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ABSTRACT

Ionic liquids are considered as a promising, alternative solvent for the electrochemical synthesis of metals because of their

high thermal and chemical stability, relatively high ionic conductivity, and wide electrochemical window. In particular, their

wide electrochemical window enables the electrodeposition of metals without any side reaction of electrolytes such as

hydrogen evolution. The electrodeposition of silver is conducted in 1-n-butyl-3-methylimidazolium chloride ([C4mim]Cl)

ionic liquid system with a silver source of AgCl. This study is the first attempt to electrodeposit silver nanoparticles without

using co-solvents other than [C4mim]Cl. Pulse electrolysis is employed for the synthesis of silver nanoparticles by varying

applied potentials from -3.0 V to -4.5 V (vs. Pt-quasi reference electrode) and pulse duration from 0.1 s to 0.7 s. Accord-

ingly, the silver nanoparticles whose size ranges from 15 nm to ~100 nm are obtained. The successful preparation of silver

nanoparticles is demonstrated regardless of the kinds of substrate including aluminum, stainless steel, and carbon paper in

the pulse electrolysis. Finally, the antimicrobial property of electrodeposited silver nanoparticles is confirmed by an anti-

microbial test using Staphylococcus aureus.
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1. Introduction

Nanoparticles commonly signify clusters of atoms

with the size range of 1~100 nm. Studies on metal

nanoparticles have been conducted briskly in various

applications because nanoparticles possess unique

physical and chemical properties as against bulk met-

als. In particular, the usage of precious metals includ-

ing platinum, palladium, gold, and silver could be

minimized in the configuration of nanoparticles,

which is beneficial to the application of precious

metal nanoparticles to catalysts and sensors [1,2].

Among precious metals, silver nanoparticles possess

antimicrobial, optical, and catalytic properties, which

are dependent on their size distribution, structure, and

shape [3-9]. It is known that silver nanoparticles are

effective on the growth inhibition of microorganism

and antibacterial products containing silver nanopar-

ticles are sold in large quantities worldwide [10,11].

Mechanisms behind the antimicrobial property of sil-

ver nanoparticles are usually provided in the follow-

ing ways. Silver nanoparticles could impact directly

on microorganism. Otherwise, anions dissolved from

silver nanoparticles might inactivate microorganism

[12-14]. 

Silver nanoparticles are typically produced via a

liquid phase reduction method [3,4]. The liquid phase

reduction method is effective for the synthesis of

nanoparticles of regular-size distribution through

controlling various synthesis conditions. Because

colloid particles tend to aggregate mutually in a liq-

uid phase due to their high surface energy, a surfac-

tant such as polymer and thiol is commonly used as a

protective material to stabilize colloid particles. This

surfactant plays an important role in controlling the

Research Article

*E-mail address: cklee@kumoh.ac.kr, kfromberk@gmail.com

DOI: https://doi.org/10.33961/jecst.2022.00570

This is an open-access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



16 Jeonggeun Jang et al. / J. Electrochem. Sci. Technol., 2023, 14(1), 15-20

size and shape of silver nanoparticles and their mor-

phology modification is enabled in the process of

vaporizing a liquid solvent [15-18].

Ionic liquids have received considerable attention

as an alternative solvent for the electrochemical syn-

thesis of metals because of their high thermal and

chemical stability, relatively high ionic conductivity,

and wide electrochemical window [19-23]. In addi-

tion, the ionic liquids are known to be eco-friendly

solvents because they are reusable and do not gener-

ate volatile organic compounds [24,25]. In ionic liq-

uids composed of imidazolium-based cations and

chloride, 1-n-butyl-3-methylimidazolium chloride

([C4mim]Cl) is of interest as a green solvent due to

its ability to be infinitely recycled and its amenabil-

ity to solvation at room temperature. This kind of

ionic liquid was first utilized for the electrodeposition

of silver by combining aluminum chloride in the

form of mixed room temperature molten salts [26].

Silver nanoparticles were electrochemically pre-

pared in a quaternary ionic liquid microemulsion sys-

tem including [C4mim]Cl [27,28]. 

In this work, we report the electrodeposition of sil-

ver nanoparticles in a single [C4mim]Cl ionic liquid

system with a silver source of AgCl. To our knowl-

edge, this study is the first attempt to electrodeposit

silver nanoparticles without using co-solvents other

than [C4mim]Cl. The prepared silver nanoparticles

are further tested for antimicrobial effects.

2. Experimental

A three-electrode cell was used for the synthesis of

silver nanoparticles. Aluminum alloy 6061, stainless

steel 304, or carbon paper were used as the substrate

of working electrode. Platinum wires (diameter

0.2 mm) were used as reference and counter elec-

trodes. All electrodes were cleaned prior to use in a

sonicating bath containing a solution of H2SO4 and

H2O2 (1:1 vol.%). AgCl (Junsei Chemical Co., Ltd)

was used as a silver source and [C4mim]Cl was used

as an electrolyte for the electrodeposition. Linear

sweep voltammetry (LSV) was performed using a

potentiostat (SP-240, Bio-Logic) at a scan rate of 20

mV/s over a potential range between 0 V and -1.5 V

(vs. Pt-quasi reference electrode (QRE)). Potentio-

static electrolysis of silver was conducted at -1.4 V

(vs. Pt-QRE) for 2 h. Pulse electrolysis was also con-

ducted by controlling pulse duration and overpotential

to synthesize silver nanoparticles. The morphology and

chemical composition of electrodeposited silver were

analyzed using a field emission scanning electron

microscope (FE-SEM, JEOL, JSM-6701F).

3. Results and Discussion

3.1 Electrochemical reduction behavior of the

electrolyte

The reduction behavior of silver was investigated

using LSV at a scan rate of 20 mV/s. Fig. 1 shows the

LSV of the electrolyte consisting of [C4mim]Cl and

AgCl at Al 6061 working electrode. The reduction

current starts to flow at -0.8 V and a limiting current

behavior is observed from a potential of -1.4 V. As

confirmed in the later parts of this manuscript, the

reduction currents between -0.8 V and -1.4 V origi-

nate from the reduction of Ag+ to Ag. The reduction

currents beyond the limiting current might be related

to the Ag reduction and some side reactions of the

ionic liquid.

Taking account the fact that the limiting current

behavior appears at -1.4 V into account, the electro-

deposition of silver was conducted under the poten-

tiostatic condition at -1.4 V. Fig. 2 shows an FE-SEM

image and the corresponding energy dispersive spec-

troscopy (EDS) analysis of silver electrodeposited on

the Al 6061 electrode. The dendritic structure of sil-

ver was observed on the working electrode and the

morphology of electrodeposited silver could vary by

the degree of lattice mismatch between silver and

substrate [29]. This dendritic morphology of silver is

likely to result from the case where the lattice param-

Fig. 1. LSV of Al 6061 electrode in the electrolyte of 0.05

M AgCl in [C4mim]Cl.
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eter of substrate is similar to the lattice parameter of

silver that is formed by the aggregation of silver par-

ticles [30,31]. In addition, no impurity other than sil-

ver was detected in the EDS analysis.

3.2 Synthesis of silver nanoparticles using the

pulse electrolysis

Fig. 3 is the FE-SEM image of the silver particles

prepared by the pulse electrolysis at -3.0 V on the Al

6061 electrode. Even though the applied potential

was lower than -1.4 V where the limiting current

behavior appears, the decomposition of the ionic liq-

uid was not apparent possibly due to a short span of

applying the reduction potential ranging from 0.1 s to

0.7 s. Fig. 4 shows the size distribution of silver

nanoparticles depending on the pulse duration from

0.1 s to 0.7 s in the pulse electrolysis at -3.0 V. The

size of silver nanoparticles increases from 55 nm to

~100 nm with increasing the pulse duration. Under

the potentiostatic pulse electrolysis at -3.0 V, the

practically minimized pulse duration of 0.1 s was

necessary to nucleate and grow 55 nm size of silver

nanoparticles. The seven times increase of the pulse

duration from 0.1 s to 0.7 s enlarged the silver

nanoparticles twice from 55 nm to ~100 nm. 

To investigate the effect of the applied potential on

the synthesis of silver nanoparticles, the potential was

further extended to -4.5 V. As shown in Fig. 5, the

negative increase in the applied potential decreased

the size of silver nanoparticles from 55 nm to 15 nm.

The decreasing particle size with the increasing over-

potential for silver electrodeposition could be

attributed to the imbalance between the enhance-

ment of electron supply and the lack of Ag+ supply

due to the limiting current behavior at these poten-

tials. In sum, the silver nanoparticles whose size

ranges from 15 nm to ~100 nm can be obtained by

the combination of the applied potential and the pulse

Fig. 2. FE-SEM/EDS of silver electrodeposited on the Al

6061 electrode at -1.4 V for 2 h.

Fig. 3. FE-SEM image of silver nanoparticles synthesized

by the pulse electrolysis at -3.0 V on the Al 6061 electrode

in the electrolyte of 0.05 M AgCl in [C4mim]Cl.

Fig. 4. Effect of the pulse duration on the particle size of

electrodeposited silver in the pulse electrolysis.
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duration in the pulse electrolysis. However, a low

applied potential less than -4.5 V would incur the

decomposition of the ionic liquid although the short

span (0.1 s) of applying the reduction potential could

minimize the reduction of the ionic liquid.

In order to examine the effect of substrate for the

electrodeposition of silver nanoparticles, stainless

steel 304 and carbon paper were additionally used as

working electrodes. Fig. 6 shows the electrodeposited

silver nanoparticles on both substrates under the

same pulse electrolysis condition as Fig. 3. Although

there is a slightly different size distribution of silver

nanoparticles on stainless steel 304 and carbon paper

from the case of Al 6061, the general feature of silver

nanoparticles is similar regardless of the kinds of

substrates. Thus, it could be concluded that the silver

nanoparticles are successfully synthesized on any

conductive substrates by the careful combination of

the applied potential and the pulse duration in the

pulse electrolysis.

3.3 Antimicrobial property of electrodeposited sil-

ver nanoparticles

An antimicrobial test was conducted by using a

Fig. 5. Effect of the applied potential on the particle size of

electrodeposited silver in the pulse electrolysis with 0.1 s

of pulse duration.

Fig. 6. FE-SEM image of electrodeposited silver nanoparticles on (a) stainless steel 304 and (b) carbon paper.

Fig. 7. Film attached method of Staphylococcus aureus on (a) untreated Al 6061 and (b) Al 6061 with electrodeposited

silver nanoparticles.
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film attached method with Staphylococcus aureus to

confirm the antimicrobial property of electrodeposited

silver nanoparticles. Fig. 7 presents a sharp contrast

between the bare Al substrate and the electrodeposited

silver nanoparticles on the Al substrate in terms of

the number of bacteria colony. Whereas there was no

visible colony on the Al substrate with silver

nanoparticles, 348 colonies were detected on the bare

Al substrate. Therefore, it is confirmed that the silver

nanoparticles, which is prepared by the pulse elec-

trolysis, have the antimicrobial activity. 

4. Conclusions

The synthesis of silver nanoparticles was con-

ducted by using the pulse electrolysis in a [C4mim]Cl

ionic liquid system with AgCl. LSV demonstrated

that the silver reduction starts to flow at -0.8 V vs. Pt-

QRE and a limiting current behavior is observed

from a potential of -1.4 V. The potentiostatic electrol-

ysis at -1.4 V on the Al substrate produced the den-

dritic structure of silver without any impurity as

confirmed by the EDS analysis. The pulse electroly-

sis was conducted by varying the applied potentials

from -3.0 V to -4.5 V and the pulse duration from 0.1

s to 0.7 s. The silver nanoparticles whose size ranges

from 15 nm to ~100 nm can be obtained by the com-

bination of the applied potential and the pulse dura-

tion in the pulse electrolysis. Stainless steel 304 and

carbon paper were additionally adopted as substrates

for the electrodeposition of silver nanoparticles. It is

concluded that the silver nanoparticles can be suc-

cessfully synthesized on any conductive substrates by

the pulse electrolysis. An antimicrobial test was con-

ducted by using a film attached method with Staphy-

lococcus aureus to confirm the antimicrobial property

of electrodeposited silver nanoparticles.
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