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A B S T R A C T   A R T I C L E   I N F O 

This study explores the synthesis and application of water 
hyacinth-activated carbon (WHAC) as a counter-electrode in 
dye-sensitized solar cells (DSSCs). Characterization analyses, 
including X-ray diffraction, Raman spectroscopy, Fourier-
transform infrared spectroscopy, and the N2 adsorption-
desorption isotherm, confirmed the polycrystalline and 
mesoporous nature of WHAC, whose pore size and surface 
area are 3.06 nm and 176.7 m2/g, respectively. WHAC films 
deposited on the fluorine-doped tin oxide presented rough, 
random surface morphologies and thicknesses at higher 
concentrations. Optimized WHAC-based DSSCs presented a 
1.40 ± 0.16% power conversion efficiency (PCE) compared to 
the 1.66 ± 0.26% presented by the standard platinum-based 
counter-electrodes. The efficiency improvement in the case 
of the WHAC-based DSSCs was the result of efficient electron 
transport, evident from the low sheet resistance and stable 
redox characteristics. The findings suggest WHAC is a 
promising and sustainable catalytic material for DSSC 
counter-electrodes. 
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1. INTRODUCTION 
 

 

Dye-sensitized solar cells (DSSCs) are compelling photovoltaic technology due to their 
simple fabrication and non-vacuum processing requirements. Conventional DSSCs consist of 
dye sensitizers, electrolytes, photo-electrodes (PEs), and counter-electrodes (CEs). The dye 
molecules in the embedded PEs are the major functional elements in light absorption, the 
generation of electron-hole pairs, and the transmission of electrons through the external 
load. The electrons, having traversed the external load, return to the DSSC through the 
catalytic activity of the CEs and participate in the redox reaction in the electrolyte to recharge 
the dye. Thus, the CEs are necessary electrocatalysts to provide a steady current. The 
conventional material for the CEs is the scarce and expensive platinum (Pt) due to its good 
catalytic activity and conductivity. However, the use of scarce and expensive Pt presents 
limitations in terms of mass-scale fabrication, and research continues to explore the use of 
cheaper and more available alternative materials. Recent developments have focused on 
alternative CE materials to enhance cost-effectiveness, sustainability, and mass production. 
Among these alternatives, carbon-based materials such as graphite, graphene, carbon 
nanotubes, carbon nanofibers, and activated carbon (AC) have emerged as attractive 
substitutes for Pt due to their excellent electrocatalytic properties, making them suitable 
candidates for counter-electrodes [1, 2]. 

Various natural organic carbon sources have been utilized for carbon-based CEs in DSSCs, 
demonstrating their effectiveness as viable alternatives to conventional Pt-based CEs. For 
instance, biochar, synthesized via pyrolysis from wood and corn silage, was combined with 
titanium isopropoxide (TTIP) to formulate biochar/TTIP inks [3]. These inks were then screen-
printed to deposit biochar/TTIP hybrid CEs and fabricate DSSCs. Photovoltaic performance 
analysis revealed that DSSCs incorporating biochar/TTIP hybrid CEs exhibited higher power 
conversion efficiency (PCE) than those employing conventional Pt-based CEs. Similarly, 
conventional agricultural residues, such as corncob (CC), have been explored as carbon 
sources for CE fabrication. Corncob-derived carbon powder was integrated with the 
conductive polymer, poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS, 
PP) [4]. When deposited onto fluorine-doped tin oxide (FTO) substrates, the CC-PP composite 
exhibited enhanced redox reaction kinetics due to its superior conductivity and catalytic 
activity, resulting in a DSSC PCE of 5.85±0.87%, which surpassed the performance of Pt-based 
DSSCs (5.43±0.48%). In another approach, selenium (Se) was incorporated into porous AC 
derived from fruit peel waste to develop Se@AC CEs for DSSC applications [5]. The DSSCs 
utilizing Se@AC CEs achieved a PCE of 5.67%, approaching the efficiency of Pt-based DSSCs at 
6.86%. 

Water hyacinth (WH) (Eichhornia crassipes) is an invasive aquatic plant known for rapid 
growth and disruptive impact on the ecosystem, environment, and human activities. As an 
aquatic invader, WH also poses significant problems to water by consuming oxygen, plugging 
waterways, and causing local biodiversity disruption. Despite the ecological problems, WH 
presents a challenge for added-value applications because it contains a high carbon content, 
which, in turn, provides tremendous promise for use as source material in the synthesis of 
carbon-based products, most notably in environmental and energy applications. A major 
application of WH-based carbon products lies in environmental cleanup. Biochar derived from 
WH has been utilized for the removal of methylene blue, exhibiting a high adsorption capacity 
of 323 mg/g [6]. This performance is attributed to its large surface area, which enhances 
chemisorption, in line with the pseudo-second-order kinetic model. Another approach for 
WH-derived biochar synthesis involves hydrothermal pretreatment followed by molten salt 
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activation, resulting in a highly porous biochar with a surface area of 2240 m2/g and a well-
developed hierarchical pore structure [7]. These structural properties significantly enhance 
its adsorption and catalytic activity for peroxy disulfate (PDS) removal. For another 
application, WH-activated carbon (WHAC) has also demonstrated potential as an 
electrocatalyst in fuel cells [8]. While carbon-based CEs from natural sources (for example, 
biochar, crop residues, and fruit peels) have been studied, the use of WH-derived activated 
carbon (WHAC) as a CE material in DSSCs has received less research attention. The use of 
WHAC in adsorption and electrocatalysis applications has already shown catalytic activity in 
previous research, but its applications in electrochemical activity for DSSCs' CEs, despite prior 
studies, also lack thorough investigation. Additionally, the correlation between structure-
based characteristics (carbon content, pore structure, and surface area) and their applications 
in electrochemical activity for the CE has not been adequately explored. In this study, the 
stem of WH waste was selected as a raw material to produce WHAC due to its high carbon 
content and surface area, potentially offering excellent catalytic properties for CE application. 

2. METHODS 
 

The synthesis of WHAC involved a sequential process starting with the hydrothermal of 
dried WH stem at a temperature of 500 °C to carbonize the WH, yielding a carbon-based 
material product. Subsequently, a chemical activation process utilizing KOH was employed, 
resulting in the formation of WHAC [9]. For practical application, WHAC was solubilized in 
acetone at different concentrations of 0.01, 0.05, and 0.10 g/mL and stirred for an hour to 
ensure a uniform WHAC solution. Then, 30 μL of the WHAC solution was dropped and 
dispensed onto a cleaned FTO substrate, within an active area of 1 cm2. This deposition 
process was repeated after drying. The deposited WHAC underwent heat treatment at 200 °C 
for 3 hours, resulting in the formation of compact WHAC films. These films were then 
employed as CEs in ZnO-based DSSCs. For comparison, a conventional Pt CE was prepared 

using 0.05 M H2PtCl6·6H2O (Merck, ACS reagent) in acetone, dropped onto FTO (7 /sq, 
Greatcell Solar Materials) substrates, and sintered at 550 °C for 1 hour. 

In the DSSC fabrication process, 5 g of ZnO powder (Merck, <5 m) was mixed with 12 mL 
of 10 vol.% ethylene glycol in distilled water. The mixture was stirred at room temperature 
for an hour, resulting in ZnO paste. Subsequently, the ZnO paste was screen-printed onto a 1 
cm2 active area FTO substrate and annealed at 400 °C for an hour, producing ZnO films. The 
films were then immersed in a solution containing N719 dye (Greatcell Solar Materials) 
dissolved in acetonitrile (0.3 mM). The immersion process followed a re-adsorption method 
described elsewhere to obtain the ZnO photo-electrode [10]. Next, the photo- and counter-
electrodes were assembled in a sandwich configuration using a polymer. In the final step, 
electrolyte (EL-HPE, Greatcell Solar Materials) was injected into the space between the photo- 
and counter-electrodes. Photovoltaic characteristics were immediately measured under 
simulated sunlight at a standard intensity of 100 mW/cm2. 

The crystallite structures were examined using an X-ray diffractometer (XRD; Rigaku, 
SmartLab), while the graphitic structures of WHAC were analyzed with a Raman 
spectrophotometer (Thermo Scientific, DXR SmartRaman). Surface functional groups were 
monitored using Fourier transform infrared (FTIR) spectroscopy (PerkinElmer, Spectrum 
Two). The N2 adsorption-desorption method was conducted with a surface area and pore size 
analyzer (Quantachrome, Autosorb iQ-C-XR-XR-XR) to gain insights into porosity properties. 
Morphology was observed through a scanning electron microscope (SEM), and the sheet 
resistance was measured using a four-point probe system (Ossila). The redox characteristics 
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of the WHAC CEs were evaluated using cyclic voltammetry (CV) at room temperature, with 
measurements conducted using an Autolab PGSTAT204 electrochemical station (Metrohm). 

3. RESULTS AND DISCUSSION 
 

The crystallite structures of water hyacinth-activated carbon (WHAC) were investigated 
using XRD. The XRD results revealed several detectable peaks, with carbon-related peaks 

assigned and labeled in Figure 1 (JCPDS no. 20-0258) [11]. Notably, the peak at 2 of around 

28.3 could correspond to graphitic structures [12]. The other unclear patterns, characterized 
by a lack of distinct and well-defined diffraction patterns, suggest the presence of 
polycrystalline structures, referring to numerous small and randomly oriented crystallites in 
the synthesized WHAC sample. These characteristics may indicate the presence of numerous 
grain boundaries, defects, and impurities. 

 

Figure 1. X-ray diffraction pattern analysis of WHAC. 

Raman spectroscopy, as shown in Figure 2(a), reveals two distinctive peaks located at 1362 

and 1592 cm−1, attributing the sp3 lattice defects to the disordered (D) peak and sp2 carbon 
atoms to the graphitic (G) peaks, respectively. The D peak indicates disordered structures, 
while the G peak represents well-ordered graphitic carbon structures. To investigate the level 
of disorder in the synthesized WHAC, the intensity ratio of the D peak to the G peak (ID/IG) 
was calculated. A high ID/IG ratio of 2.8 was obtained, implying a high degree of disorder. This 
result indicates significant amorphous structures in the synthesized WHAC, aligning with the 
XRD analysis. Moreover, this finding is consistent with the FTIR spectra of functional group 
analysis shown in Figure 2(b). Prominent FTIR peaks were observed at wavenumbers of 1740, 

1365, 1217, and 1017 cm−1, which are related to carbon bonding for all wavenumbers [13]. 

The peak at 1740 cm−1 typically corresponds to C=O stretching vibrations. The peak at 1365 

cm−1 may indicate C−H bending vibration, while the two peaks at 1217 and 1017 cm−1 are 

associated with C−O stretching vibrations [14, 15]. These observed peaks suggest that the 
major structures of carbon involve oxygen and hydrogen compounds. 
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Figure 2. Vibrational analysis of WHAC: (a) Raman spectroscopy and (b) FTIR. 

A non-destructive analysis using the N2 adsorption-desorption method was conducted to 
determine the porosity property of WHAC, as shown in Figure 3. Figure 3(a) shows that the 
N2 adsorption-desorption isotherm exhibited an H3 hysteresis loop, indicative of mesoporous 
structures. This finding aligns with the average pore diameter of 3.06 nm, as analyzed in 
Figure 3(b) using the Barrett-Joyner-Halenda (BJH) adsorption method. Furthermore, a high 
surface area of 176.7 m2/g was estimated using the Brunauer-Emmett-Teller (BET) method. 
The mesoporous nature of WHAC suggests a well-defined and interconnected porous 
network, making it particularly relevant for applications such as adsorbents, gas separators, 
and catalysts. In this research, the potential application of WHAC as a catalyst, substituting 
the conventional Pt CEs in DSSCs, was demonstrated. 

 

Figure 3. Porosity analysis of WHAC: (a) N2 adsorption-desorption isotherm, (b) pore 
diameter distribution. 

The morphology of CEs prepared from three different WHAC conditions of 0.01, 0.05, and 
0.10 g/mL, as labeled to be WHAC01, WHAC05, and WHAC10, respectively, is presented in 
Figure 4(a-c). The morphological structures exhibit random-rough surfaces, which could be 
attributed to differences in sizes, shapes, and orientations of WHAC particles. In Figure 4(d-
f), cross-sectional SEM images were used to measure thickness. The average thickness of the 

WHAC CEs is 12.76, 41.90, and 70.86 m for WHAC01, WHAC05, and WHAC10, respectively. 
The thickness exhibited an increasing trend with increasing concentrations, due to the larger 
amount of WHAC used. The increased thickness also reduced the sheet resistance of WHAC 
CEs, as presented in Figure 5. This suggests good carrier conduction through the WHAC, 
potentially enhancing electron collection from external loads and facilitating redox reductions 
to complete the electronic cycle in DSSCs. 
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Figure 4. SEM image analysis: morphology of (a) WHAC01, (b) WHAC05, and (c) WHAC10; 
cross-sectional image of (d) WHAC01, (e) WHAC05, and (f) WHAC10. 

 

Figure 5. The sheet resistance of different WHAC counter-electrodes. 

In the analysis of redox characteristics, three different conditions were observed: FTO 
glasses, Pt-coated FTO glasses, and WHAC10-coated FTO glasses. Cyclic voltammetry (CV) 
involves applying a voltage waveform and monitoring the resulting current response, as 
presented in Figure 6. The potential range for the measurement was set from -1.0 V to 1.0 V, 
with a potential scan rate of 0.05 V/s, and each condition was scanned three times. In the 
study, three different types of electrodes were utilized: the conductive films, Pt, and Ag/AgCl, 
serving as the working, counter, and reference electrodes, respectively. CV curves typically 
display two distinct regions: the anodic region (positive current values) and the cathodic 
region (negative current values). These regions correspond to the oxidation and reduction 
reactions, respectively, occurring at the working electrode surface. A 0.1 M KCl solution 
(99.5%, Loba Chemie) was used as the electrolyte, providing an ionic medium for the 
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electrochemical reactions during the cyclic voltammetry measurements [16-17]. Figure 6(a) 
illustrates the CV measurements of FTO glasses. The CV result shows cathodic peak potential 
(Ec) at approximately -0.6 V, suggesting the reduction potential of FTO. It appears that the 
current decreased in the 2nd and 3rd loops, indicating the electrochemical etching of the FTO 
film and suggesting unstable redox characteristics. Figure 6(b) reveals the CV measurements 
of Pt-coated FTO glasses. In the 1st loop, the Ec peaks were observed at around -0.1 V and -
0.6 V, indicating the reduction potentials of Pt and FTO, respectively. In the 2nd and 3rd loops, 
the Ec peaks of Pt and FTO decrease, but a new peak appears at approximately -0.3 V, 
suggesting the presence of a new chemical composition. Figure 6(c) explores the CV 
measurements of WHAC10-coated FTO glasses. It appears that the CV curves have similar 
patterns, indicating that WHAC10 exhibits stable redox characteristics and is resistant to 
changes in its electrochemical behavior. This behavior can improve the stability of DSSCs 
fabricated with WHAC-based CEs. 

 

Figure 6. The CV measurements of the conductive films under three different conditions: (a) 
FTO glasses, (b) Pt-coated FTO glasses, and (c) WHAC10-coated FTO glasses. 

To investigate the utilization of WHAC CEs in DSSCs, the current density (J) versus voltage 
(V) characteristics were measured under simulated solar irradiation, as illustrated in Figure 7. 
The J-V measurements of DSSCs were conducted with at least three repeated samples for 
each condition to ensure statistical reliability and minimize experimental variations. The 
results demonstrated that the thickness of the WHAC CEs exhibits a direct correlation with 
the short-circuit current density (Jsc), whereas the open-circuit voltage (Voc) shows only slight 
variation across different CE thicknesses. Jsc is considered a significant determining factor in 
the efficiency of the DSSC. The dependence of the thickness of the WHAC CE on Jsc suggests 
that the greater the thickness of the WHAC layer, the greater the available sites for the 

reduction of I3
− to I− in the electrolyte, and the greater the efficiency in the transfer and 

transport of charge. The Voc, representing the difference in potentials at zero current, 
remained the same at various thicknesses of the CE. This suggests that WHAC only affects 
charge transport and not the energy shift in the energy levels of the redox couple, given that 
Voc is dominated by the difference in the Fermi level between ZnO and the redox electrolyte. 
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In analyzing the performance of DSSCs, photovoltaic parameters were calculated using 
equations (1) and (2) [10, 18-19]: 

PCE (%) = (JscVocFF100) / Pin                  (1) 

FF = Pmp / (JscVoc) (2) 

Where PCE, FF, and Pin are the power conversion efficiency, fill factor, and incident 
simulated sunlight power, respectively. The calculated parameters shown in Table 1 and 
plotted in Figure 8 explore the impact of WHAC CEs on each photovoltaic parameter. 
 

 

Figure 7. J-V curves of DSSCs fabricated with different counter-electrodes. 

Figure 8(a) shows that Jsc increases with the concentration of WHAC, implying a crucial role 
in enhancing overall PCE. A similar trend is observed for FF in Figure 8(c), indicating improved 
charge extraction and transport efficiency. The simultaneous increase in Jsc and FF is directly 
correlated with the enhanced PCE, as depicted in Figure 8(d). Meanwhile, Figure 8(b) 
demonstrates that Voc remains relatively stable under all conditions. The analysis explores a 
strong correlation between PCE and key photovoltaic parameters particularly Jsc and FF, while 
Voc remains a neutral factor. To evaluate the resistance characteristics, Rs and Rsh values of 
DSSC devices were analyzed. Figure 8(e) demonstrates a strong decrease in Rs with increasing 
WHAC concentration, indicating better catalytic activity at higher WHAC content in the CEs. 
In contrast, Figure 8(f) shows that Rsh initially increases from WHAC01 to WHAC05, slightly 
decreases for WHAC10, and then rises again for Pt. Generally, a high Rsh signifies a reduced 
recombination effect due to faster charge transport. This is attributed to the concurrent 
reduction in Rs and increase in Rsh, thereby synergistically facilitating better catalytic activity 
and faster charge transport in DSSCs. The key improvement in PCE for DSSCs employing WHAC 
as the CEs is the thickness of the WHAC. In overall PCE considerations, the DSSCs fabricated 
with the WHAC10 CE display a notable enhancement in PCE, closely approaching that 
achieved with a Pt CE. Consequently, the results demonstrate the potential of WHAC as a 
promising alternative catalytic material for CE applications in DSSCs, offering a viable 
substitute for conventional Pt. In comparison with other reports, PCEs of ZnO photoelectrode 
(PE) DSSCs, fabricated with different carbon-based CEs, are summarized in Table 2. It was 
observed that the present study exhibited a lower PCE, potentially attributed to various 
factors such as preparation techniques, material quality, and equipment. Despite the lower 
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PCE observed in ZnO-based DSSCs fabricated with WHAC CEs, this work is noteworthy for 
introducing the utilization of WH waste as a value-added material in DSSCs. Additionally, the 
transformation and utilization of WHAC also contribute to the mitigation of carbon emissions 
by preventing the natural decomposition of WH waste.  

Table 1. Photovoltaic parameters of DSSCs fabricated with different counter-electrodes. 

CE Jsc 
(mA/cm2) 

Voc 
(V) 

FF PCE 
(%) 

Rs 

() 

Rsh 

() 
WHAC01 3.500.20 0.660.01 0.200.01 0.450.02 109.63.2 546.274.8 
WHAC05 4.710.73 0.650.02 0.380.02 1.160.20 83.216.2 842.368.3 
WHAC10 5.150.61 0.650.01 0.420.01 1.400.16 59.80.5 738.262.0 

Pt 5.561.64 0.630.02 0.480.05 1.660.26 39.71.2 897.3175.1 

 

 

Figure 8. Plots of photovoltaic parameters of DSSCs fabricated with different CEs:                             
(a) Jsc, (b) Voc, (c) FF, (d) PCE, (e) Rs, and (f) Rsh. 
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Table 2. Comparative PCE of DSSCs fabricated with different carbon-based counter 
electrodes. 

PE Dye EL CE PCE (%) 
ZnO-G [20] N749 I−/I3− G 2.26 

MWCNTs 2.04 
ZnO [21] N749 I−/I3− Pt/MWCNTs 3.78 

MWCNTs 2.26 
ZnO [22] N719 I−/I3− G/MWCNTs 4.10 

ZnO [23] N719 I−/I3− Co-Mo/carbon 4.81 
ZnO (This work) N719 I−/I3− WHAC 1.40 

G: graphene, MWCNTs: multi-walled carbon nanotubes, Co: cobalt, Mo: molybdenum. 

4. CONCLUSION 
 

WH waste was utilized as the raw material to synthesize WHAC using a hydrothermal 
process and activation with KOH. Characterization analyses, including XRD, Raman 
spectroscopy, FTIR, and N2 adsorption-desorption isotherm, explored the polycrystalline 
structures of mesoporous carbon material. The WHAC was then coated on FTO substrates to 
prepare WHAC films at varying concentrations of 0.01, 0.05, and 0.10 mg/mL. The 
morphology of the WHAC films shows similar random rough surfaces; however, their 
thickness increased with increasing concentrations. These films were beneficially applied as 
catalytic CEs in DSSCs. The PCE of DSSCs fabricated with WHAC CEs was comparable to that 
of conventional Pt CEs. The observed improvements in PCE are directly dependent on the 
thickness of the WHAC films, with the facilitating role of electron transport aligning with the 
observed low sheet resistance. This contributes to the concurrent increase in Rsh and 
reduction in Rs, thereby synergistically enhancing electron transport efficiency in DSSCs. 
Moreover, the stable redox characteristics also improve the stability performance of DSSC 
devices. This study demonstrates that WHACs have acceptable potential to be applied as an 
alternative catalytic material for CE applications in DSSCs. Furthermore, it may be considered 
for other applications based on its porous catalytic properties, such as adsorbents and 
separators. 
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