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Abstract:
Nanoscale silver phosphate particles, with a narrow size distribution, were successfully 

synthesized via a complexation-mediated approach, wherein the growth and dispersion of the 

particles were effectively controlled by an organic stabilizing matrix. The as-prepared, 

organically stabilized silver phosphate was employed as an active electrode material in the 

fabrication of both symmetric and asymmetric electrochemical capacitors. The intrinsic 

electrochemical properties of the active material (silver phosphate), including redox activity, 

charge storage performance and kinetic characteristics were systematically determined using 

three-electrode configuration. The two-electrode systems, both asymmetric and symmetric 

architecture, were utilized to evaluate the overall performance of the assembled capacitor, 

including parameters such as cycling stability, specific capacity, energy, power density and 

energy density. The fabricated asymmetric electrochemical capacitor exhibited a maximum 

specific capacity of 99 C g-1 and delivered an energy density 41 Wh.kg-1 with a corresponding 

power density of 865 W.kg-1 at 0.5 A.g-1. The symmetric device attained maximum power 

and energy density of 2400 W.kg-1 and 3.49 Wh.kg-1 at 2.4 and 0.6 A.g-1, respectively. The 

Bode plot displayed the capacitance values of 3.4 and 0.45 mF for the asymmetric and 

symmetric electrochemical capacitors, respectively. Silver phosphate-based asymmetric and 

symmetric capacitors were successfully integrated into resistor-capacitor (RC) circuits and 

systematically evaluated for their performance in both first- and second-order low-pass filter 
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configurations, which enabled a comparative analysis of frequency response characteristics, 

including attenuation behavior and phase shift.

Keywords: silver phosphate nanoparticles; asymmetric and symmetric devices; power and 
energy density; resistor-capacitor circuits; first- and second-order filter 

1. Introduction:
Rapid consumption of fossil fuel reserves has contributed to rising global temperatures and 

environmental degradation, prompting an urgent move toward sustainable energy 

alternatives.1 Continued reliance on conventional energy systems not only accelerates 

greenhouse gas emissions but also exacerbates ecological imbalances, further reinforcing the 

transition toward sustainable and environmentally benign alternatives.2 Moreover, energy 

generated through traditional methods is increasingly insufficient to meet the rapidly growing 

demands of modern society; consequently, considerable efforts are being directed toward 

developing innovative and efficient strategies for energy generation, storage and utilization to 

bridge this gap.3-5 Energy storage devices are critical for stabilizing the variable output of 

renewable energy sources, ensuring continuous and reliable power delivery, enhancing the 

overall efficiency and resilience of sustainable energy systems. Conventional energy storage 

devices primarily include, batteries and capacitors, which store electrical energy through 

chemical reactions and electrostatic charge accumulation, respectively.6, 7 Batteries are 

widely used for their high energy density and long-term storage capabilities, while capacitors 

offer rapid charge-discharge cycles, making both essential for diverse energy management 

applications. Supercapacitors, or electrochemical capacitors, represent a hybrid energy 

storage system positioned between capacitors and batteries. They deliver quick charge-

discharge performance along with enhanced energy storage capacity. This unique 

combination makes them ideal for applications requiring frequent cycling, quick energy 

delivery and enhanced longevity compared to traditional energy storage devices.8-10

Electrochemical capacitors can be broadly classified into two categories; electric double-layer 

capacitors (EDLC), where charge is accumulated through ion adsorption at the electrode-

electrolyte boundary, while pseudocapacitors utilize fast, reversible redox processes to store 

energy.11 Carbon-based materials, such as graphene, graphene oxide and carbon nanotubes 

are commonly employed as electrode materials in EDLC due to their high surface area, 

excellent chemical, mechanical stability and moderate electrical conductivity.12-16 Whereas 

pseudocapacitive materials, like conducting polymers and transition metal compounds, 

including metal hydroxides, oxides, sulfides, phosphides and phosphates, exhibit significantly 

Page 2 of 36Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

5:
09

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NA00255B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00255b


3

higher specific capacitance and enhanced energy storage performance as compared to carbon-

based double-layer capacitors, due to their faradaic reactions that enable efficient charge 

storage at or near the electrode surface.17-21 It is also important to mention that oxide-based 

transition metal compounds show special interest as an electrode material for capacitor 

application  owing to their multiple oxidation states, high electrochemical activity, and ability 

to store charge through fast reversible redox reactions, which provide high specific 

capacitance and energy density.22-25

Among the different kinds of transition metal compounds, silver-based materials have 

gathered considerable research interest due to their excellent electrochemical properties and 

promising energy storage performance in applications such as batteries 26, 27 and 

supercapacitors,28 due to excellent chemical stability and significant ionic conductivity.29 An 

asymmetric device based on silver-cobalt sulfide serving as the cathode in combination with 

activated carbon as the anode, yielded a specific capacity of 97 C.g⁻1 at a current density of 1 

A.g⁻1, along with maximum energy and power densities of 22.34 Wh.kg⁻1 and 899.2 W.kg⁻1, 

respectively, and exhibited good cycling stability by sustaining 82% of its initial capacity 

after 1000 consecutive charge-discharge cycles.30 In a three-electrode system, the working 

electrode composed of a silver nanoparticle-decorated polypyrrole composite exhibited a 

specific capacitance of 414 F.g⁻1. This improved electrochemical performance was attributed 

to the synergistic interaction between the conductive polymer matrix and the electroactive 

silver nanoparticles. The symmetric device made from the above nanocomposite produced a 

specific capacitance of 161 F.g⁻1 and exhibited 98.9% of capacitance preservation over 1000 

charge-discharge cycles.31 Niobium silver sulfide (NbAg2S) prepared via a hydrothermal 

process exhibited a specific capacity of 654 C.g−1 in a three-electrode configuration. An 

asymmetric device made with activated carbon and NbAg2S produced the specific capacity of 

142 C.g−1 and provided maximum energy and power density of 43.06 W.h.kg−1 and 750 

W.kg−1, respectively. The device also sustained 93% of initial capacity after 5000 charge-

discharge cycles.32 A silver-polymer hybrid system was applied as the working electrode in a 

three-electrode setup, where it exhibited a specific capacity of 317 C.g−1 at 5 mV.s−1 in 

alkaline electrolyte. The asymmetric device based on an Ag-polymer composite functioning 

as the cathode and activated carbon as the anode exhibited a specific capacity of 55 C.g−1 at a 

scan rate of 5 mV.s−1 and a capacity retention of 85 % after 104 charge-discharge cycles at a 

current density of 1.4 A.g−1. The fabricated device also delivered highest energy and power 

densities of 15.1 Wh.kg−1 and 1625 W.kg−1, respectively, and demonstrated potential for low-
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pass filter applications.28 It has been reported that silver-nickel oxide, evaluated in a three-

electrode configuration, delivered a specific capacity of 824 C. g−1 at current density of 2.5 

A.g−1. The asymmetric device based on silver-nickel oxide as the cathode yielded a specific 

capacity of 204 C.g−1 at 2.5 A.g−1, along with the maximum energy and power density of 

63.75 Wh.kg−1 and 2812.5 W.kg−1, respectively.33 The charge storage performance of 

mesoporous silver molybdate-based electrode exhibited specific capacity 2610 C.g−1 at 1 

A.g−1 and retained 82 % of capacity after 5000 continuous galvanostatic charge-discharge 

(GCD) cycles. An asymmetric supercapacitor device, designed silver molybdate and 

activated carbon as positive and negative electrodes, respectively, yielded maximum specific 

energy and power of 54 W.h.kg−1 and 194 W.kg−1, respectively.34

This work reports the synthesis of organic molecule-stabilized ultrafine silver phosphate 

particles via a complexation-mediated route and applied as electrode material in 

electrochemical capacitor. The incorporation of organic stabilizing agents facilitates 

controlled nucleation and growth, leading to reduced particle size and improved dispersion, 

thereby increasing the number of active sites of the material. Reports on silver phosphate-

based materials for energy storage systems are very limited;35, 36 therefore, the goal of this 

study is to systematically investigate the suitability of organic molecule-stabilized ultrafine 

silver phosphate as electrode materials for both asymmetric and symmetric electrochemical 

capacitor applications. We further evaluated the performance of both the asymmetric and 

symmetric capacitors as low-pass filters in a resistor-capacitor circuit, demonstrating their 

ability to suppress high-frequency signals while allowing low-frequency components of the 

input signal to pass. To the best of our knowledge, this work represents the first study to 

explore nanosized silver phosphate particles for both symmetric and asymmetric 

supercapacitor configurations and to further demonstrate their applicability in first- and 

second-order low-pass filter devices.

2. Experimental
2.1 Chemicals:

Silver nitrate, hexamine, disodium hydrogen phosphate, carbon black, potassium hydroxide 

(KOH), N-methyl pyrrolidone (NMP), and PVDF used in this study were procured from 

Sigma-Aldrich, and activated carbon (AC) was obtained from the Fuel Cell Store.

2.2. Synthesis of silver phosphate (SPO) nanoparticles: To synthesize silver phosphate 

(SPO), 1.5 mg of hexamethylenetetramine (hexamine) was dissolved in methanol (10 mL). In 

the methanolic solution, 5 mL of an aqueous AgNO3 solution (10-2 M) was slowly added, 
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leading to the formation of a white precipitate of Ag(I)-hexamine complex. Subsequently, 5 

mL of Na2HPO4 (10-1 M) solution was introduced dropwise into the earlier formed precipitate 

with constant stirring. A light-yellow solid mass was obtained, which is indicative of the 

formation of silver phosphate, consistent with its characteristic coloration. The above-

mentioned synthesis protocol was performed under ambient pressure and temperature 

condition. The resulting product was collected via filtration and characterized using various 

analytical techniques to confirm the structural, morphological, and compositional properties. 

The ass synthesized silver phosphate was also employed as the active material in 

electrochemical capacitor applications to evaluate its energy storage and electronics 

performance.

2.3. Electrode fabrication:

2.3.1. Working electrode preparation for three electrode system: The three-electrode 

setup comprises of a Ni-foam as working electrode, a calomel (Hg-Hg2Cl2) as reference 

electrode and a Pt-wire as counter electrode. To construct the working electrode, a 

homogeneous slurry, containing conductive carbon, polyvinylidene fluoride (PVDF) and 

SPO, was prepared in N-methyl-2-pyrrolidone (NMP) using 1:1:8 as mass ratio. The resulting 

mixture was uniformly applied on a nickel foam substrate (1×1 cm2). The coated electrode 

was vacuum dried at 70 oC and later utilized for electrochemical characterization.

2.3.2. Fabrication of asymmetric electrochemical capacitor: An asymmetric device was 

configured using SPO as the (cathodic) electrode and activated carbon (AC) as the (anodic) 

electrode. The fabrication of the cathode was carried out following the procedure outlined in 

section 2.3.1. The anode was formed by preparing a slurry of activated carbon (AC) and 

PVDF (95:5 by mass) in NMP, which was then coated onto nickel foam (1×1 cm2) and dried 

under vacuum at 70 °C. A filter paper soaked in KOH electrolyte (2 M) was used as the 

separator and placed between the two electrodes during coin cell (CR2032) assembly. Using 

the mass balance equation,  𝑚― 𝑚+ = (𝐶𝑠+×∆𝑉+) (𝐶𝑠―×∆𝑉―), the mass ratio between 

the negative and positive electrodes was calculated  4.2. The 𝐶𝑠+and 𝐶𝑠―represent the 

specific capacities of the positive and negative electrodes, respectively, obtained from the 

GCD curves measured in the three-electrode configuration. The notations ∆𝑉+and ∆𝑉―

denote the potential windows of the positive and negative electrodes, while 𝑚+and 𝑚―

correspond to the masses of the active electrode materials. The total active mass loading (𝑚+

+ 𝑚―) for the assembled device was 5.2 mg.
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2.3.3. Fabrication of symmetric electrochemical capacitor: For the construction of the 

symmetric device, two identical pieces of Ni-foam electrodes coated with SPO were used, 

and KOH (2M) functioned as the electrolyte. The mass loading calculation for the device was 

done by using the equation used in section 2.3.2. An optimal mass ratio of  𝑚― 𝑚+ = 1 was 

optimized to construct the symmetric device. The total active material loading (𝑚+ + 𝑚―) 

for the assembled device was 3.0 mg. The Biologic SP-300 potentiostat was used to 

investigate the electrochemical performance of both the devices.

3. Results and Discussion: 
The synthesis of hexamine-stabilized silver phosphate nanoparticles was achieved through 

two-step complexation-mediated process. In the initial step, controlled complex formation 

between the silver precursor and hexamine facilitated the development of nucleation centres. 

The complexation arises from the coordination interaction between electron-rich nitrogen 

atoms of hexamine and silver cation, leading to the formation of an Ag(I)-hexamine complex. 

In the subsequent step, the addition of disodium hydrogen phosphate induced the reaction 

between silver (I) and phosphate anion promoting the formation of uniformly distributed and 

well-defined hexamine stabilized silver phosphate (Ag3PO4) nanoparticles. 

X-ray diffraction (XRD) was employed to analyze the crystal structure of the prepared silver 

phosphate over a 2 range of 20-90°, figure 1A. The diffraction pattern displayed prominent 

peaks at 20.75°, 29.51°, 33.09°, 36.35°, 42.23°, 47.50°, 52.36°, 54.67°, 56.92°, 61.25°, 

71.41°, and 86.60°, corresponding to the (110), (200), (210), (211), (220), (310), (222), (320), 

(321), (400), (421) and (520) planes.37 The diffraction peaks are in excellent agreement with 

standard data ICDD: 04-010-1988, which confirms the formation of a pure cubic phase with 

space group of P-43n.38 The lattice parameters were determined to be a = b = c = 6.048 Å and 

lattice angle α = b =  =  90°. According to the unit cell structure, (figure1A, inset), each Ag 

atom is bonded to four equivalent O in a distorted square-planar geometry with Ag-O bond 

lengths of 2.37 Å, while P is tetrahedrally coordinated to four oxygen atoms forming P-O 

bonds with the bond lengths of 1.55 Å. Each O is connected to one P and three Ag atom, 

forming distorted corner-sharing OAg3P tetrahedra. According to the unit-cell structure, both 

silver and phosphorus atoms exhibit coordination with four oxygen atoms, generating 

interconnected AgO4 and PO4 tetrahedral clusters.39 Each isolated PO4 unit bonds to three 

adjacent AgO4 units through shared oxygen atoms, creating a robust three-dimensional 

network. This arrangement contributes to the high stability and symmetry of the cubic 

Ag3PO4 framework. X-ray photoelectron spectroscopy (XPS) was employed to investigate the 
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chemical states and the composition of hexamine-stabilized silver phosphate. The survey 

spectrum, figure 1B, confirms the presence of Ag 3d, P 2p, O 1s, C 1s, and N 1s peaks, 

indicating the successful integration of silver, phosphorus, oxygen and hexamine-derived 

elements, carbon and nitrogen, within the material. The high-resolution Ag 3d spectrum, 

(figure 1B, inset), exhibits a well-defined doublet arising from spin-orbit splitting, with 

characteristic peaks located at binding energies of 367.9 and 373.7 eV, corresponding to the 

Ag 3d5/2 and Ag 3d3/2 orbitals, respectively. The observed energy separation and peak 

positions are in good agreement with reported values for Ag (I) species, confirming that 

silver is in the +1-oxidation state within hexamine-stabilized silver phosphate structure.36 The 

deconvoluted high resolution P2p spectrum, figure 1C, revealed peaks at 132.4 eV and 133.8 

eV, corresponding to 2p3/2 and 2p1/2 spin orbits, respectively, suggesting the presence of PO4
3- 

(phosphate) chemical environment.40, 41 Similarly, deconvoluted O1s spectrum, figure 1D, 

displayed two peaks at 530.8 and 532.4 eV, which are attributed to lattice oxygen (O2-) and 

surface hydroxyl groups, respectively.41 The high-resolution C1s core-level spectrum can be 

deconvoluted into two peaks with binding energies at 284.6 and 285.7, which corresponds to 

C-H and C-N species, respectively, figure 1E.42 The N 1s XPS spectrum, figure 1F displays a 

single broad peak corresponding to nitrogen species at 399.35 eV, attributed to N-C bonds.43

Figure 2, displays the TEM (transmission electron microscopy) images of the synthesized 

silver phosphate nanoparticles acquired at different magnifications, providing detailed insight 

into their morphological characteristics. As shown in figure 2 (A and B), the dark-field TEM 

images display that the nanoparticles, with sizes ranging from approximately 4-8 nm, are 

uniformly dispersed across the organic matrix, indicating effective stabilization and 

prevention of agglomeration. The distinct bright contrast observed in these images 

corresponds to the silver phosphate nanoparticles, arising from their higher electron scattering 

ability compared to the surrounding organic matrix. Figure 2C displays a high-resolution 

TEM image of single nanoparticle, clearly revealing well-defined lattice fringes, indicates 

high degree of crystallinity of the particle. The SEM image, figure 3A, reveals a densely 

packed, three-dimensional nanostructured morphology corresponding to a hexamine-

stabilized silver phosphate organic-inorganic hybrid composite. The composite surface 

appears highly rough and porous, with irregular, architectures formed through the assembly 

and intergrowth of smaller building units. Such a morphology is indicative of effective 

interaction between the organic (hexamine) matrix and inorganic silver phosphate phase, 

contributing to structural stability while providing many accessible active sites. The 

elemental mapping analysis provides further evidence about the homogeneous distribution of 
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the constituent elements, silver, phosphorus, and oxygen (originating from silver phosphate), 

along with nitrogen and carbon (derived from hexamine), as validated by energy-dispersive 

X-ray spectroscopy (EDX) analysis, figure 3B. The absence of any extra elemental signals in 

the EDX spectrum confirms the high-level purity of the material and suggests that no 

detectable impurities are present within the detection limits of the technique. The elemental 

maps clearly demonstrate that all five elements, Ag, P, O, N and C are uniformly and 

homogeneously distributed throughout the hexamine-stabilized silver phosphate hybrid 

composite, figure 3 (C-G), with the average weight % (surface) of  52.85, 10.6, 15.56, 10.88 

and 10.11%, respectively. 

Silver phosphate exhibits a total of 18 Raman-active vibrational modes according to 

theoretical predictions. However, only a few of these modes are clearly resolved in the 

experimental Raman spectrum, figure 4A. The observed bands are primarily assigned to the 

internal vibrational modes of the phosphate [PO4
3-] tetrahedral units, including both 

stretching (symmetric and asymmetric) and bending modes. The remaining Raman-active 

modes are either weak or overlapped and therefore are not distinctly identified in the 

spectrum. The vibrational bands located at 913 and 1008 cm−1 correspond to symmetric and 

asymmetric stretching of O-P-O bonds, respectively, while the signal at 558 cm−1 is due to 

asymmetric bending modes of PO4
3- clusters. The absorptions at 102 and 221 cm−1 are 

attributed to rotational and translational motions of the clusters.44-47 These low-frequency 

modes correspond to external lattice vibrations, arising from the collective movement of the 

phosphate units within the crystal framework. An unassigned broad peak observed around 

710 cm⁻¹ may be attributed to the C-N network vibrations originating from the hexamine 

molecule. This broad feature likely arises from coupled C–N stretching and skeletal 

deformation modes associated with amine framework, indicating the presence of coordinated 

hexamine species within the synthesized material.48 In the FTIR spectrum of hexamine 

stabilized silver phosphate, a prominent asymmetric absorption band was observed in the 

phosphate stretching region. The peak centered at 954 cm-1 is attributed to the symmetric 

stretching vibration of P-O of the phosphate group. At a slightly higher wavenumber, around 

1006 cm-1, a shoulder-like feature appears, which corresponds to the asymmetric stretching 

vibration of the P-O bond. The presence of this shoulder indicates slight distortion or reduced 

symmetry within the phosphate tetrahedral environment, possibly arising from coordination 

effects with the lattice. The P-O-P bending vibrations are observed at 547 cm⁻¹, characteristic 

of bridging oxygen atoms linking adjacent phosphate units and confirms the connectivity of 

the phosphate tetrahedra.46 The vibrational modes observed at 1460, 1370, 1325, 1231, 806, 
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680 and 505 cm-1 are associated with the methylene (-CH2-) groups of hexamine.49 The bands 

in the higher wavenumber region are mainly attributed to bending and deformation vibrations 

of the -CH2-units, while those appearing at lower wavenumbers correspond to rocking, 

scissoring and wagging motions coupled with the C-N framework.

3.1. Electrochemical properties of the capacitor:

Three electrode system: The electrochemical performance of silver phosphate (SPO)-

modified nickel foam as the working electrode was examined through cyclic voltammetry 

(CV) technique. Figure 5A illustrates the voltammograms of the electrode obtained in KOH 

(2M) electrolyte at a scan rate of 4-50 mV.s-1 over a potential range from -0.1 to 0.6 V. The 

CV curves exhibit distinct redox peaks, characteristic of pseudocapacitive behaviour.50 Two 

anodic peaks are observed in the potential ranges of 0.35-0.40 V and 0.54-0.56 V, while a 

broad cathodic peak with an overlapping feature, suggesting the occurrence of multiple redox 

processes. The redox chemistry of Ag (I) in silver phosphate can be significantly influenced 

by the incorporation of nitrogen-containing ligands. Coordination of N-donor ligands alters 

the local electronic environment of Ag+ centres and facilitates electron transfer processes 

within the framework. Under such conditions, the Ag (I) species may undergo a 

disproportionation reaction in presence of electrolyte, leading to the formation of a mixed 

oxidation state composed of Ag (II) and metallic Ag (0).51 The Ag (II) ion is more likely to 

be coordinated with four donor nitrogen atoms of the hexamine ligand, forming a square-

planar coordination geometry. This arrangement arises from the strong interaction between 

the nitrogen atoms and the Ag (II) centre, which stabilizes the higher oxidation state of 

silver.51 During the electrochemical reaction, two anodic peaks appeared at the above-

mentioned potential ranges correspond to Ag (0) to Ag (I) and Ag (I) to Ag (II). The specific 

capacity of the electrode was measured to be 281 C.g⁻¹ at 4 mV.s⁻¹, indicating efficient 

charge storage at lower scan rates. As the scan rate increased to 50 mV.s⁻¹, the specific 

capacity decreased to 116 C.g⁻¹. The decrease in specific capacity at higher scan rates is 

primarily attributed to restricted ion diffusion, which limits the time available for complete 

redox reactions and consequently reduces the utilization of the active material. The specific 

capacity (𝐶𝑠) expressed in 𝐶.𝑔―1 was calculated using the equation 𝐶𝑠 = ∫ 𝐼𝑑𝑉 (𝜗×𝑚), 

where 𝐼𝑑𝑉 represent integrated area under the CV curve, 𝜗 is scan rate and m corresponds to 

the mass of active material (g). Figure 5B presents the galvanostatic charge-discharge (GCD) 

profiles of the SPO-modified electrode recorded at current densities ranging from 1.0 to 5.8 

A.g-1 within the potential range of -0.1 V - 0.6 V. The observed non-linearity in the GCD 
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profiles points to faradaic redox reactions as the primary mechanism of energy storage52 

rather than double-layer capacitance.53 The observed behaviour demonstrates that the 

electrode material participates in electrochemical reactions, leading to enhanced charge 

storage performance. The discharge curves exhibit a kink pattern, attributed to the oxidation 

of residual metallic silver present in the electrode material.52, 54, 55 The pronounced IR drop 

observed in the GCD curves is attributed to the intrinsic resistance of the electrode, charge-

transfer resistance, and restricted ion diffusion within the electrode structure.56 Based on the 

obtained GCD profiles, the specific capacity (𝐶𝑆) values in C.g-1 can be determined using the 

equation, 𝐶𝑆 = 𝐼×∆𝑡 𝑚, where, 𝐼 represent current (A), 𝑚 is the mass of the active material 

and 𝑡 correspond with time. 

Figure 5C displays the specific capacity values obtained for the SPO-modified electrode 

under different current densities. At a current density of 1.0 A.g-1, the electrode exhibits a 

specific capacity of 211 C.g-1. However, as the current density increases, the capacity 

decreases noticeably, reaching 85 C.g⁻¹ at 5.8 A g⁻¹. This decline can be ascribed to the 

limited diffusion of electrolyte ions and the reduced accessibility of active sites at higher 

current densities, which restricts complete utilization of the electroactive material.57-59 The 

calculated specific capacity values were 211, 175, 150, 132, 117, 106, 98, 91 and 85 C.g⁻¹ at 

applied current densities of 1.0, 1.6, 2.2, 2.8, 3.4, 4.0, 4.6, 5.2 and 5.8 A.g-1, respectively. The 

moderately high-capacity values can be attributed to the structural design of the electrode, 

which promotes enhanced electrolyte ion accessibility, efficient ion diffusion and rapid 

electron transport. However, the gradual decrease in specific capacity with increasing current 

density can be attributed to limited ion diffusion, incomplete utilization of electroactive sites, 

enhanced polarization, and mass-transport constraints, which collectively restrict the 

electrochemical participation of the active material. Both CV and GCD analyses confirmed 

pseudocapacitive electrochemical behaviour of the electrode. The long-term electrochemical 

stability of the electrode was assessed through 2000 consecutive charge-discharge cycles at 

current density of 2.2 A.g-1 to evaluate its durability and capacity retention during repeated 

electrochemical operation. The electrode demonstrated excellent stability, sustaining 91 % of 

its initial capacity and maintaining a Coulombic efficiency of 99 % after 2000 cycles, 5D, 

upper panel. Figure 5D, lower panel shows the first- and last-five charge-discharge curves, 

revealing minimal changes in shape, further confirming the good cyclic stability of the 

electrode. 
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Electrochemical impedance spectroscopy (EIS) measurements were carried out within the 

frequency range from 100 mHz to 200 kHz, and the resulting impedance response was 

analyzed using Nyquist plot and subsequently modelled using an equivalent electrical circuit, 

figure S1 (A), supporting information. The frequency window enables the investigation of 

different electrochemical processes, including electrolyte resistance, charge transfer at the 

interface of the electrode-electrolyte and diffusion of the ion within the electrode material. 

The circuit consists of the solution resistance (𝑅𝑆), double-layer capacitance (𝐶𝑑𝑙), charge 

transfer resistance (𝑅𝑐𝑡), occurring at the electrode-electrolyte interface, constant phase 

element (𝑄2), non-ideal capacitive component and Warburg impedance (W). In the circuit, 

𝑅𝑆 is connected in series with the rest of the circuit elements. The remaining circuit consists 

of a parallel network composed of 𝑄2 and 𝑅𝑐𝑡 connected in series with 𝐶𝑑𝑙. Finally, the 

circuit includes the Warburg impedance in series, which represents the diffusion-controlled 

transport of electrolyte ions within the electrode material and electrolyte. From the fitting 

results, the 𝑅𝑆 and 𝑅𝑐𝑡 values were determined to be 1.65 Ω and 2.26 Ω, respectively.

3.2. SPO-based asymmetric electrochemical capacitor: Figure S1 (B), supporting 

information, shows the comparative CV curves of SPO (from -0.1 to 0.6 V) and AC (from -

0.8 to 0.0 V). Figure 6A portrays the electrochemical performance of the assembled 

asymmetric device within a potential window of 1.5 V, where V (device) = V positive (0.7 

V) + V negative (0.8 V), recorded at scan rates ranging from 4 to 50 mV.s-1. The device 

achieved a maximum specific capacity (20.14 C.g-1) at 4 mV.s-1 which decreased to 7.72 C.g-

1 at 50 mV.s-1. The CV curves exhibited nonlinear profiles, revealing the coexistence of 

electric double-layer capacitance (EDLC) and Faradic processes, which confirms the 

pseudocapacitive behaviour of the device.60 The CV profiles maintain their characteristic 

shape even at elevated scan rates, reflecting the good rate performance and stability of the 

device.61 The GCD study was conducted to analyze the actual charge-discharge duration of 

the device and to evaluate electrochemical performance, particularly charge storage and rate 

capability, and reversibility under constant current conditions. This technique enables the 

estimation of electrochemical parameters such as coulombic efficiency, specific capacity and 

performance indicators like energy and power density.62 In this study, the GCD profiles of the 

cell were measured at current densities ranging from 0.5 to 1.7 A.g-1, figure 6B. The specific 

capacity reached a value of 99 C.g-1 at a current density of 0.5 A.g-1, which gradually 

decreased to 85 C.g-1 at 1.7 A.g-1, reflecting the typical reduction in capacity at higher current 

densities due to limited ion diffusion and reduced utilization of electroactive sites within the 
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electrode material. The non-triangular characteristics of the GCD curves, confirm that the 

electrochemical behaviour is predominantly governed by Faradaic redox reactions. To assess 

long-term cycling behaviour of the capacitor, the device was tested under 5000 continuous 

charge-discharge cycles at a current density of 0.9 A.g-1. The device sustained 86 % of its 

initial capacity at the end of the cycling process and maintained a Coulombic efficiency of 94 

%, figure 6C, upper panel. The nearly identical GCD profiles, figure 6C, lower panel, of the 

initial and final five cycles confirm the structural robustness and long-term electrochemical 

stability of the device, indicating that the electrode materials maintain their integrity and 

electrochemical activity throughout repeated charge-discharge processes.63 The device 

reached a maximum power density (𝑃) of 2596 W.kg-1 at an energy density (𝐸) of 35.59 

Wh.kg-1. Furthermore, the asymmetric device delivered an energy density of 41 Wh.kg-1 with 

a corresponding power density of 865 W.kg-1  at a current density of 0.5 A.g-1, highlighting 

its promising energy storage capability and efficient power delivery for electrochemical 

energy storage applications, figure 6D. The energy and power density were calculated using 

the equations: 𝐸 (𝑊ℎ.𝑘𝑔―1) = 𝐶𝑆∆𝑉 (2×3.6) and 𝑃 (𝑊.𝑘𝑔―1) = (𝐸×3600) ∆𝑡.64, 65 The 

electrochemical performance of various silver-based electrode materials used in 

supercapacitor applications is presented in the supporting information, table S1, for ready 

reference.

By applying the power law relationship between current and scan rate, the charge storage 

behaviour of the device was evaluated to elucidate whether surface-controlled capacitive 

processes or diffusion-limited Faradaic reactions are predominant.66 According to power law, 

the corelation between scan rate and peak current can be represented as 𝐼 = 𝑎𝜗𝑏 (𝐼 represent 

peak current, 𝑎 is a constant, 𝜗 denotes scan rate and 𝑏 indicating the charge storage 

mechanism) and by applying the logarithm of both sides of the equation, the relationship can 

be rewritten in a linear form as: log (𝐼) = log  (𝑎) + 𝑏 𝑙𝑜𝑔 (𝜗).67 Ideal capacitive behaviour 

is indicated by 𝑏 = 1, while b = 0.5 corresponds to a diffusion-limited, battery-type storage 

process.67, 68 As illustrated in figure 7A for the present asymmetric device, the b-value was 

found to be 0.66 and 0.71 for anodic and cathodic peaks, respectively, confirming a diffusion-

controlled dominated mechanism. The capacitive and diffusion contributions was separated 

using the relation 𝐼 = 𝐼𝑐𝑎𝑝 + 𝐼𝑑𝑖𝑓𝑓 = 𝑘1𝑣 + 𝑘2𝑣1/2 (𝑘1𝑣 denotes surface capacitive 

contribution and 𝑘2𝑣1/2 represents diffusion-controlled contribution), which can be 

represented as 𝐼 𝑣 =  𝑘1 𝑣 + 𝑘2.69 By plotting 𝐼 𝑣 vs. 𝑣, the slope and intercept 

provide the values of 𝑘1 and 𝑘2, respectively. Based on the experimental CV curves, figure 
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6A, recorded at scan rates ranging from 4 to 50 mV.s-1, the asymmetric device exhibited a 

capacitive contribution of 30.37 % at a scan rate of 4 mV.s-1. As the scan rate increased, the 

capacitive contribution progressively increased, reaching 60.66 % at 50 mV.s-1, figure 7B. 

The increase in capacitive contribution with increasing scan rate suggests that the charge 

storage process becomes progressively dominated by surface-controlled mechanisms. At 

higher scan rates, the limited time available for electrolyte ions to diffuse into the bulk of the 

active material suppresses diffusion-controlled (faradaic) processes, thereby enhancing the 

contribution from rapid surface redox reactions (pseudocapacitance) and electrostatic charge 

accumulation at the electrode-electrolyte interface (electric double-layer capacitance).70 

Figure S1 (C), supporting information, illustrates the Nyquist plot of the device, accompanied 

by the corresponding equivalent circuit model in the inset, measured over a frequency range 

of 100 mHz to 200 kHz. Analysis of the impedance data reveals a solution resistance (𝑅𝑆) of 

2.386 Ω, representing the inherent resistance of the electrolyte and electrode contacts, and a 

charge transfer resistance (𝑅𝑐𝑡) of 4.707 Ω, indicating the resistance associated with the 

electrochemical reactions at the electrode-electrolyte interface. Figure 7C presents the Bode 

plots of the device, illustrating the variation of phase angle with frequency, where at low 

frequencies the phase angles reach -77.78°, confirming capacitive behaviour. Figure 7D, 

illustrate the variation of imaginary capacitance, 𝐶′′(𝜔), and real capacitance, 𝐶′(𝜔), 

components of the electrochemical capacitor with frequency (𝑓) and derived using the 

relations 𝑍′(𝜔) = 2𝜋𝑓𝐶′′(𝜔)|𝑍(𝜔)| and 𝑍′′(𝜔) = 2𝜋𝑓𝐶′(𝜔)|𝑍(𝜔)|, where 𝜔 = 2𝜋𝑓 

denotes the angular frequency and 𝑍 represents impedance.71, 72 The real capacitance is the 

capacitance (F) of the device which is usable with the value of 3.4 mF. The 𝐶′′ versus 

frequency plot showed a peak at 3.35 Hz, corresponding to a relaxation time (𝜏) of 0.29 s, 

suggests a fast charge-discharge response of the device.

3.3. SPO-based symmetric electrochemical capacitor: Figure 8A displays the CV profiles 

of the SPO-based symmetric device, demonstrating stable electrochemical behaviour within 

the potential window range of 0.0-0.9 V. The measurements were recorded at scan rates 

ranging from 10 to 70 mV s⁻¹ in the presence of 2 M KOH electrolyte. The device achieved a 

maximum specific capacity of 8.66 C.g-1 at 10 mV.s-1 which decreased to 1.64 C.g-1 at 70 

mV.s-1. A quasi-rectangular CV profile indicates the pseudocapacitive behaviour of the 

device.73 With increasing scan rate a proportional and symmetrical enhancement in current 

response, suggesting effective electron transport within the conductive pathways of the 

device.74 The GCD profiles, figure 8B, of the of the cell were recorded at current densities 
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ranging from (0.6 - 2.4 A.g-1). The non-triangular charge-discharge curves imply that the 

storage mechanism is dominated by reversible electrochemical redox process.75 The specific 

capacity reached a value of 21.41 C.g-1 at 0.6 A.g-1 which gradually decreased to 7.01 C.g-1 at 

2.4 A.g-1. The device was tested under 5000 continuous GCD-cycles at a current density of 

1.2 A.g⁻¹ and achieved 87% capacity retention with 93% coulombic efficiency after 5000 

cycles, figure 8C, upper panel, demonstrating good stability. The close similarity between the 

initial and final GCD curves demonstrates the excellent structural integrity and long-term 

electrochemical stability of the electrode material, figure 8C, lower panel. The correlation 

between power and energy density as a function of current density is presented in figure 8D. 

The device attained maximum power and energy density of 2400 W.kg-1 and 3.49 Wh.kg-1 at 

2.4 and 0.6 A.g-1, respectively. As illustrated in 9A, for the symmetric device, the 𝑏-values 

were found to be 0.60 (anodic) and 0.76 (cathodic) peaks respectively, confirming a 

diffusion-controlled dominated mechanism. The bar chart, figure 9B, clearly shows the 

progressive increase in capacitive contribution with increasing scan rate. The SPO based 

symmetric device exhibited a capacitive contribution of 32.48 % at 10 mV. s-1, which 

increased to 57.63 % at 70 mV. s-1. Electrochemical impedance spectroscopy of the SPO-

based symmetric device was performed within the frequency range of 100 mHz-200 kHz to 

investigate the charge transfer and ion transport behaviour, figure S1 (D). The equivalent 

circuit analysis, figure S1 (D), inset, of the symmetric device revealed solution resistance (𝑅𝑆

) of 2.632 Ω and charge transfer resistance (𝑅𝑐𝑡)  of 13.24 Ω. The Bode plot of the symmetric 

device is presented in Figure 9C, illustrating the relation between phase angle and frequency. 

At low frequencies, the phase angles reach -82.28° for the symmetric device which confirms 

capacitive behaviour of the device. The symmetric device displayed usable capacitance of 

0.45 mF with a peak frequency of 20.83 Hz, yielding a relaxation time (𝜏) of 0.048 s, figure 

9D.

The Bode plot analysis displayed capacitance values of 3.4 mF and 0.45 mF for the 

asymmetric and symmetric devices, respectively. The notable difference in capacitance 

values, for the asymmetric and symmetric devices, indicates the superior charge storage 

capability of the asymmetric configuration, which can be ascribed to the synergistic 

interaction between the dissimilar electrode materials and an extended operating potential 

window. In contrast, the relatively lower capacitance of the symmetric device reflects its 

limited electrochemical performance arising from identical electrode composition.
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3.4. First and second order low pass filter: Passive RC, resistors (R) and capacitors (C), 

filters remove unwanted signals by selectively allowing only sinusoidal input signals of 

certain frequencies to pass through. The low pass filter (LPF) allows signals with frequencies 

up to its cut-off frequency (𝑓𝑐) to pass through, while attenuating signals with frequencies 

higher than 𝑓𝑐. In this work, silver phosphate based asymmetric (𝐶1) and symmetric (𝐶2) 

capacitors with the capacitance values of 3.4 and 0.45 mF, extracted from figure 7D and 9D, 

respectively, are considered for the filter application. The performance of the filters was 

evaluated using MATLAB simulations and validated through hardware implementation. The 

first order LPF was built by connecting one resistor (𝑅) and one capacitor (𝐶) in series with 

applied sinusoidal input signal (𝑉𝑖𝑛) while the output (𝑉𝑜𝑢𝑡) was measured across the 

capacitor, figure 10 (A and B).76 The second order LPF was constructed by cascading the two 

passive first order low pass filters used as above, figure 10 (C and D).77 The load and output 

impedance are determined by the resistor, whereas the capacitor provides frequency-

dependent impedance for filtering purposes. At the cut-off frequency, the 𝑉𝑜𝑢𝑡 dropped by 

≈  70.5% and 70.8 % with corresponding to the maximum applied input signal ((𝑉𝑖𝑛 = 1.6 V 

peak-peak), figure 11 (A and B).  In this study, we analysed the performance of first order 

LPF circuits using 𝑅1 = 50 kΩ and 𝐶1 = 3.4 mF for the asymmetric configuration, and 𝑅2 = 

500 kΩ and 𝐶2 = 0.45 mF (from EIS) for the symmetric configuration, figure 11 (A and B). 

The time constants, (𝜏  R × C), are ~ 170 (𝜏1) and ~ 225 (𝜏2) sec for the asymmetric and 

symmetric first order low pass filter setup, respectively. The cut-off frequency or -3 dB point 

corresponding to 𝑓𝑐 = 1 2𝜋𝑅𝐶, for asymmetric and symmetric capacitor-based first order 

LPFs, yielded 𝑓𝑐 = 0.93 mHz and 0.7 mHz respectively.73 Bode plot analysis, at cut-off 

frequency, shows voltage gains of -3 dB with – 44.96° phase lag for the asymmetric (asym) 

and -3.01 dB with – 44.9° phase lag for the symmetric (sym) configuration, figure 12 (A and 

B), respectively. Figure 12A exhibits magnitude response that decreases at rate of -19.96 

dB/decade, and -19.97 dB /decade roll off after the cut off frequency in the asymmetric and 

symmetric based filters, respectively. The effective time constant of the second order 𝑅𝐶-

cascaded low pass filter circuit is approximated using 𝜏   (𝑅1𝐶1𝑅2𝐶2)1/2 =  195 sec.78 The 

cut off frequency was calculated using the equation 1 + 𝜔2𝜏2
1 1 + 𝜔2𝜏2

2 = 2 was found 

to be 0.51 mHz, figure 11C, at -3.01 dB with a phase lag of – 65.1°, figure 12 (A and B).79 

The damping factor calculated using the expression, ζ = 𝐵 2 𝐴, where 𝐴 = 𝑅1𝑅2𝐶1𝐶1 and 

𝐵 = 𝑅1𝐶1 + 𝑅2𝐶2 +  𝑅1𝐶2 was found to be ≈  0.9, an underdamped second-order filter. From 

the magnitude response of Bode plot, the slope roll-off after cut-off frequency was observed 

Page 15 of 36 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

5:
09

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NA00255B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00255b


16

to be ―39.8 𝑑𝐵/𝑑𝑒𝑐𝑎𝑑𝑒, figure 12A. The experimental findings of the low pass filters are in 

close agreement with the theoretical predictions, demonstrating consistency within the 

expected limits. The fabricated capacitors have been successfully implemented in low pass 

filter circuits which can be used effectively to attenuate high-frequency noise. It is important 

to mention that ultra-low sub-Hertz cut-offs frequency in the range between 0.1 Hz and 0.001 

Hz can be used in filter applications for physiological signal conditioning.80

4. Conclusion: 
In this work, hexamine-stabilized silver phosphate nanoparticles were successfully obtained 

using a two-stage complexation-mediated synthesis route. In the initial step, controlled 

complex formation between the silver precursor and hexamine, while the subsequent step 

with the addition of disodium hydrogen phosphate promoted the formation of uniformly 

distributed silver phosphate nanoparticles. The organic molecule-stabilized silver phosphate 

was implemented as an active material for the fabrication of electrochemical capacitors in 

both asymmetric and symmetric configurations. The capacitive behavior of the fabricated 

devices was systematically evaluated using Bode plot analysis, where the asymmetric 

configuration exhibited a usable capacitance value of 3.4 mF, significantly higher than the 

0.45 mF observed for the symmetric device. This difference highlights the improved 

electrochemical storage performance of the asymmetric system, which can be ascribed to the 

complementary potential windows and synergistic interaction between the dissimilar 

electrode materials. In contrast, the symmetric device, composed of identical electrodes, 

showed comparatively lower capacitance due to its limited operating voltage range and less 

efficient utilization of active material. The successful integration of asymmetric and 

symmetric electrochemical capacitors into RC circuits for first- and second-order low-pass 

filter applications demonstrated their practical versatility beyond conventional energy 

storage. These devices effectively combine charge storage capability with frequency-selective 

behavior, enabling controlled signal attenuation and phase response.  
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Figure caption:

Figure 1: (A) XRD pattern of silver phosphate within the range from 20-90° and unit cell 
representation of cubic silver phosphate. (B) XPS survey spectrum of hexamine-silver 
phosphate composite and high-resolution Ag 3d spectrum (inset). High resolution 
deconvoluted spectra for (C) P 2p, (D) O 1s, (E) C 1s and (F) N 1s. 

Figure 2: (A and B) Dark-field transmission electron microscopy images of hexamine 
stabilized silver phosphate particles with different magnifications. (C) Transmission electron 
microscopy image of a single silver phosphate particle.

Figure 3: (A) Field emission SEM image of the hexamine stabilized silver phosphate 
composite. (B) Energy dispersive X-ray spectrum (EDS) of silver phosphate. (C-G) 
Individual EDS elemental mapping of Ag, P, O, C and N, respectively. 

Figure 4: (A) Raman and (B) FTIR spectra of hexamine-stabilized silver phosphate 
composite system.

Figure 5: (A) Cyclic voltammogram of SPO-modified electrode under the scan rates ranging 
from 4 to 50 mV.s-1. Inset: CV profile at 8 mV.s-1. (B) GCD profile of SPO-modified 
electrode under the current densities ranging from 1.0 to 3.4 A.g-1 (main panel) and 4.0 to 5.8 
A.g-1 (inset). (C) Specific capacity vs current density for SPO-modified electrode. (D) Upper 
panel: The electrode retained 91 % of capacity and maintaining a Coulombic efficiency of 99 
%, at a current density of 2.2 A.g-1, based on 2000 charge-discharge cycles. Lower panel: 
first- and last-five GCD cycles.

Figure 6: (A) Cyclic voltammogram of SPO‖AC-based asymmetric device within scan rate 
of 4-50 mV.s-1. Figure 7: Galvanostatic charge-discharge profile of the asymmetric device 
under the various current densities ranging from 0.5 to 1.7 A.g-1. Figure 8: Capacity retention 
and coulombic efficiency of the asymmetric device for 5000 cycles at 0.9 Ag-1; inset: first 
and last five cycles of the device. Figure 9: Energy density and power density as a function of 
current density of the asymmetric device.

Figure 7: (A) Peak current (𝐼𝑝) as a function of scan rate (𝜗), in log scale, of the asymmetric 
device. (B) Bar diagram for the capacitive and diffusive contributions of the device under 
various scan rate ranging from 4 to 50 mV.s-1. (C) Bode plot, phase angle as a function of 
frequency, of the device. (D) Graphical representation for the real (𝐶′) and imaginary (𝐶′′) 
capacitance as a function of frequency.

Figure 8: (A) Cyclic Voltammogram of SPO-based symmetric devices within the scan rates 
ranging from 10-70 mV.s-1. (B) Galvanostatic charge-discharge profile of the device under 
the various current densities ranging from 0.6 to 2.4 A.g-1. (C) Capacity retention and 
coulombic efficiency of the device for 5000 GCD-cycles, Inset: first and last five GCD-
cycles at the current density of 1.2 A.g1. (D) Energy density and Power density as a function 
of current density of the device.
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Figure 9: (A) Peak current (𝐼𝑝) as a function of scan rate (𝜗), in log scale, for the symmetric 
device. (B) Bar diagram for the capacitive and diffusive contributions of the device under 
various scan rate ranging from 10 to 70 mV.s-1. (C) Bode plot, phase angle as a function of 
frequency, of the symmetric device. (D) Graphical representation for the real (𝐶′) and 
imaginary (𝐶′′) capacitance as a function of frequency.

Figure 10: Low pass filter circuit and experimental setup. (A and B) First-order LPF 
configurations, asymmetric (R1 = 50 k and C1 = 3.4 mF) and symmetric (R2 = 500 k, C2 = 
0.45 mF). (C and D) Second-order LPF with two cascaded RC stages (R1 = 50 k, C1 = 3.4 
mF and R2 = 500 k, C2 = 0.45 mF). 

Figure 11: Voltage vs Time outputs (A) First order LPF: C1 = 3.4 mF, fc = 0.93 mHz (B) 
First order LPF: C2 = 0.45 mF, fc = 0.7 mHz (C) Second Order LPF: C1 = 3.4 mF, C2 = 0.45 
mF,  fc = 0.51 mHz. 

Figure 12: Bode plots representing the frequency-dependent behavior of asymmetric, 
symmetric and cascaded second-order RC low-pass filters. (A) magnitude response and (B) 
phase response.
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