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Abstract 

Dye-sensitized solar cells (DSSCs) offer advantages such as low production costs, simple fabrication 
methods, and reduced toxicity compared to silicon-based solar cells, although their efficiency remains a 
major limitation. The aim of this review is to discuss the fundamental principles of DSSCs and evaluate the 
electrochemical techniques used to optimize their performance. The method employed is a narrative 
literature review, allowing the author to synthesize relevant literature from various sources. Current-
voltage (I-V) measurements and electrochemical impedance spectroscopy (EIS) are identified as the 
primary tools for assessing DSSC efficiency and quality. The findings indicate that I-V measurements 
provide critical metrics such as efficiency and fill factor, while EIS helps identify charge transfer resistance 
and improves cell stability. Techniques such as voltammetry and Tafel polarization plots offer additional 
insights into catalytic activity and diffusivity. This review underscores the importance of electrochemical 
characterization in supporting efficiency improvements and the development of new materials, with EIS 
playing a key role in modelling cell morphology through equivalent circuit analysis. 
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INTRODUCTION 

Many governments and leaders have developed decarbonization frameworks across 
various regions, stimulating the increased deployment of renewable energy. renewable energy 
accounted for approximately 18.15% of total final energy consumption. Although it still 
represents a small portion of overall energy consumption, certain sources, such as photovoltaic 
(PV) technology, are experiencing rapid growth. According to the trends ad report from the 
International Energy Agency Photovoltaic Power Systems Programme, PV contributed to 2.9% 
of global electricity demand in 2018 [1]. One notable example of PV technology is dye-sensitized 
solar cells (DSSCs).  

DSSCs operate by injecting electrons from dye molecules into the conduction band of 
semiconductor substrates. DSSCs have lower production cost than conventional solar cells. 
They have lower production costs compared to conventional solar cells and offer advantages 
such as simple preparation methods, reduced toxicity, and ease of manufacturing. Despite these 
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strengths, DSSCs face drawbacks, including lower efficiency (around 14%) compared to silicon-
based solar cells (efficiencies between 20-30%). This lower efficiency is attributed to several 
factors, including charge recombination, energy loss at interfaces, electrolyte stability, 
limitations in light absorption, and material constraints [2]. Extensive research is ongoing to 
enhance the efficiency of DSSCs [3]. 

Electrochemical characterization techniques are essential for understanding and 
optimizing the performance of DSSCs. Efficiency is a critical aspect of performance evaluation 
for DSSCs, and various characterization methods are employed to assess their capabilities. 
Methods such as UV-Vis Spectroscopy, X-ray Diffraction (XRD), and Scanning Electron 
Microscopy (SEM) help determine the properties of the different layers within the cells. The 
four-point probe system and current-voltage (IV) characteristics are utilized to assess the 
electrical properties of DSSCs [4]. XRD is instrumental in determining crystal size, while SEM 
provides insights into surface morphology, which affects dye absorption. UV-Vis spectroscopy 
helps analyze light absorption across layers [5]. Intensity Modulated Photocurrent 
Spectroscopy (IMPS) is specifically employed to evaluate the activation of the dye [6]. Another 
vital method is Electrochemical Impedance Spectroscopy (EIS), which sheds light on 
degradation mechanisms and the effects of accelerated aging [7]. The enhancement of efficiency 
heavily relies on understanding recombination resistance and chemical capacitance, both of 
which can be analyzed using EIS [8]. 
This review aims to provide a comprehensive analysis of how electrochemical characterization 
techniques contribute to optimizing the efficiency of DSSCs. By emphasizing the significance of 
higher-efficiency, the review outlines the evolution of DSSC technology from its inception to the 
latest advancements. It focuses on the role of electrochemical techniques in enhancing 
performance and achieving maximum efficiency levels in contemporary DSSCs. 

METHOD 

This research utilized a narrative review method to provide comprehensive insights into 
the development of electrochemical analysis in DSSCs. The narrative review approach is well-
suited for qualitatively synthesizing diverse literature, allowing for a thorough exploration of 
various electrochemical techniques and their applications within DSSCs. This method was 
chosen for its flexibility, as it enables the examination of the context and relevance of these 
techniques without the constraints imposed by quantitative methodologies. 

Relevant literature was selected from a range of reputable databases, including Scopus, 
Web of Science, and Google Scholar. he selection criteria were based on the pertinence of the 
articles to the topic and the reputation of the journals. Keywords used in the search included 
"electrochemical characterization," "DSSC performance optimization," "EIS," "cyclic 
voltammetry," as well as broader terms such as "photovoltaic," "solar cells," and "dye-sensitized 
solar cells." The analysis involved a thorough and analytical reading of the journal content to 
ensure comprehensive coverage of the subject matter. 

Inclusion criteria for this review focused on studies that specifically examine the use of 
electrochemical techniques for the characterization and optimization of DSSCs. Exclusion 
criteria eliminated studies that were not relevant to DSSCs or that employed non-
electrochemical techniques. The review was limited to articles that are contextually related to 
the electrochemical characterization of DSSCs, particularly emphasizing Electrochemical 
Impedance Spectroscopy (EIS). The literature discussion is organized into six sections: the first 
explores the structure and mechanism of DSSCs; the second focuses on cyclic voltammetry; the 
third addresses photocurrent-voltage measurements; the fourth and fifth sections discuss Tafel 
polarization and EIS. The final section covers the application of electrochemical 
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characterization in the development of DSSCs. The last step in the process is the report writing, 
following the overall methodology outlined by Cronin, as illustrated in Figure 1. 

 

 

Figure 1. Literature review steps based on Cronin’s methodology 

RESULTS AND DISCUSSION 

The performance of DSSCs can be evaluated using several fundamental electrochemical 
techniques, including cyclic voltammetry, current-voltage (I-V) measurements, Tafel 
polarization, and electrochemical impedance spectroscopy (EIS). Before delving into these 
characterization methods, it is essential to understand the structure and working mechanism 
of DSSCs to better grasp the objectives of these analyses. 

Structure and Mechanism 
DSSCs operate function through a photoelectrode mechanism that was initially 

conceptualized in 1887 and further developed in the 1960s. This mechanism entails the 
injection of electrons from a dye into an n-type semiconductor substrate. The structure of a 
DSSC includes several key components: an anode, photoelectrode, p-type quantum dots, dye, 
electrolyte, catalyst, and cathode, as illustrated in Figure 2a. The anode and cathode typically 
serve as mechanical supports and are generally made from conductive oxides. The 
semiconductor film, often composed of titanium dioxide (TiO₂), is combined with a dye 
sensitizer that is adsorbed onto its surface. The electrolyte solution contains a redox mediator, 
while the counter electrode (cathode) is responsible for regenerating the redox mediator, 
commonly using materials such as platinum. The mechanism of DSSCs starts when photons are 
absorbed by the dye sensitizer, exciting the dye and causing it to inject electrons into the 
conduction band of the semiconductor. These electrons then move through the semiconductor 
to the electrode, flow through the external circuit, and return to the back contact [9]. The 
electrolyte, acting as a redox mediator, facilitates the transport of electrons from the back 
electrode to the dye and back again. This crucial role ensures the continuous flow of electrons 
within the cell. The full mechanism of a DSSC, encompassing the role of the electrolyte, is 
illustrated in Figure 2b. 

Choosing a review topic

Conducting a literature 
search

Analyzing and 
integrating the literature

Composing the review
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a) 

 

 

b) 

Figure 2. Dye sensitized solar cells. (a) structures (b) mechanism [10] 

Figure 2b shows the operation of a DSSC, where conducting glass with a TiO₂ layer adsorbs 
dye molecules. When the dye absorbs photons, it injects electrons into the TiO₂ conduction 
band. These electrons flow through an external circuit, generating power. An electrolyte with a 
redox mediator restores the oxidized dye to its original state, with the electrons returning to 
the counter electrode, typically coated with a catalyst like platinum. The energy alignment 
between the dye, TiO₂, and electrolyte is shown on a E vs. NHE scale. 

Cyclic Voltammetry (CV) 
The inclusion of specific chemical elements within the electrolyte and electrodes is 

essential in determining the characteristics of DSSCs. Cyclic Voltammetry (CV) is used to 
investigate the electrochemical processes of the dyes, particularly their redox (reduction-
oxidation) behavior. To conduct CV, it is essential to prepare an electrochemical cell, choose an 
appropriate electrolyte, solvent, and sample, set a potential range, and have a solid 
understanding of data analysis techniques [11]. The CV process can help identify the optimal 
band gap energies by providing valuable information about electron excitation, which in turn 
can lead to improved efficiency [12]. CV analysis can be utilized to determine the energy levels 
of the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular 
Orbital). The positioning of the HOMO facilitates efficient dye regeneration, contributing to 
improved solar cell performance [13]. The data from CV analysis can be plotted as a graph of 
potential versus current, as shown in Figure 3. 

 

Figure 3. Graph of Cyclic Voltametry [14] 
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Figure 3 illustrates the oxidation and reduction processes occurring within DSSCs. Positive 
current is observed at the oxidation peaks, where electrons are transferred from the electrode 
to the solution, while negative current represents the reduction process, where electrons 
return to the electrode. 

Current-Voltage (I-V) Measurements 
I-V measurements, which assess the electrical properties of the solar cell, are conducted 

under specific conditions since the I-V curve results are influenced by variations in 
temperature, radiation conditions, and light spectrum. For accurate performance evaluation, 
these conditions are typically controlled at a standard spectrum such as AM1.5, with a specific 
irradiance, for example, 100 mW/cm², and a fixed temperature, such as 25°C [15]. The 
representation of these standard measurements, considering temperature, radiation 
conditions, and spectrum, is illustrated in Figure 3a. Furthermore, the simplified equivalent 
circuit used for analysis is presented in Figure 3b. The I-V characteristic is a straightforward 
yet versatile measurement that can determine several key parameters, including the short-
circuit current (ISC), open-circuit voltage (VOC), voltage and current at the maximum power 
point (VMP and IMP), and the maximum output power (PMP). These parameters are essential for 
deriving important working principles such as the current density (I0), ideality factor (n), series 
resistance (RS), and shunt resistance (RSH). The maximum voltage, maximum current, open-
circuit voltage, and short-circuit current can be directly derived from the I-V curve, as shown in 
Figure 3c. The maximum achievable area can be calculated from the intersection point of the 
horizontal line representing the open-circuit voltage and the vertical line representing the 
short-circuit current, as illustrated in Figure 3d. 

Figure 3c shows the relationship between current density (mA/cm²) and voltage (V). Two 
different materials are being compared: Platinum (black line) and rGO/NiMo Oxide NCs (red 
line). Platinum demonstrates slightly higher performance, especially at lower voltages, but both 
materials show a rapid decline in current density after a certain voltage threshold, indicating a 
similar trend. Figure 3d shows the calculation of Fill Factor (FF) from the I-V curve of a solar 
cell, where the rectangle at P_MP represents actual power, and the larger rectangle defined by 
VOC and ISC represents theoretical maximum power. The FF is the ratio of these areas, indicating 
cell efficiency. 

The maximum power can be calculated using these parameters, with the corresponding 
equation shown in Equation 1. However, specific circuit parameters, including current density, 
ideality factor, series resistance, and shunt resistance, are not directly measurable as they are 
inherent and latent [19]. Fortunately, these latent parameters can be determined through 
mathematical calculations, as outlined in Equations 2 through 4. 

𝑃𝑀𝑃 = 𝑉𝑀𝑃 × 𝐼𝑀𝑃     (1) 

[𝐼𝑃𝑉 − 𝐼 −
𝑉

𝑅𝑆𝐻
] = 𝐼0 exp (

𝑞𝑉

𝑛𝑘𝑇
)     (2) 

Symbol q and k are constant. For determining the series resistant and shunt resistant, slope 
determination can be applied, for RSH slope is around I=Isc and RS slope is around V=VOC which 
are given by equation 3 and 4. 

 
 

𝑅𝑆𝐻 = −(
𝑑𝑉

𝑑𝐼
)
𝐼=𝐼𝑆𝐶

      (3) 

𝑅𝑆 = −(
𝑑𝑉

𝑑𝐼
)
𝑉=𝑉𝑂𝐶

      (4) 
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The most important parameter for defining the performance of a DSSCs is efficiency (𝜂). 
Efficiency refers to the percentage of power from absorbed light that is transformed into 
electrical energy when the solar cell is connected to an electrical circuit [20]. There are two key 
concepts when distinguishing efficiency in DSSCs: the semiempirical limit and the detailed 
balance limit. The semiempirical limit of efficiency is based on the energy gap and empirical 
constants defined by the Shockley-Queisser model, while the detailed balance limit is grounded 
in theoretical maximum efficiency. In thermodynamic systems, maximum efficiency is achieved 
when zero entropy is generated. The ultimate efficiency hypothesis suggests that each photon 
produces one electronic charge, implying that maximum solar efficiency depends on factors like 
electron-hole pair generation, radiative recombination, non-radiative losses, electron-hole pair 
recombination, and charge extraction. In practical applications, the detailed balance limit is 
commonly applied to estimate the maximum output, typically based on voltage values obtained 
from the I-V curve [21][22]. The equation used to calculate efficiency the efficiency (η) of DSSCs 
is presented in Equation 5. 

𝜂 =
𝑉𝑀𝑃×𝐼𝑀𝑃

𝑃𝐼𝑁𝐶
                             (5) 

 

 

a) 

 

b) 

 

 

c) 

 

d) 

Figure 3. Basic Electrochemical Measurements and Explanations, (a) current voltage measurement, (b) 
circuit diagram of IV measurement [16], (c) current voltage curve [17], (d) area of fill factor [18]. 
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As previously discussed, determining the highest solar cell efficiency from the current 
density versus voltage curve requires extracting the exact maximum power point by fitting the 
curve, as illustrated in Figure 3c. However, fill factor analysis offers an advantage, as it does not 
require curve fitting [23]. The fill factor (FF) is generally defined as the ratio of the largest 
rectangle that can fit beneath the I-V curve to the area determined by the short-circuit current 
density and open-circuit voltage. Highest efficiency of solar cell is obtained from optimization 
of parameter IMP and VMP so The fill factor equation is represented as Equation 6. 

𝐹𝐹 =
𝑉𝑀𝑃×𝐼𝑀𝑃

𝑉𝑂𝐶×𝐼𝑆𝐶
                                                         (6) 

Tafel Polarization 
The performance of DSSCs is closely associated with the quality of the electrodes and their 

interactions. Exceptional catalytic activity and intrinsic stability are crucial factors for 
enhancing DSSC efficiency [24]. In DSSCs, the electrocatalytic activity mainly takes place at the 
interface between the electrode and the electrolyte. Tafel polarization is used to assess the 
kinetics of electrochemical reactions at the electrode surface, offering insights into both the 
electrocatalytic activity and the characteristics of interfacial charge transfer [25]. By analyzing 
the Tafel plots, one can determine the exchange current density and assess the overpotential 
needed to drive the reaction. Figure 4 illustrates the Tafel polarization plot, highlighting the 
relationship between overpotential and current density. 

 

Figure 4. Tafel polarization diagram [26] 

The figure 4 represents the logarithmic current density (log mA/cm²) versus potential (V). 
Key parameters like Jlim (limiting current density) and J0 (exchange current density) are marked 
on the graph. The plot compares the performance of various electrodes, for this research, with 
Pt and its SBA composites showing distinct behaviors in terms of current density and catalytic 
activity. The steepness and position of the curves provide insight into the electrocatalytic 
properties and charge transfer efficiencies of these materials. 

Electrochemical Impedance Spectroscopy (EIS) 
Optimizing DSSCs can be achieved by fine-tuning its physical parameters. Advanced 

mathematical models, such as electrochemical impedance spectroscopy (EIS), offer a direct 
approach for analyzing current density-voltage characteristics. In dye-sensitized solar cells, 
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physical factors like charge transfer, transport, and porosity are intricately linked to the current 
density and voltage curve, which in turn reflects the cell's overall performance [27]. EIS can 
also verify electrical resistivity, providing insights into the material's resistance to charge flow 
within the system [28]. EIS analysis also reveals the role of electron resistance across the shunt, 
interfaces, and electrolyte solution by evaluating the electron transfer kinetic parameters of 
each component [29]. Consequently, the equivalent circuit model of a DSSC, based on the cell's 
morphology, becomes crucial for understanding its performance. By modulating light intensity, 
EIS helps evaluate electron transport and recombination time constants, essential for 
optimizing DSSC efficiency by adjusting these rates [30], [31]. The illustration of this model can 
be seen in Figure 5a. Due to the complexity of the circuit, a simpler equivalent model can be 
derived by considering only the presence of resistance and capacitance, as shown in Figure 4b. 

 

 a) b) 

Figure 5. (a) equivalent circuit model of DSSC  [32], (b) simpler equivalent circuit model [33] 

According to the equivalent circuit model graphs in Figures 5a and 5b, impedance 
measurement is essential for analyzing DSSCs. The results from these measurements are 
commonly represented as a Nyquist plot, as illustrated in Figures 6a and 6b. 

  
 

 a) b) 

Figure 6. Nyquist Plot, (a) Nyquist plot of DSSC [34], (b) effect of temperature and cycle on impedance 
value [35]. 

Figure 6a presents Nyquist plots for Aged Co-1000h and Aged Co/TBP-1000h samples, 
with both datasets fitted to a model for electrochemical impedance behavior. The semicircular 
nature of the curves indicates the charge transfer resistance (Rct) for each system. The Aged Co-
1000h sample exhibits a smaller semicircle compared to Aged Co/TBP-1000h, suggesting a 
lower charge transfer resistance in the former. This difference implies that the Co-1000h 
sample has better charge transfer kinetics, potentially resulting in improved electrochemical 
performance. The model closely fits the experimental data, validating the observed trends. In 
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DSSC, electrical characterization of electrical properties of materials and interfaces are 
introduced by charge transfer resistance RCT, capacitance CDL and series resistance RS [36]. The 
importance of the Nyquist plot lies in its capacity to demonstrate how various conditions 
influence changes in dye-sensitized solar cell parameters. As indicated in previous research, 
Figure 6b shows the impact of increasing temperature (top) and degradation cycles (bottom) 
on Nyquist plots in electrochemical impedance spectroscopy. As temperature rises, the 
semicircles expand, indicating increased resistance. Similarly, with more degradation cycles, 
the semicircles also grow, showing a rise in charge transfer resistance, signaling performance 
deterioration [35].  

The development of EIS has become increasingly valuable as recent advancements, unlike 
standard EIS, can now detect phenomena occurring at the electrode-electrolyte interface and 
assess the durability of DSSCs [37]. Additionally, EIS can confirm the cell’s performance at the 
optimal compression temperature [38]. The increase in hydrothermal treatment is directly 
related to pore size and particle characteristics [39], which is crucial due to DSSCs’ exposure to 
sunlight [40]. Statistical analysis from multiple EIS measurements can improve the 
reproducibility of DSSCs, ensuring consistent performance and reliability across experiments  
[41]. Furthermore, simulations can leverage EIS data to develop high-efficiency DSSCs, reducing 
experimental losses by allowing the evaluation of various electrodes and dyes without 
extensive physical trials [42]. Although EIS still requires improvements due to the complexity 
of its measurement system, more autonomous systems are being developed to address these 
challenges [43]. 

Application of Electrochemical Characterization in The Development of DSSCs 
Over the years, many efforts to enhance the efficiency of DSSCs have yielded limited 

success, with early methods like increasing semiconductor surface roughness falling short. 
Since the discovery of TiO₂-based DSSCs, research has focused on optimizing cell performance 
and stability by refining the photoanode, sensitizer, electrolyte, and counter electrode. The 
photoanode’s porosity and morphology influence dye absorption by increasing the surface 
area, while the counter electrode provides catalytic activity and conductivity, often enhanced 
with platinum or conductive polymers. The sensitizer (dye) is key to power conversion, 
absorbing sunlight and transferring electrons to the semiconductor’s conduction band, with 
performance tied to the dye’s molecular structure. Finally, the electrolyte facilitates electron 
injection and dye regeneration, with its effectiveness influenced by factors such as solvent type, 
solubility, diffusion rates, recombination kinetics, and redox composition—all critical to the 
overall efficiency of DSSCs [44]. 

In 2015, the highest efficiency achieved by a DSSC was 14.7%, utilizing the sensitizer 
anchor dye ADEKA-1 and the co-sensitizer carboxy-anchor dye LEG4 [45]. The results are 
summarized in Table 1. 

Table 1. Results and Parameters of Highest Efficiency Achieved by DSSCs [45] 

Electrolyte: redoxa 
Counter 

Electrode 
Light Intensity 

(mWcm-2) 
JSC  

(mAcm-2) 
VOC 

(V) 
FF 

𝜂 

(%) 
A:I3

-/I- FTO/Pt 100 19.11 0.783 0.748 11.2 
F:[Co(phen)3]

3+/2+ FTO/Pt 100 17.77 1.018 0.765 13.8 
F:[Co(phen)3]

3+/2+ FTO/Au/GNP 100 18.27 1.014 0.771 14.3 
F:[Co(phen)3]

3+/2+ FTO/Au/GNP 50 9.55 0.994 0.776 14.7 

The cell structure achieving this highest efficiency is depicted in Figure 7a, where 
improvements are credited to modifications in the dye, electrolyte, and counter electrode. The 
combination of ADEKA-1 and LEG4 boosts the incident photon-to-current conversion efficiency 
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(IPCE), resulting in an increased open-circuit photovoltage (VOC) and short-circuit photocurrent 
density (JSC). LEG4, when applied to the TiO₂ electrode, acts as a suppressor of back electron 
transfer and enhances electron distribution, allowing more electrons to move from the dye to 
the TiO₂ conduction band. Additionally, the electrolyte’s impact is influenced by the energy gap 
between the quasi-Fermi level of TiO₂ and the redox potential of the electrolyte. The cobalt-
based electrolyte F:[Co(phen)₃]³⁺/²⁺, with a higher redox potential than the iodide-based 
electrolyte A₃⁻/I⁻ yet still below the dye’s HOMO levels, provides a stronger thermodynamic 
driving force for electron regeneration from the electrolyte to the dye, leading to improved 
photovoltage [45].  

 

 a) b) 

Figure 7. (a) DSSC structure with collaborative sensitization by silyl-anchor and carboxy-anchor dyes, 
and (b) energy level representation [45] 

Figures 7a and 7b illustrate that electrochemical measurements can correlate with the 
physical properties of materials, including molecular structure and energy gap. Differences in 
molecular structure and energy gap result in variations in open-circuit voltage and short-circuit 
current. However, this study does not address the relationship between counter electrode type 
and current density in DSSCs, as prior research has specifically examined counter electrode 
effects. To evaluate a counter electrode’s quality, its electrocatalytic performance can be tested 
by constructing symmetrical dummy cells, as shown in Figure 8 [46]. 

 

Figure 8. EIS spectrum and the dummy cells [46]. 

Figure 7 presents a Nyquist plot comparing the electrochemical impedance behavior of 
CNTs/Si/C and CNTs/Si, with both raw and fitted data. The plot displays the real component 
(Z') against the imaginary component (-Z''), where the fitted data closely aligns with the raw 
data for both samples, supporting the equivalent circuit model. This model includes series 
resistance (RS), charge transfer resistance (Rct), a constant phase element (CPE), and Warburg 
impedance (W). The larger arcs observed for CNTs/Si/C indicate higher impedance than 
CNTs/Si, reflecting differences in charge transfer resistance and overall electrochemical 
performance. 
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Electrochemical characteristics are essential for analyzing the behavior of working 
electrodes. The two primary techniques employed are CV and EIS, with their respective results 
displayed in Figures 9a and 9b. The corresponding equivalent circuit model is represented in 
Figure 9c. 

 

a) 

 

b) 

  

c) 

RS          : is the ohmic serial resistance 

RCT        : charge transfer resistance 

ZW,pore   : impedance in the pores  

ZW  : impedance in the electrolyte 

CPE  : constant phase element  

Figure 9. (a) cyclic voltammogram, (b) electrochemical impedance measurement (EIS), (c) 
equivalent circuit for fitting EIS [47]. 

From Figure 9a, the cyclic voltammogram, several key characteristics can be derived. First, 
the limiting current density, governed by mass transport within the electrolyte solution, is 
indicated by a plateau in the cyclic voltammogram, with a value of 10.2 mA/cm², as shown in 
Figure 9a. Second, the overall cell resistance (RCV) can be determined from the inverse slope at 
a potential of 0 V. The significance of resistance is further explored through EIS and its 
corresponding equivalent circuit, depicted in Figure 9b and 9c. By assigning values to each 
resistance and impedance element in the equivalent circuit, the solid line closely fits the 
experimental data from the EIS measurement. From this fitting and subsequent calculations, it 
becomes evident that charge transfer resistance (RCT) is a critical parameter in evaluating 
cathode materials, as it is directly related to exchange current density. Additionally, EIS proves 
useful in assessing electrochemical stability, as demonstrated in Figure 10a and 10b.  

 

a) 

 

b) 

Figure 10. (a) cycling stability of symmetrical dummy cells, (b) Nyquist Plot [47]. 
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In Figure 10a, the Nyquist plot illustrates the electrochemical impedance spectra for a Pt 
electrode over multiple cycles, with particular emphasis on the 1st and 10th cycles. The 
semicircles reflect charge transfer resistance, and the gradual changes in arc shape over the 
cycles suggest variations in the electrode's electrochemical properties, possibly indicating 
increased resistance or degradation with cycling. The shift from the 1st to the 10th cycle points 
to evolving interfacial processes and potential electrode degradation over time. In contrast, 
Figure 10b shows the electrochemical impedance spectra for the G96 electrode across the 1st 
and 10th cycles. Unlike the typical semicircle, this plot displays a more complex shape, 
signifying the involvement of multiple electrochemical processes or interfaces. The similarity 
between the 1st and 10th cycles suggests stable impedance behavior, with minimal changes in 
charge transfer resistance or interfacial properties, indicating the G96 electrode’s good 
durability and consistent performance across cycles. 

In illustrating electrochemical impedance measurements, constructing an equivalent 
circuit, as shown in Figure 9c, can be quite challenging. Defining the components should take 
into account experimental factors such as the morphology of the electrode and the type of 
electrolyte used. The equivalent circuit depicted in Figure 8c mimics the morphology, 
incorporating impedance contributions from both the pores and the electrolyte. Researchers 
are increasingly examining the micro- and nano-scale structures to establish fundamental 
models for fabricating higher efficiency of DSSCs. An example of DSSC morphology 
identification is illustrated in Figure 11. 

 

 

Figure 11. dummy cell likes capacitor with porous electrode [48].  

Figure 11 depicts a dummy cell, akin to a capacitor, illustrating these contributions. This 
discussion concludes that understanding the relationship between the equivalent circuit of EIS 
and the cell’s morphology is valuable for developing advanced devices. Enhancing the efficiency 
of DSSCs can be achieved by identifying optimal resistances calculated from EIS data and 
selecting the most effective materials. Previously, it was noted that there is a relationship 
between current density and mass transport as seen in cyclic voltammograms, as well as a 
relationship between exchange current density and charge transfer resistance in EIS. These 
relationships are generally explained through specific equations, with the relationship between 
current density and mass transport described by Equation 7. 

 

𝑗𝐿 =
2𝑛𝐹𝑐𝐷

𝛿
      (7) 

In Equation 7,  n represents the number of electrons, F is the Faraday constant, c is the 
concentration, D is the diffusion coefficient, and 𝛿 is the distance between the electrodes in a 
dummy cell. Selecting an electrolyte with a higher diffusion coefficient can lead to an increase 
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in current density. Furthermore, the relationship between current density and charge transfer 
resistance is outlined by Equation 8. 

𝑗0 =
𝑅𝑇

𝑛𝐹𝑅𝐶𝑇
      (8) 

In Equation 8, R represents the gas constant,T is the temperature,n denotes the number of 
electrons,F is the Faraday constant, and RCT is the charge-transfer resistance. This equation 
suggests that an increase in charge-transfer resistance will result in a decrease in exchange 
current density. [48]. 

 

CONCLUSION 

Electrochemical techniques are essential for enhancing the performance of dye-sensitized 
solar cells (DSSCs). Key methods include cyclic voltammetry, current-voltage (I-V) 
measurements, impedance spectroscopy, and Tafel polarization. I-V measurements offer 
valuable information on efficiency and fill factor, with optimization achieved by refining both 
current and voltage. Current improvements depend on factors like molecular orbitals, energy 
levels of materials, electrolyte diffusivity, and charge transfer resistance, while voltage is 
primarily influenced by molecular orbitals. Voltammetry aids in analyzing electrolyte 
diffusivity and assessing current density, whereas Tafel polarization highlights electrochemical 
catalytic activity at the electrode interface. Electrochemical Impedance Spectroscopy (EIS) 
plays a crucial role in evaluating charge transfer resistance, impacting stability and enabling 
performance optimization by connecting material properties to cell morphology. Current 
electrochemical techniques, while valuable for analyzing DSSCs, have limitations such as 
sensitivity to environmental conditions and complex data interpretation, especially in methods 
like EIS. Future innovations may focus on real-time, precise characterization techniques, such 
as in-situ spectroscopy, to enhance the accuracy and understanding of nanoscale processes. 
These advancements will significantly impact DSSC research and development, enabling the 
design of more efficient and stable materials with lower charge transfer resistance, leading to 
the creation of longer-lasting, more cost-effective solar cells. 
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