity of 

this electrochemical method, requiring no complex analytical 

procedure or multi-step sample preparation, should make on-

site Ag NW monitoring possible. 

The presence of Ag NPs in the samples was also investigated. 

Single, well-defined anodic peaks are observed in the 

voltammograms recorded during electrochemical oxidation of NPs 

and NWs at different concentrations (Fig. 2a,b). The peak potential 

for the NWs occurs at a more positive voltage with the difference of 

~48 mV. Fig. 2c,d show the voltammograms obtained for mixture 

Fig. 2 (a–d) Linear sweep voltammograms (after baseline correction) measured for Ag nanowires (NWs) and nanoparticles (NPs) in 0.1 M 

NaClO4 at a scan rate of 20 mV·s
−1

; (a) 0.25 µg·mL
−1

 NWs (black line) and 10 µg·mL
−1

 NPs (red line), (b) 0.10 µg·mL
−1 

NWs (black line) and 20 

µg·mL
−1

 NPs (red line), (c) a 0.25 µg·mL
−1

 NW and 10 µg·mL
−1

 NP mixture (black line), and (d) a 0.10 µg·mL
−1

 NW and 20 µg·mL
−1

 NP mixture 

(black line). Gaussian fits of the NP and NW peaks in the mixture data are respectively shown in blue and red dotted lines. (e, f) X-ray 

diffractograms of (e) Ag NWs and (f) Ag NPs. 
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solutions containing different concentrations of Ag NWs and NPs, 

along with Gaussian deconvolutions of the anodic peaks into NW 

and NP contributions. These results indicate that the presence of Ag 

NPs does not noticeably alter the oxidation potential of the NWs. 

The peak current intensities obtained from the fits (listed in Table 1) 

agree with those obtained from Fig. 2a,b within the uncertainty 

associated with each value.  

The shape of metal nanomaterials is known to influence their 

opt ica l  and electr ica l  propert ie s ,
2 7 - 3 0

 whi le  the ir 

electrochemical oxidation potential is dependent on their 

structure.
31

 Furthermore, different crystal planes are well 

known to have different surface energies; this may affect the 

electrochemical behavior of the Ag NWs and NPs. The XRD 

patterns recorded for the Ag NWs and NPs, shown respectively 

in Fig. 2e and f, consist mainly of sharp peaks at 2θ values of 

~38°, ~44°, ~64°, and ~78°, respectively arising from the (111), 

(200), (220), and (311) planes of face centered cubic (fcc) 

metallic Ag
32-35

 (the other weaker peaks in the NP 

diffractogram are attributed to crystallographic impurities). 

These XRD data therefore indicate that these NWs and NPs are 

crystalline. The ratio of the intensities of the (111) and (220) 

peaks is much higher for the Ag NWs (17.3 vs. 5.1), suggesting 

that (111) facets are more abundant in the NWs. These ratios 

are similar to those reported elsewhere for Ag NPs (~4.4) and 

NWs (~17.3).
31-33

 In terms of their surface energy, fcc facets 

are usually ordered as follows: (111) < (100) < (110).
36

 For Ag, 

the close-packed (111) plane is the crystal plane with the 

lowest energy, and is therefore the most stable. Since (111) 

facets are more abundant in the Ag NWs, the NWs are more 

stable than the NPs, and consequently, their oxidation 

potential is more positive. In summary, these experimental 

results indicate that the dissimilar morphologies of Ag NPs and 

NWs lead to a difference in oxidation potential, which allows 

their separate quantification using the electrochemical 

method, as shown in Fig .  2c,d.  Furthermore,  the 

electrochemical method described here could be employed to 

selectively detect Ag NWs against other metallic NPs such as 

Au, Ni and Cu, due to their different oxidation potentials. The 

electrochemical oxidation potential of Ag NWs is ~0.33 V vs.  

Fig. 3 (a,c) Scanning electron micrographs and b,d) linear sweep 

voltammograms (of diluted solutions; scan rate, 20 mV·s
−1

) 

measured for Ag nanowire suspensions (a,b) just after synthesis and 

c,d) after 6 months’ exposure to air. 

Ag/AgCl, which is quite different from the oxidation potentials 

of Au NPs (1.0 V vs. Ag/AgCl),
37

 Ni NPs (above 1.5 V vs. 

saturated calomel reference electrode)
38

 and Cu NPs (0.11 V 

vs.saturated calomel reference electrode).
39

 

Fig. 3a shows a SEM image of Ag NWs in suspension just 

after synthesis. The NWs are smooth and no NPs are observed, 

as confirmed by LSV (Fig. 3b). Fig. 3c, an SEM image of a Ag 

NW suspension after 6 months’ exposure to ambient air, 

reveals how the NWs degrade over time, with NPs observed on  

the surface of the NWs and in the suspension. The 

corresponding voltammogram now contains both NW and NP 

peaks (Fig. 3d). These results show that Ag NWs are unstable in 

water. Our method allows their structural integrity to be 

followed over time and the relative proportions of NWs and 

NPs to be monitored. The Ag nanostructures that appear 

during the synthesis of NWs from NPs can be identified by EM 

and spectroscopically (via surface plasmon resonance 

absorption).
40,41

 However, this electrochemical method is 

unique in readily allowing the purity of the Ag NWs in the final 

product to be checked. In addition, the fact that Ag NWs and 

Ag NPs with same surface capping molecules have their own 

peak potentials clearly confirms that the difference in the 

peak position is caused by the different crystal morphologies 

of Ag NWs and Ag NPs. 

Recently, Ag NWs have been used to prepare transparent 

electrodes,
1
 for which films of Ag NWs are required. These are 

typically prepared by vacuum filtration, drop casting, or by air- 

spraying from NW suspensions.
1-5,42 

As an example application 

therefore, Ag NW films were prepared by vacuum filtration 

(Fig. 4a), and the NW content of the wastewater was 

measured by ICP-OES (Fig. 4b) and using our electrochemical 

method (Fig. 4c). The Ag NW concentration measured 

electrochemically (0.198 μg·mL
−1

) is in good agreement with 

the one obtained by ICP-OES (0.188 μg·mL
−1

). The average 

length of AgNWs in the filtrate is below 2 μm (Fig. S1), which is  

 

Table 1. Peak currents (mean ± standard deviation in all cases) 
measured for separate Ag nanowire and nanoparticle solutions 
(directly), and for mixtures of the two (by fitting). 

Concentration 
(µg mL

−1
) 

Peak current in 
individual solution (nA) 

Fitted peak current in 
mixture (nA) 

AgNWs AgNPs AgNWs AgNPs 

0.25 
65.67 

±18.16 
 55.15 

±14.19 
 

10 
 50.42 

±9.06 
 50.52 

±12.05 

0.10 
33.11 

±12.37 
 40.5 

±10.25 
 

20 
 86.80 

±18.80 
 88.64 

±4.66 
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Fig. 4 (a) Schematic of the vacuum filtration setup for the 
preparation of Ag nanowire films and photographs of the filtrate 
and of the film on the filtration membrane. (b) ICP-OE spectrum and 
c) linear sweep voltammogram (scan rate, 20 mV·s

−1
) of the filtrate.  

significantly shorter than the Ag NWs in the suspension before 
the filtration. In spite of the obvious difference in the AgNW 
length, the current peak potential is not shifted confirming the 
negligible size effect on the Ag NW quantification. While the 
electrochemical approach is rapid and portable, ICP-OES 
requires sample pretreatment with acid and high purity argon 
gas for detection, making it unsuitable for on-site analysis. 
Furthermore, it is difficult to separately quantify NPs and NWs 
in a mixture of the two using ICP-OES. 

We have quantified Ag NWs dispersed in DI water by using 
the electrochemical method. To investigate the interference of 
ions naturally present in the environmental sample, we used 
the tap water as an environment sample and monitored Ag 
NWs in the tap water. Ag NWs were not detected in the 
unspiked tap water, but a sharp oxidation peak of Ag NWs was 
obtained for the tap water spiked with Ag NWs showing that 
the electrochemical method is applicable even for the sample 
with several ions (Fig. S2a). It should be noted that the 
oxidation potential was negatively shifted in comparison with 
that obtained for the Ag NWs in DI water. Previously, it was 
reported that the presence of chloride ions in the solution 
causes the negative shift of the potential.

43,44
 When we 

remove Cl
-
 in the tap water by using a precipitation technique, 

the oxidation peak returned to its original position (~0.33V) for 
the case of Ag NWs in DI water (Fig. S2b). Therefore, a pre-
filter of Cl

-
 could be necessary to avoid interference of Cl

-
 for 

real environmental samples. 

Conclusions 

we report the first successful quantifications of Ag NWs in 

aqueous solution using an electrochemical technique. Ag NWs 

are identified by the potential of their LSV peak, whose 

intensity is proportional to their concentration. The low 

detection limit of this approach makes it ideal to reveal NWs 

released into water systems. In addition, we relate the 

crystallographic structure of Ag NWs and NPs to their 

oxidation potential, showing that differences in their facet 

structure lead to specific electrochemical potentials. These 

distinguish Ag NWs and NPs in mixture solutions, allowing their 

separate quantification. The simple, rapid, and inexpensive 

method described here could also be employed to rapidly 

identify other nanomaterials (eg. Au, Ni, and metal oxides) in 

the human body or in the environment. 
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