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Counter electrodes of Carbon Aerogel with Silver Sulfide Structures (CA/Ag2S) were synthetized by cathodic deposition and solid vapor
reactions. Their optical and electrical properties were determined, and they were tested as counter electrodes in dye-sensitized solar cells instead
of the conventional Pt. It was found that the Ag2S presence improves the optical and electrical conductivity of the counter electrodes. However,
the impedance electrochemical spectra indicated increased resistivity (ERS) and charge transfer resistance (Rp) with increased Ag2S structures;
this suggests that the interface (CA/Ag2S) may act as a barrier to electron transfer. Furthermore, the W1-R values decreased as the amount of
Ag2S increased, indicating a higher catalytic activity for these samples. DSSC efficiencies range from 1 to 2.5%, lower than those reported for
platinum. They are a consequence of a poor fill factor (FF) that can be explained by the electrolyte loss that occurs during cell testing due to the
counter electrodes’ high absorption and catalytic properties. While the performance is not ideal, the high initial Jsc values (21mA/cm2) suggest
that this system may present an opportunity as a material for energy devices. [doi:10.2320/matertrans.MT-M2023102]
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1. Introduction

The use of solar energy has been increasing speedily
compared to other renewable energy sources.1) It can be
obtained at no cost, a resource that never gets depleted.
However, exploiting this energy is rather a recent idea.2)

Solar cells have been classified into three categories; the first
is the family of Silicon (Si) crystal solar cells. The second
category is thin film solar cells, and the third category is
called emerging technologies which include organic,
inorganic, perovskite, and DSSC solar cells.3) Nevertheless,
because of its high production cost and environmental threat,
the current silicon-based solar cells are limited to the
market.4) The dye-sensitized solar cell (DSSC), also
recognized as Grätzel solar cell, is named after its creator
Prof. Michael Grätzel.5) This device is among the most
important in renewable energy, and researchers have given
it greater attention because of its outstanding characteristics
such as easy manufacturing process, inexpensive, trans-
parency, lightweight, flexibility, ecologically friendly. They
can convert at large scale solar energy to electrical energy.6)

Generally, DSSCs are built of these three main components,
a dye-sensitized TiO2 anode electrode, a counter electrode,
and an electrolyte of I¹/I3¹ redox couple that is inserted in
the middle of the anode and counter electrode.7) One essential
element of the DSSC is the counter electrode (CE), often
called the cathode, which executes two tasks; first, it gathers
the electrons coming from the external circuit and catalyzes
the reduction of I3¹ to I¹, because of that, regeneration of
the sensitizer take place.7) CEs on Dye-sensitized solar cells
typically are made of platinum (Pt) due to its good
electrocatalyst properties in combination with I-/I-3 based
electrolyte; however, Huang Y.J. et al. in 2021 reported that
in combination with other redox couples such as Cobalt (Co),

Copper (Cu) and Iron (Fe), it does not work as well, and
rather unstable, resulting in a meager performance. Besides,
Pt is rare and expensive to be considered for mass production
and will not be suitable for commercialization. The search
for finding an appropriate electrocatalyst material to use as
CE is the goal for investigators nowadays. An optimal CE
must have excellent electron conductivity, outstanding
electrocatalysts, great redox stability, and be ample and
inexpensive.2) Subsequently, carbon-based and carbon-
composites have been the target to replace Pt counter
electrodes, accordingly to recent investigations on this
material which presents outstanding properties such as a
high electrocatalyst, great electron conductor, is an abundant
resource, and can be obtained at a low price.8) Chen H. et al.
investigated carbon aerogel as a replacement for Pt CEs on
DSSCs, the photovoltaic performance values obtained for
photocurrent density (Jsc), open circuit voltage (Voc), fill
factor (FF), and efficiency (©) surpassed the values achieved
for DSSCs with Pt CE, electrochemical test exhibited lower
resistance interaction between electrolyte and CE, likewise,
a large active catalytic area was observed do to its double-
layer capacitance, structure, and morphology of CA in the
field emission scanning electron microscope (FE-SEM) show
a three-dimensional interconnected porous confirming a great
electrical conductivity.9) Wang C.C. and Lu S.Y., in 2014,
fabricated from carbon black powder and investigated a
Graphene Quantum Dots (GQD) and Mesoporous Carbon
Aerogel (CA) composite synthesized by sol-gel technique to
be used as a counter electrode. Results obtained from cyclic
voltammetry (CV) characterization show better catalytic
efficiency to the redox of I-/I3- than those with Pt and plain
Carbon Aerogels. In addition, results show that when the
long-term stability of the electrodes was investigated, GQD/
CA composite electrodes exceeded the ones from Pt and
plain CA.10) Zubaida Butt, M.T. et al. studied a nitrogen-
doped carbon (N-dC) aerogel as a counter electrode for+Corresponding author, E-mail: claudia.rodriguez@uacj.mx
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DSSC. N-dC was synthesized by hydrothermal carbonization
process utilizing biomass-derived precursors. The highest
current density achieved was 11.71mA/cm2, 0.70V of OC,
FF of 0.56, and efficiency of 4.47%. Still just below the
values that Pt counter electrodes have reported. Nevertheless,
more studies need to be done with this material since the
results obtained have shown to be a great replacement for
Pt-free DSSCs.11) Wang et al. 2009 utilized a sulfide-based
CE (CoS) in DSSCs, achieving an efficiency of 6.5% using
a sensitizer Z907 and a eutectic melt electrolyte.12) Wu et al.
synthesized counter electrodes of MoS2 and WS2. They
obtained efficiencies (PCEs) of 7.59% and 7.73%, respec-
tively, comparable to the device with a Pt CE (7.64%).13)

Ag2S counter electrodes for DSSCs were synthesized by
Huang et al. in 2015, obtaining efficiencies of 8.40%.14)

Hybrid or composite counter electrodes (CEs) have enhanced
DSSC performance. These materials are made of two or more
components and exhibit a synergistic effect.15) The carbon
aerogel-Ag2S has been studied, showing promissory results.
HiuHiu, H. et al., in 2019, studied this system as a
photocatalyst.16) Our research team has reported synthesizing
and characterizing carbon aerogel electrodes with silver
sulfide structures for electrochemical application.17) In the
present study, we have expanded on this work by increasing
the size and the amount of silver sulfide (Ag2S) structures in
the carbon and tested them as counter electrodes in dye-
sensitized solar cells, and this aims to provide alternatives to
the conventional Platinum material for DSSC.

2. Experimental Procedure

Carbon aerogel (READE, Grade II) substrates were cut
into 20mm © 20mm and coated with silver using a Ted Pella
Silver target 99.9% placed in a Denton Vacuum Desk-V
model sputtering. The working parameters were current
20mAm, 0.072Torr of pressure, and a gas-free atmosphere.
The coating was applied using five different exposure times:
1, 2, 4, 8, and 12 minutes.

The following reactants produced a reactive sulfide
atmosphere: 3 g of sublimated sulfur, 100ml of deionized
water, and carbon aerogel substrates coated with silver were
placed inside a beaker. The top of the beaker was shielded
with foil paper and sealed with thermal adhesive tape, then
positioned inside an oven Ecoshell-HV50, with a constant
temperature of 110°C, at atmospheric pressure for three
hours. As a result, a new CA/Ag2S composite is created and
will be characterized and analyzed for a Pt counter electrode
replacement. This technique is called a solid-vapor reaction.

2.1 Electrodes preparation
Previously to the fabrication of DSSCs, preparation of the

counter electrodes was carried out on a test cell bare electrode
drilled (Solaronix, 74701) glass, using a conductive carbon
double-sided tape (SPI 05072-AB 8mm) that was placed in
between the glass and the CA/Ag2S samples. A dye solution
mixed with 25ml of ethanol and 10mg of Ruthenizer
(Solaronix 535-bis TBA) was prepared to immerse TiO2

electrodes (Solaronix 74101) at room temperature for at least
24 hours before building the cells. Once the electrode and
counter electrode were done and ready for assembling, the

DSSCs, were placed together and filled with a liquid
electrolyte (Solaronix Iodolyte AN-50 I-/I3-) to compare
performance. An additional DSSC cell was fabricated with a
conventional Pt counter electrode (Solaronix 74201).

2.2 Characterization
The structure of the five samples obtained was investigated

by field emission scanning electron microscopy (SEM,
Hitachi SU5000). Energy-Dispersive spectroscopy (EDS)
was performed with the same equipment to acquire elemental
chemical composition. Nanoparticle size was accomplished
using Image J processing software. Electrical properties
measurements (four-point probe technique with a 0 to 1V
sweep task) and efficiencies of DSSCs were performed with
a “Keithley, model 2400 sourcemeter”. A solar simulator
SunLite ABET technologies were used as a simulated
sunlight source having an irradiance of 1000W/m2, as
measured using a standard reference cell under air mass 1.5
(AM1.5) conditions. XRD was performed to determine phase
identification of the CA/Ag2S counter electrodes with X’Pert
PRO PANalytical equipment.

Optical properties characterization was done with a
StellarNet integrating sphere spectrometer. The Diffuse
reflectance spectra were used to evaluate the optical band
gap energy with the model of the Kubelka-Munk function.

FðRÞ ¼ ð1� RÞ2=2R ¼ k=s ð1Þ
Where, F(R) is the Kubelka-Munk function, R is the

reflectance data, k is the absorption coefficient, and s is the
scattering factor.

Electrochemical impedance spectra used a CS310
potentiostat with a CorrTest software V 5.2 to characterize
the CA/Ag2S electrodes. Solution support of potassium
chloride (0.1M) combined with potassium ferrocyanide
electrolyte (1mM) with a frequency range from 0.01Hz to
100Hz, with 10mV amplitude. Electrochemical impedance
spectroscopy (EIS) calculations of the counter electrodes
were executed with the CS studio 5 software, using an
equivalent circuit of a resistor in series followed by a resistor
and a capacitor in parallel, as shown in Fig. 6. Where, Rs is
the solution resistance, Rp is the polarization resistance, and
C is the capacitor. Various types of equivalent electrical
models can be used to simulate different systems. A parallel
circuit with a capacitor and a resistor is a characteristic
representation of a Nyquist semi-circle, as this part of the
Nyquist plot is denoted by the system’s reactions. No electric
component could represent the diffusion of molecules, but it
is represented by the Warburg impedance.18–20)

The impedance formula for the system is:

Z ¼ Rsþ ðR� j½CR2=1þ ½2C2R2Þ ð2Þ
Where Z is the total impedance, Rs is the solution

resistance, R is the resistance of the resistor, j is the imaginary
number, ½ the frequency, and C the capacitance of the
capacitor.21)

3. Results and Discussions

The counter electrode samples analyzed by Field emission
scanning electron microscope revealed the Ag2S presence on
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the carbon aerogel with different microstructures for each
counter electrode; times of silver deposition per sample
and Ag2S structure size are detailed in Table 1. As the
microstructure images are shown in Fig. 1, the longer Ag was
deposited, the Ag2S silver structure size average increased.
All samples were exposed to the same conditions for
sulfidation, and the only difference within samples is the
amount of silver deposited on the carbon aerogel, which
plays a crucial role in Ag2S structure size through nucleation
and growth. The silver sulfidation process in the presence of
sulfur gas species involves the reaction between silver (Ag)
and sulfur (S) to form silver sulfide (Ag2S). This process
typically occurs when silver comes into contact with sulfur-
containing gases, such as hydrogen sulfide (H2S) or sulfur
dioxide (SO2) that are adsorbed onto the surface of the silver
structures. This adsorption occurs due to the interaction
between the sulfur molecules and the reactive sites on the
silver surface. The adsorbed sulfur gas species dissociate into
atomic sulfur (S) on the silver surface. This dissociation is
typically facilitated by the heat or energy present in the
system. The dissociated sulfur atoms react with the silver
surface, forming silver sulfide through a chemical reaction.
This reaction involves the bonding of sulfur atoms to silver
atoms in a crystalline lattice structure.17,22)

Elemental chemical analysis for the Ag2S electrodes was
performed by energy-dispersive X-ray spectroscopy, which
confirms the elements presents are Ag, S, and C. No
impurities were found.

A composite of CA/Ag2S electrodes with deposition times
of 1, 2, 4, 8, and 12 minutes was characterized by XRD. The
diffractograms display peaks that were characterized as an
acanthine phase of Ag2S, concerning JCPDS card number #
14-0074, which match the results for the equilibrium phase
and what is reported in similar investigations, Garcia
Martinez synthesized carbon aerogel to use in biosensors
achieving similar patterns, Ortiz Diaz synthesized thin films,
and the result of the investigation resemble values of this
study.17,22) As well as a graphitic phase for carbon aerogel
concerning JCPDS card number #22-1069, both broad
reflection patterns were identified at just about the 23° and
43° 2ª angles. These results are shown in Fig. 2.

The results of UV-Vis diffuse reflectance spectroscopy
characterization performed on carbon aerogel and CA/Ag2S
composites with varying deposition times (1, 2, 4, 8, and 12
minutes) are presented in Fig. 3. Carbon aerogel showed the
lowest absorption among the composites, with an absorption
edge at 480 nm and an absorbance of 0.9. The 12-minute
deposition sample exhibited the highest absorption, with an
absorption edge at 570 nm and an absorbance of 0.31. For
the 1-minute deposition sample, the absorption edge was
observed at 610 nm with an absorbance of 0.18, while for
the 2-minute deposition sample, the values were at 620 nm
and 0.22, respectively. The 4-minute deposition sample
showed values of 630 nm and 0.27 for the absorption edge
and absorbance, respectively, and the 8-minute deposition
sample exhibited values of 600 nm and 0.29 for the
absorption edge and absorbance, respectively. The deposition
of silver sulfide on the carbon aerogel substrate can alter its
surface morphology and increase its effective surface area.
This increased surface area provides more sites for light

Table 1 Silver deposition time, particle size and optical bandgap.

Fig. 1 SEM images of Ag2S Nanoparticles on Carbon Aerogel, (a) 1min deposition, (b) 2min deposition, (c) 4min deposition, (d) 8min
deposition, and (e) 12min deposition.
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scattering and absorption, as the photons have a higher
probability of interacting with the material. Consequently, the
overall absorbance of the substrate can be enhanced. These
findings are consistent with previous research by Martinez-
Ruvalcaba,14) which reported that longer deposition times
lead to increased absorbance due to a higher concentration
of Ag2S.

Figure 4 shows Tauc plots of carbon aerogel and CA/
Ag2S composites. The value of the energy band gap is
determined by projecting a tangent to the resulting curve
towards the x-axis; this point of intersection represents the
bandwidth Eg.23) The energy band value for CA is 1.36 eV,

a result comparable to that reported by Garcia Martinez.
Results obtained for the CA/Ag2S composites at different
deposition times are detailed in Table 1. An upward trend
can be seen in the bandwidth values, where the value for the
CA/Ag2S composite of 12min is the highest with a value of
1.11 eV, and the lowest value obtained is 1 minute of deposit.
These values are very similar to those reported by similar
studies.17,24,25)

Table 2 and Fig. 5 show the values of open circuit voltages
(Voc) that are very similar for the CA samples 2, 8, and 12

Fig. 2 CA-Ag2S XRD analyses.

Fig. 3 Absorbance of the CA-Ag2S structures.

Fig. 4 The band gap of carbon Aerogel-Ag2S structures.

Table 2 Short circuit current density, open current voltage, fill factor, and
efficiency of the DSSC.

Fig. 5 Current density vs. voltage graphs of the DSSC assemblies.
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minutes of the deposit. In the 4-minute sample, a slightly
higher value can be seen with a difference of 0.07mV; the
sample of 1 minute of deposit presents the highest value
among all, reaching 0.7mV; the difference between the
values obtained is within a range of 0.1mV, which does not
exist a significant statistical difference. The Voc voltage
values, even being low, remained practically constant for
all the samples and matched with some results on carbon
systems reported.26–28) These Voc values are below those
reported by some authors in similar solar cells, ranging from
1.0 to 1.5V.29)

Values were obtained for the fill factor, where the
maximum value is for the CA sample with 0.625, and the
lowest value obtained is for the 12-minute sample with 0.131.
It can be seen in descending order in the results. The fill
factor values are low, and this is because when performing
the electrical test, the liquid electrolyte is absorbed in its
entirety in the area where the DSSC receives the solar light;
this results in a considerable drop in the fill factor result.
There is also a more significant preferential trend in the speed
of absorption of the liquid electrolyte for the deposition
time; the longer the deposition time, the faster the liquid
electrolyte is absorbed; this could be due to the catalytic
properties reported for silver sulfide by Kryukov 2004 and
Jiang 2005.30,31)

Table 2 also shows the values obtained for efficiency (©)
in the solar cells, and it is observed that the values obtained
are low and very similar, except for sample 2, which is
higher. As mentioned above, the results for the efficiency
were affected due to the excellent absorption capacity of the
samples. Since the liquid electrolyte is absent, the test
outcome is not expected to have great results. The current
density values indicate an upward trend between the first CA
sample and the last 12-minute deposit. For CA, the result is
3.5mA/cm2; for 1 and 2 minutes samples, the same result of
5.4mA/cm2 was obtained. It decreased a little to 4.8mA/cm2

for the 4 minutes sample, the 8-minute sample reached a
value of 12.7mA/cm2, and the sample of 12 minutes of
deposition increased to 20.1mA/cm2; this suggests that the
longer the Ag2S deposition time, the higher current density
is obtained. Current intensity results are noteworthy, despite
the system’s inherent instability. By ensuring that the liquid
electrolyte is not absorbed in such a way, the point of stability
in the system will have been achieved in the hope of having
better results. Cells with a current density of 20mA/cm2 and
Voc of 0.6 volts (values similar to those obtained in this
investigation) but with fill factors 0.6 showing efficiencies of
approximately 12%.26)

The current-voltage (I-V) characteristic curves are shown
in Fig. 5, and the pure carbon aerogel sample has a fill factor
(FF) value of 0.625, the highest value achieved between all
samples, and an efficiency (©) of 1.32%. The sample of 1
minute of silver deposit exhibits a 0.558 FF and 2.11% in ©.
For the sample with 2 minutes of the deposit, the FF was
0.345, and the © of 1.14%. Regarding the sample of 4
minutes of the deposit, the value obtained for the FF is
0.423, with a © of 1.36%. The sample of 8 minutes of deposit
showed a FF of 0.172 and a © of 1.36%. The sample of 12
minutes of deposit has a FF of 0.109 and a © of 1.31%. The
fast Jsc drop is appreciated for the samples with a longer

deposition time, as mentioned above, which is because the
CA/Ag2S counter electrode absorbs the electrolyte, the
sample that presents the best stability is that of pristine
CA, comparing values with similar systems, only the values
of Voc and FF are close to those reported by Chen 2015,32)

and in terms of Jsc and © they are lower.
Electrochemical impedance spectra (EIS) were obtained to

comprehend the counter electrode performance better.
Figure 6 shows the EIS analysis of the CA-Ag2S counter
electrodes, where their ionic conductivity and resistivity can
be compared. It is well known that equivalent series
resistance (ESR) values on an impedance spectrum refer to
equivalent series resistance, also known as loss resistance. A
high ESR value indicates increased power loss in the system,
which may be due to a poor connection, poor component
quality, or a problem in circuit design.33) The estimated ESR
values ranged from 13.72 to 16.68³ in this case. Pure carbon
aerogel showed the lowest ESR values, and the sample with
8 and 12-minute exposure showed the highest ESR values
indicating that as the presence of the silver sulfide phase
increases, the sample’s resistance also increases; this does not
agree with the conductivity values shown in Table 1 where
Ag2S improves the aerogel conductivity. Therefore, this
ESR increment could be explained by the effect of the
interface between the carbon aerogel and the semiconductor
that could act as a barrier to charge transfer between the two
materials, which can increase the system’s resistance.34)

However, these values do not significantly affect the solar
cells’ efficiency since all the counter electrodes exhibit
similar behavior.

The semicircles found at high-frequency values are
attributed to the counter electrode surface’s charge-transfer
resistance (Rp). The resistance of the interface to the flow
of charge causes the charge-transfer resistance. When an
electrochemical reaction occurs at the interface, electrons are
transferred between the electrode and the electrolyte, leading
to charge buildup on either side. This charge buildup can lead
to a potential difference across the interface, leading to a
current flow. However, the interface can also act as a barrier
to the flow of charge, leading to resistance to the current flow.
The magnitude of the charge-transfer resistance depends on
several factors, including the properties of the materials at
the interface, the concentration of the species involved in the
electrochemical reaction, and the reaction rate. In general, the
charge-transfer resistance is proportional to the thickness of
the interface, the density of states at the interface, and the
electrochemical reaction rate.35) The lowest Rp values were
for the pure carbon aerogel in this case. The highest Rp
values were observed in the 8 and 12min samples.

The W1-R value in the Nyquist plot describes the kinetics
of the reaction. It is defined as the Warburg impedance and
represents the resistance to species diffusion in the electro-
lyte. W1-R is calculated by subtracting the polarization
resistance (Rp) from the total impedance (Z). This value is
influenced by catalyst activity, reaction kinetics, and
electrode surface area. A lower value of W1-R corresponds
to a lower charge transfer resistance, indicating a higher
catalytic activity of the electrode.36) The sample which shows
the lowest value was the 12min sample indicating a higher
catalytical activity due to the increment of the Ag2S phase.
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This catalytic behavior could explain the high current values
observed in the 12 samples when the voltage is applied in the
DSSC cell.

The ZA and ZAA values in a Nyquist plot can provide
valuable information about the microstructure of an
electrode. The ZA value corresponds to the natural component
of the impedance, which represents the system’s resistance. It
is associated with the ionic and electronic conductivities of
the electrode and can provide information about the
material’s properties. The highest ZA values were found for
the 8 and 12min samples, indicating a high resistance in
the material due to the high tortuosity of the electrode
microstructure. The ZAA value corresponds to the imaginary
component of the impedance, which represents the reactance
of the system. It corresponds to the capacitive properties
of the electrode and can provide information about the
material’s surface properties.37) The highest ZAA value was
found for the pure carbon aerogel, which indicates a higher
capacitance of the electrodes or a higher double layer
capacitance, which can be caused by factors such as the

higher surface area or a higher electrochemical activity of the
material.

4. Conclusion

Microstructures of CA/Ag2S composite and electrical and
optical properties in different deposition times were
investigated. Nanoparticles sizes in the range from 21 to
128 nm of silver sulfide with deposition times of 1, 2, 4, 8,
and 12 minutes were successfully deposited on top of pure
carbon aerogel by sputtering technique and synthesized by
chemical vapor deposition to build a CA/Ag2S composite
counter electrode to be used in DSSC. Findings have shown
that, with increasing deposition time of silver on carbon
aerogel, more significant nanoparticles and better electrical
properties are obtained. Besides, absorbances improved from
the 1-minute to the 12-minute samples by about 58% at
wavelengths from 480 to 630 nm. Optical energy band gap
values obtained are from 1.0 to 1.1 eV, and the counter
electrode with better electrical and optical properties is one of

Fig. 6 Electrochemical impedance spectra of the CA-Ag2S counter electrodes. Effect of the silver deposition time.
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12 minutes deposit of silver sulfide. Efficiency achieved is
low values compared to those reported for platinum and is a
consequence of a poor fill factor (FF) that can be explained
by the electrolyte loss that occurs during the cell testing due
to the high aerogel absorption. However, the high initial
Jsc values (21mA/cm2) indicate a possible application of
this composite in DSSC cells, subject to addressing the
electrolyte loss issue. The electrochemical impedance
spectra analysis provided valuable insights into the counter
electrodes’ performance in DSSC cells. The equivalent
series resistance (ERS) values indicated that the silver sulfide
phase increased the samples’ resistance, possibly due to the
interface between the carbon aerogel and the semiconductor
acting as a barrier to charge transfer. The charge-transfer
resistance (Rp) values showed that the lowest values were
for the pure carbon aerogel, while the highest values were
observed in the 8 and 12min samples. The W1-R values
indicated that the 12min sample had a higher catalytic
activity due to the increment of the Ag2S phase, explaining
the high current values observed in the DSSC cell. Finally,
the ZA and ZAA values provided information about the
microstructure and surface properties of the electrodes, with
the highest ZA values found for the samples of 8 and 12min
indicating high resistance in the material, and the highest ZAA
value found for the pure carbon aerogel indicating a higher
capacitance of the electrodes. Overall, these findings help to
improve the understanding of the counter electrode perform-
ance in DSSC cells.
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