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 ABSTRACT 

Material properties are strongly dependent on material structure. The large

diversity and complexity of material structures provide significant opportunities

to improve the properties of the materials, expanding their applications. Here, we

discuss the fabrication of a multifunctional silver film prepared by controlling

the nucleation and growth of silver particles. Silver films with high hydrophobicity

and antibacterial activity were fabricated by adopting an electrochemical

approach. The dependence of the hydrophobic and antibacterial properties on

the size and shape of the silver particles was first investigated. Small-sized silver

particles exhibited a high antibacterial rate, while a porous silver film composed

of dendritic particles showed a significant hydrophobic activity. By regulating the

reaction time, current density, and silver salt concentration, a silver film with 

a contact angle of 150.9° and an antibacterial rate of 54.7% was synthesized.

This study demonstrates that finding a compromise between different material

structures is a suitable way to fabricate multifunctional devices. 

 
 

1 Introduction 

In nature, leaves are not only biosystems for the 

production of oxygen via photosynthesis, but also 

interfaces that promote breath and evaporation [1–3]. 

Some leaves even possess a rough surface, exhibiting 

excellent water collection properties [4]. Inspired by 

nature, scientists have developed a great interest in 

fabricating multifunctional materials with different 

capacities [5, 6]. For example, hydrophobicity and 

antibacterial protection are two critical requirements 

for a sea vessel. A high hydrophobicity improves the 

ship speed, while an effective antibacterial protection 

results in a considerably longer ship life. In the past, 

copper was used as a warship coating material to obtain 

protection against microorganisms and increase the 

ship flexibility in battle [7, 8]. Modern fishermen simply 

coat their ships with pesticides before launching; if the 
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environmental issues are ignored, pesticides provide 

a good protection against microorganisms [9, 10]. In 

this work, we investigate the possibility to obtain a 

hydrophobic and antibacterially protected ship surface, 

providing at the same time the additional benefits of 

environmentally friendliness and cost effectiveness.  

Silver is well known for its antibacterial activity 

[11–13]. Diverse silver species in the form of ions, 

particles, and salts, have been investigated for antibiotic 

reactions, showing different cell killing mechanisms. 

For example, silver ions are believed to adsorb on the 

negatively charged bacterial cell wall, deactivating 

cellular enzymes, disrupting membrane permeability, 

and ultimately leading to cell lysis and death [14]. 

Silver particles, especially silver nanoparticles, kill 

bacteria by generating reactive oxygen species (ROS), 

which break the cell membrane and proteins [14–16]. 

Besides, silver nanoparticles are also able to penetrate 

inside the bacteria and cause further damage [17]. A 

plausible mechanism of silver toxicity has been proposed, 

and involves the disruption of the mitochondrial 

respiratory chain by the silver nanoparticles; this 

leads to the production of ROS and interruption of 

ATP synthesis, causing, in turn, DNA damage [18]. 

Therefore, the size of the silver particles is critical for 

their antibacterial activity, as it not only influences 

the production of silver ions and ROS, but it also 

determines the particle distribution around the cells 

[19–24]. Furthermore, nanoprisms and, at a lower 

extent, nanorods present higher antibacterial activity 

than nanospheres [25, 26] owing to the large exposure 

of high-atomic-density {111} facets [27–30]. In addition 

to the antibacterial activity, the hydrophobicity of silver 

structures has been well documented. For example, 

via galvanic deposition of silver films on a metal 

substrate, Xu et al. reported a facile way to generate a 

superhydrophobic surface subsequently passivated 

by n-octadecanethiol self-assembled monolayers [31]. 

Superhydrophobic surfaces [32–35] usually have a 

complex structure with remarkable roughness [36], 

which is attributed to the improvement of our 

understanding of the mechanism of superhydrophobicity. 

As superhydrophobicity and antibacterial activity  

are properties typically exhibited by different types 

of silver structures, finding a structural compromise 

to obtain a silver product exhibiting both properties 

is a difficult challenge. 

In this work, we tried to tackle this challenge. 

Electrodeposition was employed to fabricate a silver 

film on the surface of a metal substrate. Different 

silver film morphologies were produced and tested 

for hydrophobicity and antibacterial activity. After a 

detailed investigation on the dependence of these 

two properties on the silver morphology, the optimal 

morphology was determined, and a multifunctional 

silver film showing both properties was realized. 

2 Experimental 

2.1 Materials 

Silver nitrate and potassium nitrate were purchased 

from Sigma-Aldrich. Aluminum wire (>99.9%) was 

obtained from Beijing Jiaming Non-ferrous Metals 

Industry Co., Ltd. (Beijing, China). Agar powder (CP) 

was purchased from Beijing Anboxing BLO-Tech. 

Comp. Ltd. (Beijing, China). All chemicals were of 

analytical grade and used without further purification. 

Deionized water generated by a Milli-Q system 

(Millipore, USA) with a resistivity higher than 18.2 MΩ 

was used in all experiments. 

2.2 Preparation and characterization of silver films 

Silver products were synthesized in a designed electro-

chemical reactor (shown in Fig. 1), which included 

two cells connected by a salt bridge and an electric 

wire. A zinc rod, placed in the potassium nitrate solution 

and serving as the anode, and an aluminum wafer, 

immersed in the silver nitrate solution and acting as 

the cathode, were connected by the wire. A voltage- 

stabilized (15 V) power supply was linked to the middle 

of the wire. The current density was regulated by the 

resistances. The electrons flowed across the nitrate 

silver solution through the cathode, forming silver 

particles on its surface. The aluminum wafer cathode 

had a diameter of 1.5 cm and a thickness of 1 mm. 

The backside of the wafer was covered by agar gel. 

All electrodes were washed with ethanol and pure 

water to clean their surfaces before immersion in the 

solution. 

The electrochemical reaction was conducted in the 

designed reactor at room temperature (25 °C). The  
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Figure 1 Schematic of the designed electrochemical reactor. 
Two vessels are connected by a salt bridge and an electronic wire. 
The silver ions are reduced by the electrons coming from the 
external power supply, forming silver particles on the surface of 
the cathode wafer. 

electrochemical deposition was performed at various 

applied current densities, and the cathode coated with 

the silver product was gently removed from the solution 

for further characterization. The untreated samples 

were first characterized by scanning electron microscopy 

(SEM), then contact angles measurements were per-

formed, and finally their antibacterial activity was 

evaluated.  

To measure the sterilization rate of the samples, 

silver products were incubated in an E. coli strain 

(MG1655) solution. The strain was cultured in Luria- 

Bertani (LB) medium at 37 °C overnight, and then 

diluted into fresh LB medium with the designed volume 

ratio (2,000:1) in 6-well plates; all wells contained 

different samples, while one was left without sample 

as negative control. After culturing for 4 h, 350 μL of 

LB medium from each well was transferred into 96- 

well plates and measured for optical density (OD600) 

using a multilabel counter. The ratio of the OD600 of 

the sample to that of the control was quantitatively 

associated with the efficiency of the sterilization. 

Meanwhile, 150 μL of the strains cultured overnight 

in LB medium was laid in dishes with agar gel; then, 

the silver samples were placed in the dishes, while 

one dish was left without sample, as negative control. 

After culturing at 37 °C for 12 h, the photos of the 

bacterial colony in the dishes qualitatively showed the 

sample sterilization efficiency.  

The morphology of the silver products was 

characterized by field-emission SEM (JSM-7001F) 

equipped with an energy-dispersive X-ray spectroscopy 

(EDS) analyzer. The phase and composition of the 

silver products were determined by X-ray diffraction 

(XRD; PANalyticalB.V., Netherlands), using CuKα 

radiation, and the data were collected over a 2θ range 

of 5°–90° at a scanning step of 0.1°. The contact angles 

of the samples were estimated using a contact angle 

measurement system (OCA-20, Dataphysics, Germany). 

The concentration of colibacillus was determined by 

a multilabel counter (Wallac Victor3 1420, PerkinElmer 

Life Sciences). 

3 Results and discussion 

The formation of silver particles on the surface of  

the cathode was monitored by sampling at different 

reaction times and analyzing the samples by SEM 

(Fig. 2). The electrodeposition was conducted at the 

current density of 500 μA/cm2 in a 3 mM silver nitrate 

solution. In the initial stages of the reaction, spherical 

patterns were formed on the surface of the cathode, 

as shown in Fig. 2(a). As the reaction proceeded, the 

spherical patterns expanded, forming silver dendrites 

and polyhedrons on the surface of the cathode (Fig. 2(b)). 

More dendrites were progressively formed, leading 

to the formation of a silver film on the surface of the 

cathode (Figs. 2(c) and 2(d)). Both the XRD pattern  

 

Figure 2 Evolution of silver dendrites as a function of the reaction 
time. Initially, silver nucleates on the surface of the cathode   
(a); as the reaction progresses, the nuclei grow up, forming dendritic 
structures (b) and (c), which completely cover the cathode after 
10 min of reaction time (d). 
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(bottom-left inset of Fig. 2(c)) and EDS spectrum 

(bottom-left inset of Fig. 2(d)) revealed that the dendritic 

products consisted of silver. The top-right inset of 

Fig. 2(d) shows a magnification image of the silver 

particles forming the silver film on the cathode surface. 

The silver particles exhibited a dendritic structure with 

a thick trunk and many side branches. These results 

show that the formation of silver dendrites starts with 

the surface nucleation, then followed by the growth of 

silver dendritic structures, which are often produced 

during electrochemical depositions, especially in fine 

powdery deposition systems [37, 38]. Their formation 

was ascribed to the instability of the crystal growth 

front in a diffusion limited field, which was extensively 

investigated by many researchers, such as Sekerka 

and Mullins [39]. It was proposed that the formation 

of dendritic structures is controlled by the chemical 

gradient on the growth front of the crystals [40, 41]. 

To examine the surface properties of the silver film, 

we measured the contact angle of a water drop placed 

on it. The contact angle is the angle between a liquid/ 

vapor interface and a solid surface when a water 

droplet rests on the surface of the solid. This angle is 

determined by the properties of both the solid and 

liquid, interaction and repulsion forces between liquid 

and solid, and interface properties of the three phases 

(gas, liquid, and solid). The contact angle of a water 

droplet placed on silver films formed at different 

reaction times, shown in Fig. 3, changed with the reaction 

time, suggesting its dependence on the morphology 

of the silver film. Both a loose coating, obtained after  

 

Figure 3 Contact angles of silver films prepared at different 
reaction times. 

the initial reaction stages, and a dense coating, formed 

after 10 min of reaction, led to low contact angles, 

whereas the loose dendritic silver films formed after 

intermediate reaction times exhibited high contact 

angles (Fig. 3). Generally, the surface morphology plays 

an important role in the wetting behavior. The 

following contact angle model qualitatively illustrates 

how the factors determine the contact angle of a rough 

surface composed of solid and air [42].  

cosθc = fscosθ – fa fs + fa = 1 

cosθc = fscosθ – (1 – fs) = fs(cosθ + 1) – 1     (1) 

Here, θc is the contact angle of the rough film, θ is  

the contact angle of the flat surface of a solid, and fs 

and fa are the liquid-solid and liquid-air contact area 

fractions, respectively, with respect to the nominal 

contact area. Equation (1) clearly indicates that θc 

increases with the decrease of fs, namely, θc increases 

with the fraction of air trapped on the film surface 

during the measurements. The contact angle (θ) is 

110° for a smooth silver surface [43]. Hence, we can 

estimate that the fs value of the sample synthesized 

after 5 min is ~0.35, which means that 65% (fa = 0.65) 

of air is trapped in the silver dendritic film as a result 

of the loose dendritic coating.  

Gu et al. reported, for their dendritic silver film, a 

contact angle of only 7.0° ± 1°, which increased to 

154.5° ± 1.0° after modifying the surface of the film 

with n-dodecanethiol, as the modification produced 

a superhydrophobic surface [39]. However, without 

recurring to chemical modification, metallic micro 

and nanostructures with dual scale roughness may 

also confer hydrophobic properties to the surface [44]. 

Owing to the formation of dendritic silver particles, 

the contact angles of the silver films reached 140.4° 

after 5 min of deposition, as shown in Fig. 3. These 

results indicate that the hydrophobic activity is not 

only dependent on the density of the film, but also on 

the morphology of the silver particles. A short reaction 

time leads to the formation of a thin silver layer, as 

shown in Fig. 2(a). Both the morphology and density 

of the thin layer do not favor the hydrophobic 

interaction. After 10 min of reaction, when the dendritic 

silver particles expanded, only a small quantity of air 

was trapped in the silver film, and the hydrophobic 
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interaction was not favored. At the optimal deposition 

time of 5 min, the loosely dendritic silver films 

demonstrated a high hydrophobicity as a result of the 

high content of air in the film as well as the formation 

of dendritic structures. 

To examine the antibiotic activity, silver films prepared 

at different reaction times were tested for inhibition 

zone and OD600 measurements, as shown in Fig. 4. 

Here, the antibacterial rates (r) were calculated by the 

following equation  

r = (ODc – ODs)/ODc 

where ODc and ODs are the OD600 values of the control 

sample (without silver film) and test samples (with 

silver film), respectively. The silver products formed at 

the early stages of the reaction exhibit high antibacterial 

activities, while the products formed after 10 min 

showed a poor antibacterial activity, as shown in 

Fig. 4. The inhibition zones agree well with the OD600 

measurements. Notably, size, shape, and quantity are 

three major factors influencing the antibiotic activity 

of the particles. Among these three factors, the size 

effect is remarkable. A smaller size leads to a higher 

antibiotic activity. There are at least two reasons to 

account for the size effect. First, particles with small 

sizes, especially nanometer sizes, can easily penetrate 

inside the bacteria by disrupting their membranes. 

Second, a small size is associated with a high surface 

free energy, which leads to a quick production of silver 

ions and ROS [20]. Therefore, small silver particles 

exhibit a more effective sterilization than larger particles, 

 
Figure 4 Antibacterial rate of silver products formed at different 
reaction times and corresponding images of the inhibition zones. 

as it has been described by the Ostwald-Freundlich 

model [44]. As a result, the silver films synthesized at 

short reaction times have a high antibiotic activity 

due to the small size of their particles. Conversely, in 

the later stages of the reaction, the particles become too 

large, leading to a decrease of the antibiotic activity 

(Fig. 4). 

Previous studies have shown that the morphology 

of the silver film was largely dependent on the applied 

current density [45, 46]. Hence, we compared the 

antibacterial rate and contact angle of silver films 

generated at different current densities (Fig. 5). By 

increasing the current density, both the antibacterial 

rate and contact angle increased. It has been reported 

that high current densities favor the nucleation process, 

resulting in a massive nucleation on the cathode surface 

and the formation of a rough surface. Therefore, as 

the increase of current density leads to an increase of 

hydrophobicity, the silver film synthesized at the 

current density of 750 μA/cm2 exhibited superhydro-

phobicity with a contact angle of 150.9°. At the same 

time, the improvement of the nucleation process by 

the high current density prevented the excessive growth 

of the particles, leading to the formation of small 

particles and a high antibacterial activity (Fig. 5). By 

further increasing the current density to 1,000 μA/cm2, 

many hydrogen bubbles gas were produced, which 

prevented the formation of a uniform silver film. 

The morphology of the silver film is also dependent 

on the concentration of the silver salt [46]. At low 

concentration (1 mM), the limited nucleation and 

restricted growth of the silver particles led to the 

formation of a loose film with poor hydrophobic 

properties. Concurrently, the small silver particles  

on the surface of the cathode exhibited a strong 

antibacterial activity, as shown in Fig. 6. By increasing 

the salt concentration to 3 mM, dendritic structures 

were largely formed, generating a porous film on the 

cathode surface (Fig. 6), which resulted in a remarkable 

increase of the contact angles and a slight decrease of 

the antibacterial activity as a result of the larger size 

of the silver particles. The contact angles of the silver 

films are mainly determined by two aspects. One is 

the porosity of the film, or the content of air in the film, 

which has been discussed in the previous section. 

Another factor is the morphology of the silver particles.  
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Figure 5 Antibacterial rate and contact angles of silver films 
synthesized at different current densities after 5 min of deposition. 

 

Figure 6 Antibacterial rate and contact angle of silver films 
fabricated at different concentrations of silver salt. 

The dendritic particles of the silver film create a 

rough surface, which leads to the enhancement of the 

hydrophobic properties. Xue Y. et al. [47] fabricated a 

superhydrophobic surface by growing cobalt dendrites 

on the surface of a modified gold electrode. The cobalt 

dendrites grew vertically with respect to the electrode, 

forming a rough surface. However, for prolonged 

reaction times, the cobalt dendrites developed nicely, 

forming a dense film on the electrode, which led to a 

decrease of the contact angle as a result of the reduction 

of the air content in the film. Therefore, both the 

morphology and porosity of the silver film heavily 

affect the superhydrophobicity. Further increasing the 

salt concentration to 6 mM, a dense film composed of 

large silver dendrites was generated on the surface of 

the cathode, which led to the decrease of both the 

antibacterial rates and contact angles, as shown in 

Fig. 6. 

The hydrophobic and antibacterial properties of the 

silver film derive from different types of structure. 

The size of the silver particles influences the antibacterial 

property, while the morphology and porosity of the 

silver film determines the hydrophobic activity. To 

obtain small-sized silver particles, the nucleation 

should be enhanced, while the growth of the particles 

should be restrained. A high current density leads to 

a high nucleation rate, which results in the formation 

of massive nuclei on the metal substrate. At low 

concentrations of silver salt and short reaction times, 

these nuclei retain a small size, which leads to a high 

antibacterial activity. On the other hand, the growth 

of the silver nuclei to form dendritic structures favor 

the hydrophobicity of the film, as the dendritic particles 

produce a porous film on the cathode surface, which is 

necessary for the hydrophobic character. Furthermore, 

the formation of dendritic structures increases the 

roughness of the film surface, leading to an enhancement 

of the hydrophobicity. However, the overgrowth of 

silver dendrites forming a dense film on the cathode 

leads to a decrease of the contact angle. Therefore, to 

obtain a highly hydrophobic silver film, the growth of 

the silver nuclei should be controlled, forming dendritic 

structures to create a porous film on the surface of 

the cathode. As a result, a massive nucleation and 

moderate deposition time favor both the antibacterial 

and hydrophobic properties. After clarifying the 

relationship between preparation, structure, and 

properties of the materials, a smart procedure was 

here designed to produce a multifunctional material, 

exploiting a compromise between different material 

structures obtained by controlling the nucleation and 

growth processes. 

4 Conclusions 

Multifunctional silver films were fabricated by the 

electrochemical method, obtaining a maximal contact 

angle of 150.9° and an optimal antibacterial rate of 

54.7% for E. coli. By regulating the reaction time, the 
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silver concentration, and current density, silver films 

with diverse morphologies were generated and tested 

for antibacterial activity and hydrophobicity. The 

former was mainly dependent on the size of the silver 

particles, while the latter was determined by the 

morphology and density of the silver films. Small-sized 

silver particles, which were obtained by promoting 

the nucleation and limiting the growth, led to a  

high antibacterial activity. Superhydrophobicity was 

achieved with a rough silver film composed of 

dendritic particles, which were formed by controlling 

the growth of the silver particles. Therefore, after 

clarifying the relationship between material pre-

paration, structure, and properties, a multifunctional 

silver film was prepared by controlling the nucleation 

and growth of the silver particles, showing that a 

compromise between different material structures is a 

smart way to prepare multifunctional materials. 
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