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Abstract 

 

The potential of a radio frequency (RF) reactive magnetron sputtered silver (Ag) thin film 

electrodes, for electrochemical energy storage application is presented in this paper. Scanning 

electron microscope (SEM) was used to reveal the information on the morphology and 

growth mode of the deposited silver thin film samples. The stoichiometry of the RF sputtered 

silver thin films was evaluated using X-ray diffraction (XRD), while the elemental 

constituents of the deposited thin films were confirmed using energy dispersive X-ray 

spectroscopy (EDX). The surface area, wettability and surface energy of silver thin film 

electrodes were determined, using Brunauer-Emmett-Teller (BET) and contact angle 

measurements. Furthermore, the ion diffusion, Faradaic redox reactions and the specific 

capacitance of the produced Ag thin film electrodes in ionic liquid (1-Ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide) were probed using electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry (CV). XRD result reveals that the 

sputtered silver thin films are crystalline, with metallic silver been the predominant element 

found on the EDX spectra. The specific capacitance of 431 F/g at 2mV/s scan rate was 

achieved for Ag thin film electrode produced at 350W forward power, demonstrating its 

promising potential as an active electrode for supercapacitor application.  

 

Keywords: Silver, BET, contact angle, surface energy, EIS, supercapacitor 
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1.  Introduction 

 

Energy which is the ability to do work is required in all aspects of our daily lives, with the 

daily demand for it placing enormous strain on the supply systems. This strain can be reduced 

by using efficient storage technologies like supercapacitor, which can store and release 

energy at various demand timescales, thereby improving the efficiency of the supply system. 

Electrochemical capacitors (ECs), also known as supercapacitors are energy storage devices 

that store and release charges electrostatically and Faradaically [1-2]. The capacitor was first 

invented in the 18th century and its principle of operation known as static electricity was 

studied by Von Kleist [3].  Becker first patented a capacitor based on high surface area 

carbon material known as an electric double layer capacitor (EDLC) in 1957 [4]. In the 

1970’s Conway et al. [5], noticed that some materials do exhibit redox reaction near their 

surfaces, with their electrochemical property very close to that of an EDLC supercapacitor, 

giving rise to pseudocapacitance. These materials that exhibit near surface redox reaction 

produces a much bigger charge storage level due to their redox ability. Carbon materials in 

various forms have been used to fabricate EDLC type of supercapacitor due to their (i) low 

cost (ii) high surface area (iii) availability and (iv) ease of processing techniques. Niu et al. 

[6], reported a specific capacitance of 102 F/g and a specific power density of 8 KW/Kg for 

multi-walled carbon nanotubes. The specific capacitance of 180 F/g, energy density 20 W/kg 

and power density of 7 KW/kg was reported by An et al. [7] for single-walled carbon 

nanotubes. Specific surface area (SSA) and pore size distribution in EDLC are some of the 

parameters that determine its electrochemical performance [8-9]. The excessive activation of 

the pore size distribution leads to large pore volume, which reduces the conductivity and 

material density. This leads to loss of power capability and low energy density. Furthermore, 

the inability to withstand high-temperature application is another drawback that carbon-based 

electrode materials present [10]. Transition metal oxide-based electrode materials such as 

Iron oxide, nickel oxide, cobalt oxide and ruthenium oxide [11-15], can be used to solve the 

drawbacks that carbon-based electrodes for supercapacitor application presents. Ruthenium 

oxide is one of the most promising transition metal oxide materials for pseudocapacitor 

application. Wang et al. reported a specific capacitance of 1099 F/g for a supported ultrafine 

ruthenium oxide [16]. The electrochemical performance of RuO2 is influenced by 

crystallinity, amount of combined water, annealing temperature and particle size, with 

smaller particle size offering shorter diffusion and transport pathways for electrolyte ions. 

This also improves the charge-discharge capability because of the effective utilization of the 
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high surface area presented by the RuO2 material [17-18]. Despite the ruthenium oxide 

excellent electrochemical performance, its toxicity to the environment and its high cost 

hinders its wider commercialization as an electrode material for supercapacitors. Therefore, 

the need to source for transition metal electrode material that is very conductive, non-toxic to 

the environment and exhibits Faradaic redox reaction (oxidation-reduction) for 

supercapacitor application is the sole objective of this research.  A radio frequency (RF) 

magnetron sputtered silver nanostructure electrode is proposed, as an alternative active 

electrode material for supercapacitor processing. A lot of work has been done on 

silver/graphene composite supercapacitors yielding specific capacitance of 110 F/g at 0.5 A/g 

[19], 147 F/g at 5mV/s [20] and 243 F/g at 5mV/s [21]. Studies from Devarayan et al. [22] 

reported a specific capacitance of 237 F/g for a silver nano-dendrites processed 

supercapacitor. application due to their large surface area and good conductivity.  Yuksel et 

al. [23] reported a specific capacitance of 1165.2 F/g for a silver nanowire nickel hydroxide-

based supercapacitor. Good conductivity, low flammability, reasonable surface area and 

reasonable wettability are some of the characteristics which Devarayan et al, Yuksel et al. and 

Oje et al. [22-24], attributed to silver thin films making it a good electroactive material for a 

pseudocapacitor application. Therefore, the main objective of this present work is to prepare 

Ag thin film electrodes using RF magnetron sputtering and to probe their capacitance 

behaviour in an ionic liquid for energy storage application.  

2. Experimental setup 

 

2.1 Thin film deposition  

The silver thin films deposition was carried out with a Consolidated Vacuum Corp (CVC) 

AST-304 radio frequency magnetron-sputtering unit. A 99.9% pure solid silver target from 

PI-KEM limited, was used as the base material in conjunction with high purity argon as the 

sputtering gas. The silver target to substrate distance was 24 cm and the RF sputtering unit 

chamber volume was 21,505.42 cm3. The substrate materials were microscope glass slides 

and 304 medical grade stainless steel of dimensions 25.4mm∗76.2 mm and 80mm∗ 80mm 

respectively. Each of the microscope glass slides and stainless-steel substrates was used for 

surface characterization, morphological analysis and electrochemical investigation. Prior to 

the deposition of silver on the microscope glass slides and 304 stainless steel substrates, all 

the substrates were cleaned in an ultrasonic bath machine, using isopropanol and deionized 

water to remove any impurities on the surface. To ensure high-quality silver was produced, 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

the deposition chamber was first evacuated to a pressure of 8μTorr and the deposition process 

carried out under a vacuum condition, to conserve high ion energies and to avoid too many 

atoms from gas colliding. Furthermore, the deposition chamber was pre-sputtered before 

starting each deposition process to avoid any contamination on the deposited silver thin films. 

To ensure uniformly sputtered silver thin films, the substrates were rotated gradually at a 

speed of 5 rpm for each deposition power of 250W, 300W and 350W.  Finally, during the RF 

sputtering of the silver thin films, argon flow rate and deposition time of 60sccm and 20 

minutes were deployed respectively. 

 

2.2 Microstructural characterization. 

 

Siemens D5000 X-ray diffractometer with DIFFRAC plus BASIC software was used to 

perform the X-ray diffraction studies on the prepared silver thin films, at applied voltage and 

current of 40KV and 20mA respectively. A scan speed of 0.5sec/step was used during the 

analysis, at a diffraction angle of 50 to 1550 for 0.02 increment. 

Hitachi S-4100 model scanning electron microscope equipped with EDX facility was used to 

probe the morphology and the elemental constituents of the prepared films. SEM images and 

EDX were conducted using 20keV accelerating voltage, for sample   working distance of 

10mm and 20mm respectively. 

CAM 200 goniometer was used for static contact angle analysis, while dynamic contact angle 

measurements were done using Wilhelmy balance tensiometry techniques. A computer 

controlled KSV sigma 700 tensiometer with standard 5mm/min speed up and down 

movement was used. An immersion depth of 5mm, a return position of 4mm, with a detection 

range of 2mN/m and a sample interval of 5 was used for the dynamic contact angle 

measurements. The balance was calibrated within the standard weight range of 2000g, 

thereby accounting for local variation in the force of gravity. 

Tri-Star adsorption analyser by Micromeritics was used to characterize the BET surface area 

of the deposited samples at 77K. The samples were evacuated in a vacuum oven at 80 0C at 5 

mbar for 24 h [25]. 

 

2.3 Electrochemical characterization. 

 

The electrochemical characterization of silver thin film electrodes was carried out using 

electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and 

chronopotentiometry measurements to investigate ion diffusion, specific capacitance and the 
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charge-discharge ability of the prepared electrodes. These analyses were performed using a 

VoltaLab 40 PGZ301 manufactured by Radiometer analytical, with a typical electrochemical 

cell setup of the reference electrode, electrolyte, a counter electrode and the working 

electrode. The silver thin film electrodes were exposed to ionic liquid to carry out EIS 

measurement, at the frequency range 0.1 Hz to 10 KHz, and alternating sine wave amplitude 

of 10mV. The charge-discharge test was conducted using chronopotentiometry technique for 

5000 cycles, for a voltage window of 1V. Furthermore, the specific capacitance analysis was 

conducted using cyclic voltammetry at voltage range −1000mV to 1000 mV and at a scan 

rate of 2 mV/s for better ion diffusion. 

 

3. Results and discussion 

3.1 XRD and EDX  

The silver thin films deposited on microscope glass slides diffraction peaks were identified 

using the standard international centre for diffraction data card number (ICDD Card number: 

004-0783 International Centre for Diffraction Data). The Braggs peaks on the three silver thin 

films deposited at 250W, 300W and 350W, show that the deposited silver thin films are 

crystalline. Figure 1 shows the X-ray diffraction spectra of silver thin films deposited at 

250W, 300W and 350W, with diffraction peaks centered at a 2θ angles of 38.110 and 44.250. 

These characteristic peak angle positions belong to a face-centered cubic (FCC) structure of 

silver [26-30]. The 2θ angle for the three silver thin films corresponds to (111) and (200) 

crystal plane, with the highest peak intensity on the (200) crystal plane. This implies that the 

crystal grain orientation is towards the (200) crystal plane and that as the deposition power 

increases, the crystallinity of the deposited silver thin films increases as well [26,28] on the 

(200) crystal plane, in agreement with Faria et al. [31] report.  A typical silver FCC structure 

has a close packing arrangement of the octahedral hole at the (111) and (200) crystal planes. 

The octahedral holes on these crystal planes of the silver thin films reveal the interstitial site 

for ion diffusion and penetration. The octahedral interstitial site paves the way for redox 

reactions to take place resulting in pseudocapacitance.  
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The energy dispersive X-ray (EDX) spectra evidenced the presence of metallic silver in all 

the deposited samples as shown in Figure 2 (a, b and c). The positions of the peaks on the 

silver thin films deposited at 250W, 300W and 350W were observed at 0.13keV, 0.46keV, 

3.0keV and 3.5 keV. These peak positions are consistent with literature reports on silver EDX 

spectra [32-34], confirming the presence of metallic silver on the deposited samples. The 

EDX peak intensities (counts) at 0.13keV on the silver thin films increased as the deposition 

power increases as depicted in Figure 2 (a, b and c).  Dimitrijević et al. [26] and Agasti et al. 

[35], attributed this change in peak intensity to ions been more energetic as sputtering power 

increases from 250W to 350W. This results in more silver particles dislodged from the RF 

magnetron target onto the microscope glass slides, increasing the count of metallic silver as 

deposition power increases from 250W to 350W.  

 

 

 

 

          Figure 1: XRD spectra of silver thin films 
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3.2  SEM and BET  

SEM micrograph top view of the silver thin films in Figure 3 reveals aggregation of silver 

crystals as shown on silver thin films prepared at 250W. As deposition power increase, 

segregation can be seen on the top view micrographs on silver thin films prepared at 300W 

and 350W [36]. Zavala et al. [37], reported that the change in the surface morphology of the 

silver as deposition power increases, facilitates the formation of nanocrystalline silver films 

at 250W, 300W and 350W, which is in agreement with reports in the literature [38-39]. There 

is an increase in the grain size as the deposition power increases, which Wei et al. [40], 

attributed to the coalescence effect. The coalescence effect leads to the formation of island 

films in Figure 3 (a and b), with interconnected clusters beginning to appear. The island 

formation and segregation of silver atoms lead to void creations, which paves the way for ion 

diffusion and penetration for electrochemical performance. The prepared silver thin films at 

the argon flow rate of 60sccm and sputtering power (250W, 300W and 350W) exhibited layer 

Figure 2: EDX spectra of silver thin films deposited at (a) 250W (b) 300W and (c) 350W  

)(a) (b) 

(c) 
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by layer growth mode from the cross-sectional view in Figure 3. The thickness of the 

prepared silver thin films increases as the deposition power increases from 250W to 350W. 

This is due to the increase in the number of ions present during deposition, causing more 

silver atoms to be dislodged from the target increasing the thickness of the film as the 

deposition power increases. Marechal et al. [41], attributed this to the intense bombardment 

of the target by high energy particles during radio frequency magnetron sputtering. This 

eventually leads to thicker films produced at higher deposition power and an increase in the 

silver thin film growth rate, further supporting the EDX findings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BET analysis was used to evaluate the surface area of the deposited Ag thin film electrodes  

and the results presented in Table 1. The BET surface area analysis reveals that an increase in 

deposition power leads to an increase in the BET surface area of the silver thin films. Zhou et 

al. [42], reported a BET surface area of 23.81 m2/g for silver nanoparticles prepared by an  

500nm 500nm 500nm 

Figure 3: SEM images of silver thin films deposited at 60sccm showing top and cross-sectional 

view (a) 250W (b) 300W and (c) 350W 

 (b) (c) (a) 
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arc plasma method. BET surface area of 34.5 m2/g was reported by Wani et al. [43], for silver 

nanoparticles produced via the solvothermal method. It can be seen from Table 1, that the 

BET surface area and pore size increased as sputtering power increases, which Dimitrijević et 

al. [26] and Agasti et al. [35], attributed to ions been more energetic as sputtering power 

increases from 250W to 350W. This results in more silver particles dislodged from the RF 

magnetron target onto the microscope glass slides. The pore size values in Table 1 indicate 

that the sputtered silver thin film electrodes are mesoporous (from 2nm to 50nm) in 

agreement with Wani et al. [43] findings. There is an increase in pore size with deposition 

power, with Ag thin film sputtered at 350W having the biggest pore size compared to the 

other two Ag  thin film electrodes prepared for this research. Arjomandi et al. [44], proposed 

that a bigger surface area and pore size allow faster transport through the electrolyte ions, 

thereby improving the active electrode performance [45].  

Table 1: BET surface area of silver thin films  

 

Deposition Power (W) BET surface area (m2/g) Pore Size (nm) 

250 25.21 9.03 

300 28.02 10.85 

350 34.14 12.31 

 

3.3 Wettability and surface energy measurement.  

Contact angle measurements reveal the wetting of the sputtered silver thin film electrodes by 

the electrolyte, with contact angle values less than 900 an indication  of a good wettability 

(hydrophilicity) [46].  Figure 4a shows the static contact angle measurement for Ag thin film 

sputtered at a constant argon flow rate of 60sccm, and varying RF power of 250W, 300W and 

350W. It can be observed from Figure 4a, that as the deposition power increases, the static 

contact angle decreases. This is due to the greater  force of adhesion  between the Ag thin 

film electrodes and the probing liquids, causing the two polar and one non-polar liquid to 

spread across the surface of the Ag thin films.  Wojcieszak et al. [47] attributed the decrease 

in contact angle, to the increase in the surface roughness and free electron pair on the surface 

of the prepared silver thin film electrodes. This observation is supported by the SEM results 

in Figure 3, where the topographical view of the produced samples show an increase in Ag 

thin film roughness as deposition power increases. Silver thin film sputtered at 350W, 
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produced the lowest static contact angle, an indication of its stronger adhesive bond with 

molecules from the polar and non-polar liquid (deionized water, ethylene glycol and 

diiodomethane respectively [25,48]. Furthermore, some levels of electrolyte penetration are 

required for charge transfer process between the electrode/electrolyte and this was confirmed 

using the dynamic contact angle characterization technique. Figure 4b shows dynamic contact 

angle values less than 900 (advancing and receding), for all the deposited silver thin film. 

This shows that the prepared Ag thin films are hydrophilic [25], with Ag prepared at 350W 

having the smallest dynamic contact angle value. The smaller dynamic contact angle for Ag 

350W is due to its bigger surface area and rougher microstructure which are available for 

electrolyte penetration, spreading, interaction as depicted in SEM micrographs and BET 

results in Figure 3 and Table 1.  

 

 

 

 

 

 

 

   

 

 

 

Moreover, the wetting of the Ag thin films is driven by the polar and non-polar components 

of the probing liquids,  which was demonstrated using surface energy analysis as shown in 

Figure 5a, Figure 5b and Table 2. The surface energy measurement for the Ag thin films was 

performed using Fowkes, Wu and acid-base approach as shown in Figure 5a, Figure 5b and 

Table 2. Furthermore, the  polar component 
 
contribution to the total surface energy 

), defines the degree of wettability offered by each of the prepared Ag thin films. The 

(a) 

Figure 4: Contact angle graphs of Ag thin films (a) static, (b) dynamic 

(b) 
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higher the polar component contribution to the total surface energy of the prepared Ag thin 

films, the more favourable is wetting [49]. Silver thin film electrode produced at 350W show 

higher polar component contribution compared to the Ag prepared at 250W and 300W. This 

is an indication of Ag thin film produced at 350W exhibiting better electrode/electrolyte 

interaction, paving the way for  lower contact angle value and better wettability. The level of 

polar components from the Fowkes, Wu and acid-base analysis in Figure 5a, Figure 5b and 

Table 2, highlights the superior wettability of Ag thin film sputtered at 350W.  

 

 

 

 

 

 

 

 

 

 

 

Table 2: Silver thin films surface energy  

 Surface Energy (mN/m) 

 Fowkes Wu Acid-Base 

Power 

(W)          

250 39.86 10.38 50.24 41.92 14.04 55.96 42.22 -3.16 39.06 

300 42.06 10.88 52.94 43.97 14.89 58.85 46.51 -2.62 43.89 

350 41.51 15.24 56.75 43.44 19.15 62.60 47.5 -1.46 46.04 

(a) (b) 

Figure 5: Ag thin films Surface Energy using (a) Fowkes and (b) Wu approach  
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3.4  Electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy technique was deployed to investigate the ion 

diffusion, charge transfer and capacitance performance at the electrode/electrolyte interface, 

using Nyquist and Bode plots. It is evident in Figure 6a, that for 0.1 Hz to 10 KHz frequency 

at 10mV amplitude, the silver thin films deposited at 250W, 300W and 350W displayed its 

capacitive attributes. The intermediate frequency region line 450, depicts ion diffusion into 

the electrodes, which is an ion intercalation process and an expression of the 

pseudocapacitive property demonstrated by the deposited Ag thin films electrodes [50-53]. It 

can be observed from the Nyquist plots in Figure 6a, the absence of semicircle at a higher 

frequency, which Usman et al. [54] and Yuksel et al. [55] linked to the high conductivity of 

Ag thin films at high frequency. An indication of considerable low equivalent series 

resistance, with the perpendicular line (Warburg diffusion line 450) at the low-frequency 

region, an attribute of Ag thin film electrodes exhibiting pseudocapacitor behaviour [54-57]. 

The Nyquist plots in Figure 6a further reveal that silver thin films deposited at 350W 

possesses lower impedance, compared to other two silver thin film electrodes prepared for 

this research. This also emphasizes, that Ag thin film produced at 350W exhibits preferable 

electron charge transfer, which boosts capacitance performance. The Bode plots in Figure 6b 

support the Nyquist plots findings, with silver thin film sputtered at 350W exhibiting lower 

impedance compared to Ag 250W and Ag 300W. The approximate circuit model of the 

deposited Ag thin films was evaluated using Z-view software and inserted in Figure 6a [58-

61]. Silver thin films deposited at 250W, 300W and 350W yielded resistance values of 17Ω, 

12Ω and 8Ω respectively. The reduced resistance offered by silver thin film processed at 

350W indicates better ionic electrolyte transport via the electrolyte/electrode interface. Pawar 

et al. [62], reported that the lower impedance of silver thin film sputtered at 350W (8Ω) is an 

indication of its high conductivity and the ability to offer more sites for ion diffusion for 

better electrochemical supercapacitor performance [63], which agrees with earlier SEM, BET 

and contact angle results. 
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3.5 Charge-discharge  

The charge-discharge curves in Figure 7 depict fast pseudocapacitive redox reactions that 

occur on the sputtered silver electrodes. It can be observed from Figure 7, that oxidation 

(charging) and reduction (dis-charging) curves are symmetrical at current density of 10mA/g. 

An indication that the capacitance behaviour is due to Faradaic reaction [64], which is in 

agreement with Seok et al. [65] finding.  Silver thin film sputtered at 250W showed lower 

voltage window utilization followed by Ag 300W thin film. Bai et al. [66], associated this 

behaviour to limited ion absorption/desorption taking place at the electrode/electrolyte 

interface, limiting the charge transfer process of the silver thin films deposited at 250W and 

300W respectively. The more surface area offered by Ag 350W presents more sites for 

electrolyte/electrode interaction, further improving its charge storage ability. Furthermore, an 

important factor that determines the performance of a supercapacitor is it’s cycling stability 

as shown in Figure 7. Excellent cycling stability was observed for the three silver thin film 

electrodes during the 5000 cycles test, with very a little drop in voltage between the first 10 

cycles and the final 10 cycles of the entire 5000 cycles. An indication of approximately 99% 

capacitance maintained for 5000 cycles, which is promising as an active electrode material 

for supercapacitor application [65]. Similarly, silver thin films charge-discharge responses at 

Figure 6: EIS spectra of silver thin films (a) Nyquist plots with equivalent circuit insert 

and (b) Bode plots   

(a (b) 
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different current densities 10mA/g, 5mA/g, 2mA/g were carried out and the results depicted 

in Figure 8. The charge-discharge curves are symmetrical at the various current densities, an 

indication of rapid current-voltage responses, with good capacitive behaviour and great 

electrochemical reversibility. Furthermore, as the current densities decreased, a potential 

plateau starts to appear due to Faradaic reaction.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 

Figure 7: Ag thin films first and final 10 cycles charge-discharge for 5000 cycles at (a) 250W 

(b) 300W (c) 350W respectively 
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3.6 Cyclic Voltammetry  

Figure 9 shows the cyclic voltammetry of silver thin films in 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ionic solution with two redox peaks. The anodic and 

cathodic peaks are due to the oxidation and reduction of silver thin films by the [N(Tf)2]- 

anion and [EMIM]+ cation of the ionic liquid (1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [67-68]. It can be seen from Figure 9 that there are redox 

peaks at -0.2V and 0.2V versus standard electrode potential. These redox peaks at this 

potential is an indication of the charge transfer process taking place at the anodic and 

cathodic side of the silver thin film electrodes. The silver thin film deposited at 350W yields 

higher peak current compared to silver thin film electrodes sputtered at 250W and 350W 

(a) (b) 

(c) 

Figure 8:  Charge-discharge at different current density at (a) 250W (b) 300W (c) 350W 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

respectively. Literature report on Electrodeposition of nanocrystalline silver films, from 1-

ethyl-3-methylimidazolium trifluoromethylsulfonate by Abedin et al. [69], attributed this 

increase in peak current to the oxidation of the [EMIM]+ cation, a reduction reaction product. 

This implies that the capacitance associated with silver thin films electrodes are 

pseudocapacitive in nature. The higher peak current from Ag 350W can also be linked to the 

polarization resistance of the Ag 350W been less resistant to electron charge transfer, thereby 

improving its pseudocapacitance performance. The silver thin film deposited at 350W seems 

to have higher peak current density compared to silver thin films sputtered at 250W and 

300W respectively. An indication that silver thin film deposited at 350W exhibit better 

wettability, offers more surface area for electrolyte/electrode interaction, which improves its 

capacitance performance. Doronin et al. [70], reported similar findings on cyclic voltammetry 

of silver on gold, where thicker silver thin films offered a bigger surface area for increased 

redox peak current. The specific capacitance of Ag thin films can be determined using 

equation 1 [71], 

                                              

                                                                           (1) 

Where 
 
is the potential scan rate (mV/s),  is the potential range, 

 
stands for the 

responses and  the weight of the electrode. Using equation 2, the specific capacitance of 

silver prepared at 250W, 300W, 350W at 2mV/s are 410 F/g, 419 F/g, and 431 F/g 

respectively. The non-linearity between the surface area and specific capacitance, Chae et al. 

and Roberts et al. [72-73], attributed to the pore size and ion size (cation and anion) playing a 

vital role in the Faradaic redox reaction. Therefore, specific capacitance is not only connected 

to the silver thin films surface area, but to pore sizes and ion size. It can be seen from Table 

1, that the sputtered silver thin film electrodes are mesoporous, with the pore size values 

close to each other. However, Ag 350W offers more surface area/pore size for 

electrode/electrolyte interaction and lesser resistance to electron charge transfer process, 

thereby improving its electrochemical performance. 
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4 Conclusion 

 

In this research, nanostructured silver thin film electrodes were prepared successfully using  

radio frequency magnetron sputtering. The XRD and EDX reveal that the prepared thin film 

materials were crystalline, with metallic silver been the predominant element. The 

morphology of the produced silver thin films reveal microstructural arrangement  that 

enhances electrode/electrolyte interaction as deposition power increases, which is very 

important for electrode wetting, electrolyte spreading and penetration.   

The specific capacitance of 431 F/g  offered by Ag 350W in (1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide can be linked to its bigger surface area, better wettability 

and reduced charge transfer resistance for an oxidation-reduction reaction. This result is an 

indication that silver thin film sputtered at 350W can be used as an active electrode to process 

a supercapacitor. Furthermore, applications that require fast energy recovery time namely 

memory protection circuits, flashlight circuits, requires a supercapacitor  to perform this 

operation. Silver thin film could be used to process active electrode for such energy storage 

applications. 

Figure 9: Cyclic voltammetry of silver thin films at 2mV/s 

(250W, 300W and 350W)  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

Funding. No funding was secured for this research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

References 

 

1. L. Feng, Y.  Zhu, H. Ding, Recent progress in nickel-based materials for high performance 

pseudocapacitor electrodes: Journal of Power Sources 267 (2014) 430-444. 

2. G. Wang, L. Zhang, J. Zhang, A review of electrode materials for electrochemical 

supercapacitors: Chemical Society Reviews 41 (2012) 797-828. 

3. Edwin James Houston, Electricity in every-day life: 2007 pp 71-78. 

4. H.E. Becker, Low voltage electrolytic capacitor, U.S Patent: 2 (1957) 800 616. 

5. B. E. Conway, V. Birss, J. Wojtowicz, The role and utilization of pseudocapacitance for 

energy storage by supercapacitors: Journal of Power Sources 66 (1997) 1-14. 

6. Chunming Niu, Enid K. Sichel, Robert Hoch, High power electrochemical capacitors based 

on carbon nanotube electrodes: Applied Physics Letters 70 (1997): 1480-1482. 

7. By Kay Hyeok An, Won Seok Kim, Young Soo Park, Electrochemical properties of high-

power supercapacitors using single-walled carbon nanotube electrodes: Advanced Functional 

Materials 11 (2001) 387-92. 

8.  Katarzyna lota, Agnieszka Sierczynska, Ilona Acznik, Effect of aqueous electrolytes on 

electrochemical capacitor capacitance: Chemik 67 (2013), 1138–1145. 

9. F. Lufrano, P. Staiti, Mesoporous Carbon Materials as Electrodes for Electrochemical 

Supercapacitors: Int. J. Electrochem. Sci., 5 (2010) 903 – 916 

10. B.E Conway. Electrochemical Supercapacitors: Scientific Fundamentals and Technological 

Applications, Kluwer Academic/Plenum Publishers, New York, 2nd Edition, 1999. 

11. C.D. Lokhande, D.P. Dubal, OH-Shim Joo, Metal oxide thin film based supercapacitors: 

Current Applied Physics 11 (2011) 255-270. 

12. V.D. Patake, C.D. Lokhande, O.S. Joo, Electrodeposited ruthenium oxide thin films for 

supercapacitor effect of surface treatments: Applied Surface Science 255 (2009) 4192-4196. 

13. S.G. Kandalkar, C.D. Lokhande, R.S. Mane, A non-thermal chemical synthesis of 

hydrophilic and amorphous cobalt oxide films for supercapacitor application: Applied 

Surface Science 253 (2007) 3952-3956. 

14. U.M. Patil, R.R. Salunkhe, K.V. Gurav, Chemically deposited nanocrystalline NiO thin films 

for supercapacitor application: Applied Surface Science 255 (2008) 2603-2607. 

15. S. Wang, K. Ho, S. Kuo, Investigation on capacitance mechanisms of Fe3O4 electrochemical 

capacitors: J. Electrochem. Soc. 153 (2006) 75-80. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

16. Pengfei Wang, Hui Liu, Yuxing Xu, Supported ultrafine ruthenium oxides with specific 

capacitance up to 1099 F g-1 for a supercapacitor: Electrochimica Acta 194 (2016) 211– 218. 

17. Z.R. Cormier, H.A. Andreas, P. Zhang, Temperature-dependent structure and electrochemical 

behavior of RuO2/carbon nanocomposites: J. Phys. Chem. C.  115 (2011) 19117-19128. 

18. J. Wen, X. Ruan, Z. Zhou, Preparation and electrochemical performance of novel ruthenium-

manganese oxide electrode materials for electrochemical capacitors: Journal of Physics and 

Chemistry of Solids 70 (2009) 816-820. 

19. B. Abdulhakeem, M. Fabiane, D. Dodoo-Arhin, K. I Ozoemena, Silver nanoparticles 

decorated on a three-dimensional graphene scaffold for electrochemical applications: Journal 

of Physics and Chemistry of Solids 75 (2014) 109–114. 

20. H. Quan, Y. Shao, C. Hou, Q Zhang,  Room-temperature synthesis of 3-dimentional Ag-

graphene hybrid hydrogel with promising electrochemical properties: Materials Science and 

Engineering B 178 (2013) 769–774. 

21. J Zhi, W Zhao, X Liu, A Chen, Highly conductive ordered mesoporous carbon-based 

electrodes decorated by 3D graphene and 1D silver nanowire for flexible supercapacitor: 

Advanced Functional Materials 24 (2014), 2013-2019. 

22. Kesavan Devarayan, Jiyoung Park, Hak-Yong Kim, Facile green synthesis of silver 

nanodendrite/cellulose acetate thin film electrodes for flexible supercapacitors: Carbohydrate 

Polymers 163 (2017) 153–161. 

23. Recep Yuksel, Sahin Coskun, Yunus Eren Kalay, Flexible, silver nanowire network nickel 

hydroxide core-shell electrodes for supercapacitors: J. Power Sources 328 (2016) 167-173. 

24. Alex.1. Oje, A.A. Ogwu, M. Mirzaeian, Nathaniel Tsendzughul, Electrochemical energy 

storage of silver and silver oxide thin films in an aqueous NaCl electrolyte: Journal of 

Electroanalytical Chemistry 829 (2018) 59–68.  

25. Qaisar Abbas, Mojtaba Mirzaeian, Abraham A. Ogwu Electrochemical performance of 

controlled porosity resorcinol/formaldehyde-based carbons as electrode materials for 

supercapacitor applications: International Journal of Hydrogen Energy 42 (2017) 25588-

25597. 

26. R. Dimitrijević, O. Cvetković, Z. Miodragović, SEM/EDX and XRD characterization of 

silver nanocrystalline thin film prepared from organometallic solution precursor: J. Min. 

Metall. Sect. B-Metall. 49 (2013) 91 – 95. 

27. Naidu Dhanpal Jayram, D. Aishwarya, S. Sonia, Analysis on superhydrophobic silver 

decorated copper oxide nanostructured thin films for SERS studies: Journal of Colloid and 

Interface Science 477 (2016) 209–219. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

28. R. Todorov, V. Lozanova, P. Knotek, Microstructure and ellipsometric modelling of the 

optical properties of very thin silver films for application in plasmonics: Thin Solid Films 628 

(2017) 22–30. 

29. Deepak Sahu, Niladri Sarkar, Gyanaranjan Sahoo, Nano silver imprinted polyvinyl alcohol 

nanocomposite thin films for Hg2+sensor: Sensors and Actuators B 246 (2017) 96–107. 

30. Zhengyan Chen, Congling Li, Yangyang Ni, TCNQ-induced in-situ electrochemical 

deposition for the synthesis of silver nanodendrites as efficient bifunctional electrocatalysts: 

Electrochimica. Acta 239 (2017) 45–55. 

31. Andreia F. Faria, Thin-film composite forward osmosis membranes functionalized with 

graphene oxide–silver nanocomposites for biofouling control: Journal of Membrane Science 

525 (2017) 146–156. 

32. Emrah Sarica, Vildan Bilgin, Study of some physical properties of ultrasonically spray 

deposited silver doped lead sulphide thin films: Materials Science in Semiconductor 

Processing 68 (2017) 288–294. 

33. S. Mostafa Hosseinpour-Mashkani, Majid Ramezani, Silver and silver oxide nanoparticles: 

Synthesis and characterization by thermal decomposition: Materials Letters 130 (2014) 259–

285. 

34. Muhammad Atiq Ur Rehman, Sara Ferraris, Wolfgang H. Goldmann, Antibacterial and 

bioactive coatings based on radio frequency Co-Sputtering of silver nanocluster-silica 

coatings on PEEK/bioactive glass layers obtained by electrophoretic deposition: ACS Appl. 

Mater. Interfaces 9 (2017) 32489−32497. 

35. Souvik Agasti, Avijit Dewasi, Anirban Mitra, Structural and optical properties of pulse laser 

deposited Ag2O thin films: AIP Conference Proceedings 1953 (2018) 060001. 

36. R.D. Fedorovich, A.G. Naumovets, P.M. Tomchuk, Electron and light emission from island 

metal films and generation of hot electrons in nanoparticles: Phys. Rep. 328 (2000) 73–179. 

37. F. Gonzalez-Zavala, L. Escobar-Alarcón, D.A. Solís-Casados, Synthesis and characterization 

of silver vanadates thin films for photocatalytic applications: Catalysis Today 305 (2018) 

102–107. 

38. P.G. Borziak, Y.A. Kaylin, S.A. Nepijko, V.G. Shamonya, Electrical conductivity and 

electron emission from discontinuous metal films of homogeneous structure: Thin Solid 

Films 76 (1981) 359–378.  

39. J.A. Blackman, B.L. Evans, A.I. Maaroof, Analysis of island-size distributions in ultrathin 

metallic-films: Phys. Rev. B 49 (1994) 13863–13873. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

40. Haoyan Wei, Hergen Eilers, From silver nanoparticles to thin films: Evolution of 

microstructure and electrical conduction on glass substrates: Journal of Physics and 

Chemistry of Solids 70 (2009) 459–465. 

41. N. Marechal, E. Quesnel, Silver thin films deposited by magnetron sputtering: Thin Solid 

Films 241 (1994) 34-38. 

42. Mingru Zhou, Zhiqiang Wei, Hongxia Qiao, Particle Size and Pore Structure Characterization 

of Silver Nanoparticles Prepared by Confined Arc Plasma: Journal of Nanomaterials Volume 

2009, Article ID 968058, 5 pages. 

43. Irshad A. Wani, Sarvari Khatoona, Aparna Ganguly, Silver nanoparticles large scale 

solvothermal synthesis and optical properties: Materials Research Bulletin 45 (2010) 1033–

1038. 

44. Jalal Arjomandi, Jin Yong Lee, Raheleh Movafagh, Polyaniline/aluminum and iron oxide 

nanocomposites supercapacitor electrodes with high specific capacitance and surface area: 

Journal of Electroanalytical Chemistry 810 (2018) 100–108. 

45. S. W. Zhang, G. Z. Chen. Manganese oxide-based materials for supercapacitors: Energy 

Materials 3 (2008)186-200. 

46. A.R. Rafieerad, A.R. Bushroa, B. Nasiri-Tabrizi, J. Vadivelu, Silver/silver oxide nanorod 

arrays from physical vapor deposition and subsequent anodization processes: Surface & 

Coatings Technology 302 (2016) 275–283. 

47. Damian Wojcieszak, Agata Poniedziałek, Michał Mazur, Jarosław Domaradzki, Influence of 

plasma treatment on wettability and scratch resistance of Ag-coated polymer substrates: 

Materials Science-Poland 34 (2016) 418-426. 

48. Cristina Cioarec, Patrizia Melpignano, Nicolas Gherardi, Richard Clergereaux, Ultrasmooth 

silver thin film electrodes with high polar liquid wettability for oled microcavity application: 

Langmuir 27 (2011) 3611–3617. 

49. Mojtaba Mirzaeian, A.A. Ogwu, Nathaniel Tsendzughul, Surface characteristics of silver 

oxide thin film electrodes for supercapacitor applications: Colloids and Surfaces 519 (2017) 

223–230. 

50. Sambhaji M. Pawar, Multi-functional reactively sputtering copper oxide electrodes for 

supercapacitor and electro-catalyst in direct methanol fuel applications: Scientific Reports 6 

(2016) 21310. 

51. Chun Huang, Solid-state supercapacitors with rationally designed heterogeneous electrodes 

fabricated by large area spray processing for wearable energy storage applications, Scientific 

Reports 6 (2016) 25684. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

52. Recep Yuksela, Ece Alpuganc, Husnu Emrah Unalana, Coaxial silver nanowire/polypyrrole 

nanocomposite supercapacitors: Organic Electronics 52 (2018) 272–280. 

53. Junyan Liu, Tinghui Jiang, Feng Duan, Electrophoresis deposition of flexible and transparent 

silver nanowire/graphene composite film and its electrochemical properties: Journal of Alloys 

and Compounds 745 (2018) 370-377. 

54. Muhammad Usman, Lujun Pan,Amjad Sohail, Zafar Mahmood, Fabrication of 3D vertically 

aligned silver nanoplates on nickel foam-graphene substrate by a novel electrodeposition with 

sonication for efficient supercapacitors: Chemical engineering journal 311 (2017) 359-366. 

55. Recep Yuksel, Sahin Coskun, Yunus Eren Kalay, Husnu Emrah Unalan, Flexible, silver 

nanowire network nickel hydroxide core-shell electrodes for supercapacitors: Journal of 

Power Sources 328 (2016) 167-173. 

56. Libu Manjakkal, Carlos García Núñez, Wenting Dang, Ravinder Dahiya, Flexible self-

charging supercapacitor based on graphene-Ag-3D graphene foam electrodes: Nano Energy 

51 (2018) 604–612. 

57. C. Criado, P. GalÃ¡n-Montenegro, P. VelÃ¡squez, Diffusion with general boundary 

conditions in electrochemical systems: Journal of Electroanalytical Chemistry 488 (2000) 59–

63. 

58. Rukan Genc, Melis Ozge Alas, Ersan Harputlu, Sergej Repp, high-capacitance hybrid 

supercapacitor based on multi-colored fluorescent carbon-dots: Scientific Reports | 7: 11222 | 

DOI:10.1038/s41598-017-11347-1. 

59. Ruirong Zhang, Yanmeng Xu, David Harrison, John Fyson, A study of the electrochemical 

performance of strip supercapacitors under bending conditions:  Int. J. Electrochem. Sci. 11 

(2016) 7922 – 7933. 

60. Anis Allagui, Todd J. Freeborn, Ahmed S. Elwakil, Brent J. Maundy, Re-evaluation of 

performance of electric double-layer capacitors from constant-current charge/ discharge and 

cyclic voltammetry: Scientific Reports | 6:38568 | DOI: 10.1038/srep38568. 

61. Sang-Hyun Kim, Woojin Choi, Kyo-Bum Lee, Sewan Choi, Advanced dynamic simulation 

of supercapacitors considering parameter variation and self-discharge: IEEE transactions on 

power electronics 26 (2011) 11. 

62. Sachin A. Pawar, Dipali S. Patil, Jae Cheol Shin, Electrochemical battery-type supercapacitor 

based on chemosynthesized Cu2S-Ag2S composite electrode: Electrochimica Acta 259 (2018) 

664-675. 

ACCEPTED MANUSCRIPT

https://www.infona.pl/resource/bwmeta1.element.elsevier-281bfc89-682d-3580-9eca-191221de8fed/tab/jContent/facet?field=%5ejournalYear&value=%5e_02017


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

63. Jian-Yang Lin, Jung-Jie Huang, Yu-Lee Hsueh, Diameter effect of silver nanowire doped in 

activated carbon as thin film electrode for high performance supercapacitor: Applied Surface 

Science 477 (2019) 257–263. 

64. Junyan Liu, Tinghui Jiang, Feng Duan, Electrophoresis deposition of flexible and transparent 

silver nanowire/graphene composite film and its electrochemical properties: Journal of Alloys 

and Compounds 745 (2018) 370-377. 

65. Jae Young Seok, Jaehak Lee, Minyang Yang, Self-Generated Nanoporous Silver Framework 

for High-Performance Iron Oxide Pseudocapacitor Anodes: ACS Appl. Mater. Interfaces 10 

(2018) 17223−17231. 

66. Qingguo Bai, Jie Zhang, Conghui Si, Lattice defects and oxide formation coupledly enhanced 

giant electrical resistance change in nanoporous silver: Electrochimica Acta 206 (2016) 26–

35. 

67. Adriana Ispas, Manuel Pölleth, Khanh Hoa Tran Ba, Electrochemical deposition of silver 

from 1-ethyl-3-methylimidazolium Trifluoromethanesulfonate: Electrochimica Acta 56 

(2011) 10332– 10339. 

68. Ming-Chih Tsai, Ding-Xuan Zhuang, Po-Yu Chen, Electrodeposition of macroporous silver 

films from ionic liquids and assessment of these films in the electrocatalytic reduction of 

nitrate: Electrochimica Acta 55 (2010) 1019–1027. 

69. Sherif Zein El Abedin, F. Endres, Electrodeposition of nanocrystalline silver films and 

nanowires from the ionic liquid 1-ethyl-3-methylimidazolium trifluoromethylsulfonate: 

Electrochimica Acta 54 (2009) 5673–5677. 

70. Sergey V. Doronin, Roman A. Manzhos, Aleksandr G. Krivenko, EDL structure and 

peculiarities of ferricyanide cyclic voltammetry for silver deposits on gold: Electrochemistry 

Communications 57 (2015) 35–38. 

71. S.M. Pawar, A.I. Inamdar, K.V. Gurav, Effect of oxidant on the structural, morphological and 

supercapacitive properties of nickel hydroxide nanoflakes electrode films: Materials Letters 

141 (2015) 336–339. 

72. Jung Hoon Chae, George Zheng Chen, Influences of ions and temperature on performance of 

carbon nano-particulates in supercapacitors with neutral aqueous electrolytes: Particuology 

15 (2014) 9–17. 

73. Alexander J. Roberts, Robert C.T. Slade, Effect of specific surface area on capacitance in 

asymmetric carbon/α-MnO2 supercapacitors: Electrochimica Acta 55 (2010) 7460–7469. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

HIGHLIGHTS 

 

  

 Film roughness depends on sputtering power  

 

 Deposition power influences BET surface area  

 

 Wettability depends on the polar component of the total surface energy  

 

 Ag CV is due to redox reaction by [N(Tf)2]- anion and [EMIM]+ cation  
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