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 Abstract 

In this work ZnO, and Ag-dopped ZnO (Ag-ZnO) nanostructures were 
successfully synthesized via facile hydrothermal method and systematically 
investigated for photocatalytic, electrocatalytic and energy storage 
applications. X-ray diffraction (XRD) confirmed the crystalline nature for 
ZnO and Ag-ZnO with no impurity phases, indicating successful 
incorporation of Ag in the ZnO. Scanning electron microscopy (SEM) 
revealed a nanowire morphology for pristine ZnO, while Ag-ZnO exhibited 
nanowires decorated on nanorods demonstrating significant morphological 
modification due to Ag doping. Energy disperse X-ray spectroscopy (EDS) 
verified the elemental composition and confirmed the presence of Zn, O in the 
ZnO, while Zn, O and Ag in the Ag-ZnO. Photocatalytic degradation studies 
demonstrated that Ag-ZnO exhibits superior photocatalytic performance 
compare to pristine ZnO, attributed to enhanced charge separation and 
improve light absorption. Linear sweep voltammetry (LSV) analysis revealed 
that 3% Ag-ZnO have over potential of 183 V and Tafel slope of 48 mVdec-

1 for hydrogen evolution reaction (HER) and overpotential of 180 V and 
Tafel slope of 52.43 mVdec-1 oxygen evolution reaction (OER). Further 
electrochemical studied show highest specific capacitance of 388.4 F/g at 20 
mVs-1 for 3% Ag-ZnO from Cyclic voltammetry curve (CV). Electrochemical 
impedance spectroscopy (EIS) showed lowest charge transfer resistance of 93 
Ω, for 3% Ag-ZnO. Galvanostatic charge discharge (GCD) showed highest 
specific capacitance of 400 F/g at 1 A/g, energy density of 35.55 Wh/kg at 
1 A/g and power density of 1688 W/kg at 5 A/g. These results highlight 
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Ag-ZnO as a promising multifunctional material for electrocatalyst and 
advanced energy storage applications. 

 
1. Introduction  
Water splitting has emerged as a promising and 
sustainable approach for hydrogen production 
using renewable energy. [1, 2]. It involves two 
electrochemical half-reactions, namely the 
hydrogen evolution reaction (HER) at the cathode 
and the oxygen evolution reaction (OER) at the 
anode. However, the practical application of water 
splitting is limited by the sluggish kinetics of the 
OER, which involves a complex four-electron 
transfer process and requires additional energy to 
overcome the reaction overpotential.[3, 4]. 
Therefore, developing efficient, cost-effective, and 
stable electrocatalysts is essential for improving 
water-splitting performance. Although noble-
metal-based catalysts, such as RuO₂ and IrO₂, 
exhibit excellent OER activity, their high cost and 
limited availability have encouraged the 
exploration of alternative metal oxide materials.[5, 
6]. Zinc oxide (ZnO) is an attractive metal oxide 
semiconductor owing to its low cost, natural 
abundance, chemical stability, and tunable 
structural properties. Nevertheless, its relatively 
poor electrical conductivity and limited availability 
of catalytically active sites can restrict its 
electrocatalytic performance. To overcome these 
limitations, elemental doping has been proposed 
as an effective strategy for modifying the electronic 
structure, surface properties, and charge-transfer 
characteristics of ZnO.[7, 8]. In particular, silver 
(Ag) doping may introduce structural defects, 
modify the electronic environment, and improve 
interfacial charge transport, potentially enhancing 
the accessibility and activity of catalytic sites [9, 
10]. Among the possible modification strategies, 
silver (Ag) incorporation offers an opportunity to 
tailor the structural, electronic, and surface 
properties of ZnO. [11, 12]. Depending on the 
synthesis conditions and silver concentration, Ag 
may influence crystallite growth, defect formation, 
surface morphology, and interfacial charge 
transport. [13, 14]. These changes may improve 
the accessibility of active sites and modify the 
adsorption behavior of oxygen evolution 

intermediates, potentially facilitating the OER. 
Nevertheless, the effect of Ag depends strongly on 
its chemical state, distribution, and interaction 
with the ZnO matrix.[15, 16]. It is therefore 
important to distinguish genuine lattice doping 
from the deposition of metallic silver 
nanoparticles or the formation of separate silver-
containing phases. [17, 18]. Previous research on 
Ag-containing ZnO-based materials has 
demonstrated promising potential in water-
splitting-related applications, although results 
from photoelectrochemical systems and composite 
catalysts cannot automatically be generalized to 
pure electrocatalytic OER systems [19, 20]. 
Despite these developments, a systematic 
understanding of the relationship between Ag 
concentration, structural modification, charge-
transfer behavior, and OER performance remains 
important for designing effective ZnO-based 
electrocatalysts. Therefore, the present study 
investigates pristine ZnO and Ag-modified ZnO to 
evaluate how silver incorporation influences their 
structural, morphological, and electrochemical 
properties.[21, 22]. The catalytic performance can 
be assessed through linear sweep voltammetry 
(LSV), overpotential, Tafel slope, electrochemical 
impedance spectroscopy (EIS), and stability 
measurements. Structural and chemical 
characterization can further clarify the role of 
silver in modifying the ZnO matrix [23, 24]. This 
investigation aims to establish the relationship 
between material composition and 
electrochemical behavior and to determine 
whether controlled Ag incorporation provides a 
practical strategy for improving the OER 
performance of ZnO-based materials for 
sustainable hydrogen production. Furthermore, 
the increasing demand for efficient energy 
conversion and storage technologies requires the 
development of advanced electrode materials with 
high electrochemical activity, rapid charge-transfer 
kinetics, and long-term stability [25, 26]. However, 
the performance of conventional electrode 
materials is often limited by poor electrical 
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conductivity, insufficient active sites, and slow 
interfacial reaction kinetics, which delay their uses 
in electrocatalytic and energy storage devices [27, 
28]. Zinc oxide (ZnO) has attracted significant 
interest as a potential electrode material due to low 
cost, chemical stability and tunable nanostructures 
[29, 30]. As a wider bandgap semiconductor ZnO, 
exhibits favorable redox behavior and abundant 
surface-active sites making it suitable for 
supercapacitor and electrocatalytic applications 
[31, 32]. The formation of ZnO nanostructures 
further enhances ion diffusion and surface 
reactions. Nevertheless, the intrinsic low electrical 
conductivity and rapid charge carrier 
recombination of pristine ZnO strictly restrict 
electron transport and electrochemical efficiency 
[33, 34]. Incorporation of silver (Ag) into ZnO has 
emerged as an effective strategy to overcome these 
limitations. Due to its excellent electrical 
conductivity and catalytic activity, Ag enhances 
charge transfer kinetics and reduces interfacial 
resistance when doped with ZnO [35, 36]. The 
formation of Ag-ZnO nanostructures promotes 
efficient charge separation and provided 
additional electrochemical sites. Consequently, Ag 
modified ZnO electrodes exhibit enhanced 
specific capacitance, improve rate capability, 
reduce overpotential and superior cyclic stability 
in both electrocatalytic and energy storage [37, 38]. 
In this work, Ag-ZnO nanostructures were 
successfully synthesized by hydrothermal method 
and evaluated for photocatalytic, electrocatalyst 
and energy storage applications. The 
incorporation of Ag significantly enhanced the 
optical and electrical properties of ZnO by 
improving charge separation and conductivity [39, 
40]. AS a result, Ag-ZnO exhibited superior 
photocatalytic degradation efficiency, enhanced 
electrocatalyst activity and energy storage 
performance compare to pristine ZnO. These 
results indicate that Ag-ZnO is efficient 
nanostructure for practical applications of  
electrocatalyst and Advanced electrodes for energy 
storage devices. 
 
 
 

2. Materials and methods 
For the synthesis of Ag-ZnO nanostructures zinc 
nitrate hexahydrate (Zn(NO3)2.6H2O Mw=297.49 
g/mol, sigma), sodium hydroxide (NaOH), Mw= 
39.997 g/mol, sigma), silver nitrate (AgNO3), 
Mw=169.87 g/mol, sigma) DI, water and ethanol 
is used starting materials.   
 
2.1  Synthesis of Pure ZnO 
Pure ZnO nanowires are synthesized by 
hydrothermal method. In typically synthesis 2.97 
g, of zinc nitrate hexahydrate (Zn(NO3)2.6H2O was 
dissolved in 50 ml of deionized water under 
continuous magnetic stirring to obtain a clear 
solution. Separately, 0.8 g of sodium hydroxide 
(NaOH) was dissolved in 50 ml of deionized water, 
and the resulting solution was added dropwise to 
the zinc nitrate solution while stirring until the PH 
value of the mixture reached to approximately (10-
11). The homogenous solution then transfers to 
150 ml, Teflon line stainless steel autoclave and 
heated at 160 oC, for 12 hours. After completion 
of the reaction the autoclave was allowed to cool 
naturally to room temperature. The resulting 
white precipitate was collected by centrifugation 
and washed several times with deionized water and 
ethanol. Finally, the product was dried at 80 oC for 
10 hours and calcined at 400 oC for 2 hours to 
obtained the ZnO nanowires.  
 
2.2  Synthesis of Ag dopped ZnO (Ag-ZnO) 
For the 1% Ag-ZnO sample 2.94 g of zinc nitrate 
hexahydrate (Zn(NO3)2.6H2O  and 0.017 g of 
silver nitrate (AgNO3) were dissolved in 50 ml, DI 
water under continuous magnetic stirring. For the 
3% Ag-ZnO 2.88 g, of (Zn(NO3)2.6H2O  and 0.051 
g of AgNO3, and for 5% Ag-ZnO 2.83 g of 
(Zn(NO3)2.6H2O  and 0.85 g of AgNO3 were used. 
In each case 0.8 g, of NaOH, was dissolved in 50 
ml, of deionized water and added dropwise to the 
metal precursor solution until the PH value 
reaches to (~10-11). The homogenous solution 
then transfers to 150 ml, Teflon line stainless steel 
autoclave and heated at 160 oC, for 12 hours. After 
completion of the reaction the autoclave was 
allowed to cool naturally to room temperature. 
The resulting white precipitate was collected by 
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centrifugation and washed several times with 
deionized water and ethanol. Finally, the product 
was dried at 80 oC for 10 hours and calcined at 
400 oC for 2 hours to obtained the Ag-ZnO 
nanostructures. 
 
2.3  Characterizations  
The x-ray diffractometer (JDX-3532, Japan), 
Scanning electron microscopy (SEM) (JSM-IT-
1OO), and energy dispersing x-ray spectrometer 
(EDS) (JEOL JSM-IT-100) were used to evaluate 
the phase, surface morphology, and elemental 
composition of the produced samples. For 
electrochemical properties Gamry interface series 
are used. 
 
1.1 Fabrication of Supercapacitor and 
electrochemical measurement  
On a nickel (Ni) foam substrate, the electrodes 
needed to evaluate the electrochemical 
performance were created using a simple brushing 
technique. The anode material included eighty 
weight percent produced Ag-ZnO nanostructure, 
ten weight percent activated carbon (AC), and ten 
weight percent polyvinylidene fluoride (PVDF) as 
a binder. The cathode material comprised 90 
percent by weight activated carbon and 10 weight 
percent PVDF. The two electrodes were divided by 
filter paper, forming the asymmetrical 
supercapacitor configuration. Two electrodes were 
employed to evaluate the electrochemical 
performance of the fabricated supercapacitor. A 
Gamry Interface 1000E potentiostat was employed 
for measurements, encompassing galvanostatic 
charge-discharge (GCD), electrochemical 
impedance spectroscopy (EIS), and cyclic 
voltammetry (CV). The asymmetric supercapacitor 
charges and discharges at a current density of (1-5) 
A/g within a potential window of 0 to 0.8 V, and 
the CV test scan speeds vary from 20 to 100 mVs-

1. The specific capacitance was calculated using Eq. 
(2) [43, 44] using cyclic voltammetry analysis. 

                                          𝐶𝑠 =
∫ 𝐼×∆𝑉

𝜅𝑚𝑎Δ𝑉
                                                          

(2) 
Where ∫ 𝐼 × ∆𝑉  denote area under CV, curve ma 
represents mass of the active material, K represent 

scan rate and ∆𝑉 represent the potential window 
of the prepared electrodes. Equations (3) [45], (4) 
[46], and (5) [47],were used to compute the specific 
capacitance, energy density, and power density 
from the GCD curves. 
 

𝐶𝑠 =
𝐼×∆𝑉

𝑚𝑎×∆𝑡
                                                                       

(3) 

𝐸 =
1

2
 (

𝐶𝑠×∆𝑉2

3.6
)                                                                   

(4) 

𝑃 =
3600×𝐸

∆𝑡
                                                                      

(5) 
Here, I denote the current applied, while ∆t 
signifies the discharging duration. 
 
2. Results and discussion 
2.1  X-ray diffraction (XRD) 
The x-ray diffraction (XRD) of the prepared ZnO, 
1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO 
nanostructures is show in Fig.1. The diffraction 
angle 2θ is varying between 20 to 80 degrees. All 
the observed peaks are will match with the 
standard XRD JCPD card number (043-0002) for 
Wurtzite structure of ZnO, and (04-0783) for face 
centric cubic structure of Ag. The XRD, structure 
of Ag-ZnO shows the successful incorporation of 
Ag into the ZnO and there are no extra peaks 
observed which shows the purity of as prepared 
materials. The crystallite sizes are calculated by 
Scherer’s Eq. (6) for ZnO, 1% Ag-ZnO, 3% Ag-
ZnO and 5% Ag-ZnO are 37 nm, 27 nm and 22  
and 24 nm respectively. The progressive reduction 
in crystalize size upon Ag doping indicates that Ag 
incorporation effectively defeats ZnO crystal 
growth [48, 49]. This behavior is attributed to 
lattice distortion and increased macrostrain 
caused by the substitution of larger Ag+ ions (1.26 
Å) for Zn2+ ions (0.74 Å) or their career of 
interstitial sites, which delays atomic diffusion to 
crystal growth [50, 51]. The minimum crystallite 
size observed at 3% Ag-ZnO, suggests an optimal 
dopant concentration for growth inhibition. The 
slight decrease at 5 % Ag-ZnO, may be due to 
dopant agglomeration, partial strain relaxation, or 
the formation of Ag rich-clusters, enabling grain 
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growth [52]. The non-monoatomic trend reflects 
the competition between lattice distortion and 
dopant segregation effects. 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                             

(6) 

D, represents the crystalize size, K represents the 
shape factor, λ represent wavelength of x-ray where 
B, represents full width and 𝜃 represents the angle. 
 

 
Fig.1: XRD, pattern of ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO respectively. 

 
2.2  SEM, EDS analysis  
Fig.2 (a-d) shows the low magnification and the 
insect show high magnification SEM, images for 
pure ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-
ZnO respectively. SEM, morphology reveals that 
pure ZnO have nanowires like structure with 
smooth surfaces and well-defined hexagonal 
geometry indicating anisotropic growth along c-
axis of the wurtzite structure [53, 54]. When the 
Ag incorporation in the ZnO, 1% Ag-ZnO, 3% Ag-
ZnO and 5% Ag-ZnO a distinct morphology is 
observed where ZnO nanowires decorated on the 

surface of thicker nanorods forming hierarchical 
nanowires-nanorods like morphology. This 
decoration becomes more pronounced with 
increasing Ag content, suggesting that Ag 
incorporation modifies the nucleation density and 
growth kinetics [55]. Fig.2 (e-h) shows the energy 
disperse x-ray spectroscopy (EDS) of ZnO, 1% Ag-
ZnO, 3% Ag-ZnO and 5% Ag-ZnO. The undoped 
sample show Zn and O peaks indicating high 
purity of the ZnO. For Ag-ZnO samples additional 
peaks of Ag are observed in the 1% Ag-ZnO, 3% 
Ag-ZnO and 5% Ag-ZnO indicate the successful 
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incorporation of Ag into the ZnO. The intensity 
of Ag is increasing when the dopant concentration 

is increases in the ZnO, demonstrating effective 
control over Ag content [56, 57].  

 
Fig.2 (a-d) SEM while (e-h) EDS spectrum for ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO 

respectively. 
 

1.1 Linear sweep voltammetry (LSV) 
To investigate the electrocatalysts properties of 
prepared electrodes linear sweep voltammetry 
analysis was performed in KOH (3M) solution at 
20 mV/s. The LSV polarization curves can be seen 
in Fig.5 (a)  for oxygen evolution reaction (OER). 
The pristine ZnO electrode exhibits low 
electrocatalytic activity for OER, characterized by 

a weak current response and high overpotential 
(~390 mV) indicating slow kinetics [58]. Upon Ag 
doping a pronounced enhancement in catalytic 
performance is observed. The 1% Ag-ZnO sample 
shows a noticeable increase in peak current density 
and a reduce in overpotential (~290 mV) 
suggesting improved charge transfer and active site 
availability. Further improvement is achieved for 
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3% Ag-ZnO which displays the highest peak 
current and lowest overpotential (~180 mV), 
reflecting optimal Ag dispersion and synergistic 
interaction between Ag and ZnO is seen in Fig.5 
(b). However, at higher doping 5% Ag-ZnO, the 
catalytic activity declines with an increased 
overpotential (~240 mV) likely due to Ag 
agglomeration and partial blockage of active sites 
[59, 60]. The Tafel slope values follow a similar 
trend decreasing from 93.42 mVdec-1 for ZnO to 
74.56 mVdec-1 for 1% Ag-ZnO and reaching a 
minimum 52.43 mVdec-1 for 3% Ag-ZnO  Fig.5 
(c), indicating accelerated reaction kinetics [61]. 
The increases in Tafel slope to 63.32 mVdec-1 for 
5% Ag-ZnO further confirms the fall in catalytic 
efficiency at higher Ag content. The hydrogen 
evolution reaction (HER) performance of as 
prepared electrodes is display in Fig.5 (d). Pristine 
ZnO, shows a high overpotential (~367 mV), Fig.5 
(e), and a Tafel slope of 113 mVdec-1 Fig.5 (f), 
reflecting its limited electrical conductivity and 

weak hydrogen absorption capability [62]. The 1% 
Ag-ZnO electrode exhibited a reduced 
overpotential (~256 mV)  and a Tafel slope 85 
mVdec-1 indicating improved electron transport 
across the electrode-electrolyte interface [63]. The 
3% Ag-ZnO catalyst achieved the most favorable 
HER kinetics, with an overpotential (~183 mV) 
and a Tafel slope of 48 mVdec-1 suggesting an 
optimized balance between active site density and 
charge transfer efficiency. In contrast, the 5% Ag-
ZnO electrode showed a moderate increase in 
overpotential (~220 mV), and Tafel slope 64 
mVdec-1 which may be associated with excessive 
metallic coverage that alters the surface reaction 
pathway and reduces the accessibility of 
catalytically favorable sites [64]. The calculated 
overpotentials and Tafel slope values are display in 
table 2. These results confirm that controlled Ag 
doping effectively modulates the electrocatalyst 
properties of ZnO leading to enhanced (OER and 
HER) kinetics at an optimal doping level [65]. 

 
Table 2: Current density, over potential and Tafel slope values of as prepared electrodes. 

Electrode Scan rate 
(mVs-1) 

Current 
density 
(mVcm-2) 

Over 
potential  
 (mV) OER 

Over 
potential 
(mV) HER 

Tafel slope 
OER 
 (mVdec-1) 

Tafel slope 
HER 
(mVdec-1) 

ZnO 20 10 390 367 93.42 113 
1% Ag-ZnO 20 10 290 256 74.56 85 
3% Ag-ZnO 20 10 180 183 52.43 48 
5% Ag-ZnO 20 10 240 220 63.32 64 
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Fig.5: LSV curves of (a) OER, (b) Overpotentials for OER, (c) Tafel slope for OER, while (d) LSV curves 
for HER, (e) overpotentials for HER, and (f) Tafel slope for HER for ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 

5% Ag-ZnO respectively. 
 
1.2 Electrochemical asymmetric 
supercapacitor response 
Cyclic voltammetry (CV), Electrochemical 
impedance spectroscopy (EIS), and Galvanostatic 
static charge discharge (GCD) were among the 
characterization techniques used to assess the 
super capacitor’s electrochemical performance. 
The supercapacitor arrangement uses activated 
carbon as the cathode and ZnO, 1% Ag-ZnO, 3% 
Ag-ZnO and 5% Ag-ZnO nanostructures as the 
anode. To guarantee enough isolation, a separator 
was positioned in between the electrodes. To 
assemble the aqueous supercapacitor device, many 
drops of 3M KOH electrolyte were put to the filter 
paper prior to testing. Fig.6 (a-d) displays the CV 
curves for ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% 
Ag-ZnO nanostructure-based electrodes at various 
scan rates (20 to 100 mVs-1). Even at higher scan 
rates, all electrodes showed two clear and distinct 
redox peaks that matched the anode materials' 
battery-type behavior. The Ag-ZnO, nanostructure-
based electrode curves show how an intrinsic 
electric field forms at the Ag doped ZnO pn-
junction interface [66, 67]. As further evidenced 
by the capacitance vs scan rate plot in Fig.6 (f), this 

built-in field efficiently reduces polarization effects 
by encouraging a more uniform charge 
distribution, hence enhancing capacitance 
stability with different scan rates. The findings 
support the successful creation of a distinct pn-
junction between nickel and ZnO, which is 
ascribed to the metal precursors' heat treatment 
after using the hydrothermal synthesis method 
[68]. This procedure helps to eliminate any 
remaining organic species and improves the 
transition metal oxide's crystallinity. Moreover, it 
promotes interdiffusion and interfacial reaction 
between the metal oxide which strengthen the 
adhesion and electronic coupling at the pn-
junction interface ultimately contributing to 
superior electrochemical performance [69, 70]. 
Additionally, it is evident that there is a 
relationship between the rise in scan rate and the 
fall in Specific capacitances (Cs). The ion exchange 
mechanism that takes place at the electrode 
surface explains, at reduced scan rate values, OH 
ions possess sufficient time to diffuse into the 
electrode materials [71]. Conversely, at high scan 
rates, the extent of ion accessibility within the 
electrode materials decreases. The Dunn method 
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is utilized to confirm that ion diffusion is blocked. 
ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO 
exhibited specific capacitances of 75.72, 260.13, 
388.4, and 161.2 F/g respectively. As 
demonstrated by the maximum specific 
capacitance seen for the 3% Ag-ZnO electrode in 
comparison to the ZnO, 1% Ag-ZnO and 5% Ag-
ZnO electrodes, the ZnO nanowires on the Ag 
nanorods have enhanced the diffusion of ions 
from the electrolyte to the electrode surface by 
increasing the electrode's surface area, which raises 
the surface energy [72]. The increase of surface 
area enhances specific capacitance by offering 
additional active sites for electrochemical 
reactions. Furthermore, as shown in Fig.6 (f), the 

incorporation of Ag doping into the ZnO creates 
a more interconnected and porous structure that 
facilitates effective ion diffusion inside the 
electrode material [73, 74]. Thus, the overall 
outstanding performance of the suggested 3% Ag-
ZnO based ASCs electrode is assumed to be due 
in part to improved ion diffusion. The specific 
capacitance for 5% Ag-ZnO electrode decreases it 
is due to reduce surface area as Ag doping 
increasing which can block pores and aggregate 
reducing electroactive surface area and increased 
charge transfer resistance where excess Ag creates 
defects delay electron transfer and disrupted ZnO 
structure were lattice distortion effects ion 
diffusion and charge storage [75, 76].  

 

 
Fig.7 CV curves of (a) ZnO, (b) 1% Ag-ZnO, (C) 3% Ag-ZnO and (d) 5% Ag-ZnO, (e) comparatively CV of 

as prepared electrodes at 20 mVs-1  (f) specific capacitances vs scan rate of as prepared electrodes.  
 

A thorough examination of the CV curves at 
various scan rate values was carried out in order to 
gain a better understanding of the kinetics of an 
electrochemical reaction involving the ZnO, 1% 
Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO 
nanostructure-based electrodes. Peak current (I) 

and scan rate (κ) were shown in Fig.8 (a-d) to be 
related using the power-law Eq. (10) [77], 
 

log(𝑖) = 𝑏𝑙𝑜𝑔(𝜅) + log (𝑎)                                                       
(10) 
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Where the charging and discharging processes are 
influenced by the empirical constants a, and b. 
The charging and discharging processes of the 
capacitor electrode are typically caused by the 
diffusion-limited reaction when b is near unity, 

On the other hand, diffusion largely governs the 
charging and discharging processes if b is around 
0.5 [70, 79]. According to Fig.11 (h), the 
corresponding 

 

 
Fig.8: peak current vs scan rate (a) ZnO, (b) 1% Ag-ZnO, (c) 3% Ag-ZnO and (d) 5% Ag-ZnO respectively. 
 
b values for ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 
5% Ag-ZnO electrodes are 0.43, 0.64, 0.51, and 
0.56 respectively. This indicates that diffusion 
control reactions dominate the produced charge 
storage kinetics. The Dunn approach was applied 
using the following Eq. (11) [80],in order to 
precisely ascertain the percentage of capacitive and 
diffusion contributions that comprise the total 
specific capacitance. 

𝑖(𝑉)

𝜅1/2 = 𝛾1𝜅1/2 + 𝛾2                                                             

(11) 

Where κ is the scan rate, γ1 is the slope, γ2 is the 
y-intercept derived from the linear fit, and I (V) is 
the peak current response. In this case, the 
capacitive current contribution is represented by ic 
= γ1 κ, and the diffusion current contribution is 
represented by id = 𝛾2𝜅1/2. The combination of 
capacitive (ic) and diffusion (id) contributions for 
ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO 
electrodes are displayed at different scan rates in 
Fig.9 (a-d), respectively. Given the short time 
allotted for ion diffusion, it is clear that the 
capacitive contribution predominates with a 
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greater scan rate [81, 82]. Moreover, low scan rate 
values are where the diffusion-controlled charge 
storage is most noticeable. The contribution rates 
of ZnO, and 1% Ag-ZnO, electrodes are 
comparable and nearly identical. In contrast, 3% 
Ag-ZnO electrode exhibits a roughly 50% 
contribution from capacitive current and a 
roughly 50% contribution from diffusion current. 
Effective ion diffusion between ZnO and the KOH 
within the electrode can be promoted by the 
presence of Ag which can offer a more porous and 
linked channel. For 5% Ag-ZnO again this value 
are decreases to 40% and 60%. To gain a deeper 
comprehension, the capacitance contributions 
from the inner and outer surfaces of the electrode 
materials were identified and distinguished using 
Trasatti's approach based on the following 
Cottrell's Eq. (12) [83] , 

𝑖(𝜅) = (2.69 × 105)𝑛3/2𝐴𝐷0
1/2

𝐶𝑜
∗𝜅1/2                                           

(12) 
 
The charges carried on the electrode surface, 
electrode area, and concentration are denoted by 
n, A, and 𝐶𝑜

∗ , respectively, while the diffusion 
coefficient is denoted by Do. The total current at 
a particular scan rate is shown. This approach is 
based on the kinetic theories of surface charge and 
diffusion-controlled charge, which react 
differently to an increase in the applied potential 
scan rate. Under the assumption of semi-infinite 
diffusion, the following Eq. (13) [84], illustrates 
how these mechanisms have distinct effects on the 
overall charge contribution, which can be 
comprehended by deconvoluting these two 
contributions. 

 

 
Fig.9: Contribution rate vs scan rate (a) ZnO, (b) 1% Ag-ZnO, (c) 3% Ag-ZnO and (d) 5% Ag-ZnO 

respectively. 
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𝑞𝑇 = 𝑞𝑖 + 𝑞𝑜 ⟹  𝐶𝑇 = 𝐶𝑖 + 𝐶𝑜                                                (13) 
 

When κ→+∞, q→qo was employed, the capacitive 
contribution from the outer surface was calculated 
using Eq. (14) [85], since it is the more accessible 
portion of the electrode during the 
electrochemical reaction. A linear correlation is 

obtained by plotting the computed 1/Cs against 
κ1/2, as Fig.10 (e) illustrates. The surface 
contribution is obtained by linearly fitting the 
graphic and then extrapolating the fitted line to 
the y-axis. 

 
𝐶(𝜅) =

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

√𝜅
+ 𝐶𝑜                                                          (14) 

 
With boundary conditions κ→0, q→qT, the 
following Eq. (15) [86], was used for the inner 
surface because such contributions needed 
enough time for electro active species to disperse. 

The total capacitance (CT), which is determined 
by adding the capacitances from the inner and 
outer surfaces, is the reciprocal of the y-intercept 
of the 1/Cs vs. κ1/2 plot, as shown in Fig.10 (f). 

 
1

𝐶(𝜅)
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 √𝜅 +

1

𝐶𝑇
                                               (15) 

 
Fig.10: Inner and outer surface contribution of (a-d) while (e) 1/Cs vs K1/2 (f) Cs vs K-1/2 for ZnO, 1% Ag-

ZnO, 3% Ag-ZnO and 5% Ag-ZnO respectively. 
 

Fig.10 (e) shows the ZnO and Ag contributions 
from the 5% Ag-ZnO nanostructure's inner 
surface. It was found that the inner surface 
contributions of Ag and ZnO were approximately 
56.43 and 43.57 percent, respectively. The surface 

contributions of 3% Ag-ZnO exhibited 
considerable variation, with the Ag contribution 
comprising 3.21% of the total contribution. This 
rise in the interior contribution to about 96.79% 
indicates that Ag growth opens up additional 
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channels for electrochemical reactions during 
redox events and that Ag and ZnO cling to one 
another well, which makes it easier for OH ions to 
move [87]. These results are in line with the 
Rendle Sevicks (b) values, which are displayed in 
Fig.11 (h) and show a drop in b values from 
approximately 0.56 to approximately 0.51 as the 
diffusion current control reaction approaches [88]. 
Fig.11 (g) displays the electrochemical impedance 
spectroscopy (EIS) of the prepared electrodes. The 
charge transfer resistance of ZnO, 1% Ag-ZnO, 3% 
Ag-ZnO and 5% Ag-ZnO are 220, 115, 90.5 and 
150 Ω, respectively. The 3% Ag-ZnO electrode 

show lowest charge transfer resistance is compare 
to pure ZnO,  1% Ag-ZnO and 5% Ag-ZnO 
electrodes. Fig.11 (a-d) shows  galvanostatic charge-
discharge (GCD) curves of the ZnO, 1% Ag-ZnO, 
3% Ag-ZnO  and 5% Ag-ZnO nanostructure 
electrodes of ASCs at (1-5) A/g. ASCs based on 
3% Ag-ZnO electrode exhibit a longer discharge 
time of approximately 320 seconds at a current 
density of 1 A/g. At the same current density, 
however, the 1% Ag-ZnO, 5% Ag-ZnO and pure 
ZnO electrodes has a discharge time of 220, 135 
and 72 second respectively. 

 

 
Fig.11: GCD curves of (a-d) while Cs vs current density (e) ragon plot (f) Nyquist plot (g) and calculate b 

values (h) of ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO respectively. 
 

The specific capacitance calculated from GCD, 
curves are 90, 265.5, 400 and, 168.75 F/g for 
ZnO, 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO 
respectively. The GCD profile of the electrodes 
shows battery-like activity between 0 and 0.8 V, 
which is the operating potential window [89]. To 
illustrate the performance of the ASCs, the 
Ragone plot, which shows the energy density 
(Wh/kg) against the power density (W/kg), is 
shown in Fig.11 (f). The calculated ASC 
characteristics at 1 A/g are shown in table 3, where 
the 3% Ag-ZnO electrode has an energy density of 
approximately (~35.55 Wh/kg), which is higher 

than that of the 1% Ag-ZnO (~23.33 Wh/kg), 5% 
Ag-ZnO (~15 Wh/kg),  and ZnO (~8 Wh/kg). 
The maximum power densities reported for ZnO, 
1% Ag-ZnO 3% Ag-ZnO and 5% Ag-ZnO are 1600 
W/kg, 1657.14 W/kg, 1688 W/kg and 1500.98 
W/kg, at 5 A/g respectively. The 1% Ag-ZnO, 3% 
Ag-ZnO and 5% Ag-ZnO electrodes show superior 
specific capacitance and energy density compare to 
pure ZnO indicate that Ag improve the electrical 
conductivity, enhance redox activity and improve 
surface morphology and active sites making Ag 
doped ZnO nanostructures as efficient and 
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promising electrode for energy storage 
applications. 
 

Table3. Calculated Cs, energy density and power density, Charge transfer resistance and solution 
resistance for supercapacitor. 

Electrode  Current 
density 
(A/g) 

Specific 
capacitance 
(F/g) 

Energy 
density 
(Wh/kg) 

Power 
density 
(W/kg) 

Charge 
transfer 
resistance 
(Rct) (Ω) 

Solution 
resistance (Rs) 
(Ω)  

ZnO 1 90 8 400 220 3.2 
1% Ag-ZnO 1 265.5 23.33 381.81 115 2.2 
3% Ag-ZnO 1 400 35.55 400 90.5 1.8 
5% Ag-ZnO 1 168.75 15 400 150 2.7 

 
Conclusion 
In this work ZnO, and Ag-dopped ZnO (Ag-ZnO) 
nanostructures were successfully synthesized via 
facile hydrothermal method and systematically 
investigated for photocatalytic, electrocatalytic and 
energy storage applications. X-ray diffraction 
(XRD) confirmed the crystalline nature for ZnO 
and Ag-ZnO with no impurity phases, indicating 
successful incorporation of Ag in the ZnO. 
Scanning electron microscopy (SEM) revealed a 
nanowire morphology for pristine ZnO, while Ag-
ZnO exhibited nanowires decorated on nanorods 
demonstrating significant morphological 
modification due to Ag doping. Energy disperse X-
ray spectroscopy (EDS) verified the elemental 
composition and confirmed the presence of Zn, O 
in the ZnO, while Zn, O and Ag in the Ag-ZnO. 
Photocatalytic degradation studies demonstrated 
that Ag-ZnO exhibits superior photocatalytic 
performance compare to pristine ZnO, attributed 
to enhanced charge separation and improve light 
absorption. Linear sweep voltammetry (LSV) 
analysis revealed that 3% Ag-ZnO have over 
potential of 183 V and Tafel slope of 48 mVdec-1 
for hydrogen evolution reaction (HER) and 
overpotential of 180 V and Tafel slope of 52.43 
mVdec-1 oxygen evolution reaction (OER). 
Further electrochemical studied show highest 
specific capacitance of 388.4 F/g at 20 mVs-1 for 
3% Ag-ZnO from Cyclic voltammetry curve (CV). 
Electrochemical impedance spectroscopy (EIS) 
showed lowest charge transfer resistance of 93 Ω, 
for 3% Ag-ZnO. Galvanostatic charge discharge 

(GCD) showed highest specific capacitance of 400 
F/g at 1 A/g, energy density of 35.55 Wh/kg at 1 
A/g and power density of 1688 W/kg at 5 A/g. 
These results highlight Ag-ZnO as a promising 
multifunctional material for photocatalytic, 
electrocatalyst and advanced energy storage 
applications.  
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