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A B S T R A C T   

Dye-sensitized solar cells (DSSCs) are gaining a newfound interest thanks to their superior ability to harvest 
indoor light with efficiency higher than other photovoltaic technologies. This study reports, for the first time, the 
possibility of using laser-induced graphene (LIG) as a flexible counter electrode material for DSSCs. A flexible LIG 
(F-LIG) electrode was fabricated by direct laser writing of a polyimide film, without the need of a starting 
conductive substrate. The prepared electrodes showed a higher catalytic activity towards the reduction of I3− / 
I− with respect to a more expensive Pt-based counter electrode. Moreover, the F-LIG electrodes outperformed 
electrodeposited PEDOT as a catalytic material for reduction of a copper bipyridyl complex (Cu(II/I)(tmby)2TFSI2/ 

1) electrolyte. The F-LIG based DSSCs showed an open circuit voltage as high as 0.94 V and an increase in 
photoconversion efficiency higher than 60% with respect to the PEDOT-based counterpart, stepping from 3.08% 
to 4.96%. Thanks to the easy one-step laser-based fabrication process, the LIG-based DSSC was integrated with a 
LIG-based supercapacitor (SC), obtaining a flexible energy harvesting and storage system that was able to self- 
charge both under simulated solar illumination and under indoor artificial illumination, appearing to be a 
promising energy source for the next generation of self-powered connected Internet of Things devices.   

1. Introduction 

Right after their invention in 1991, Dye-sensitized solar cells (DSSC) 
were quickly recognized as a promising photovoltaic (PV) technology. 
DSSC is characterized by a simple fabrication method that does not 
require toxic materials and has fewer requirements in the manufacturing 
process. [1,2]. Moreover DSSC allows design customization, thanks to 
the possibility of selecting colour, shape and even transparency, both on 
rigid and flexible substrates [3]. To date, they are still considered the PV 
technology with one of the lowest pay-back-time [4,5]. 

Nevertheless, DSSC never actually widely landed on the market, with 
only few examples connected to aesthetic and building integrated ap
plications [6–8]. This is related to the lower conversion efficiency 
reached by DSSC with respect to other PV technologies such as silicon 
solar panels or perovskites solar cells. To date, the highest certified re
cord efficiency is 13%, while one of the highest uncertified value lays at 

around 14% [9,10]. 
In the last decade DSSC collected a renewed interest in terms of 

research activity and large-scale development thanks to the introduction 
of novel redox mediators based on copper coordination complexes that 
are enabling unprecedented levels of output voltages, exceeding 1 V for 
a single cell [11,12]. This complexes, combined with co-sensitizing 
organic dyes, have allowed novel records of efficiencies under stan
dard AM 1.5 G illumination conditions. Even more notably, efficiencies 
exceeding 30% have been reported when these DSSC have been char
acterized under indoor artificial light illumination. [13,14] These new 
findings open the way to a novel generation of indoor self-powered 
devices for which a reliable indoor energy source would be a turning 
point for their large-scale diffusion, solving problems like periodic 
maintenance, installation limitations and sustainability [15,16]. More
over, DSSC have been often integrated with supercapacitors (SC) with 
the goal of providing energy even when the illumination is temporally 

* Corresponding author. 
E-mail addresses: roberto.speranza@polito.it, roberto.speranza@iit.it (R. Speranza), marco.reina@polito.it, marco.reina@iit.it (M. Reina), pietro.zaccagnini@ 

polito.it (P. Zaccagnini), alessandro.pedico@polito.it (A. Pedico), andrea.lamberti@polito.it, andrea.lamberti@iit.it (A. Lamberti).  

Contents lists available at ScienceDirect 

Electrochimica Acta 

journal homepage: www.journals.elsevier.com/electrochimica-acta 

https://doi.org/10.1016/j.electacta.2023.142614 
Received 30 December 2022; Received in revised form 27 April 2023; Accepted 17 May 2023   

mailto:roberto.speranza@polito.it
mailto:roberto.speranza@iit.it
mailto:marco.reina@polito.it
mailto:marco.reina@iit.it
mailto:pietro.zaccagnini@polito.it
mailto:pietro.zaccagnini@polito.it
mailto:alessandro.pedico@polito.it
mailto:andrea.lamberti@polito.it
mailto:andrea.lamberti@iit.it
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2023.142614
https://doi.org/10.1016/j.electacta.2023.142614
https://doi.org/10.1016/j.electacta.2023.142614
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2023.142614&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Electrochimica Acta 460 (2023) 142614

2

absent (e.g. at night) [17–19]. 
Efforts have been made to optimize DSSC building blocks for new 

redox mediators, with one crucial aspect being the catalytic material 
used at the counter electrode for reducing the redox couple. [20]. 
Platinum nanoparticles on a conductive substrate have typically been 
used with triiodide-iodide (I3− /I− ) electrolytes, but Pt is expensive and 
not as effective with Cu(II/I)-based mediators. [21–23] Poly(3, 
4-ethylenedioxythiophene) (PEDOT) has been found to be the best 
counter electrode material for Cu(II/I)-based mediators [24,25]. How
ever, the large-scale processability of these electropolymerized 
PEDOT-based counter electrodes still need to be established. 

When flexibility is desired, in most cases both Pt and PEDOT have 
been deposited on flexible transparent conductive substrates, such as 
indium tin oxide-coated polyethylene terephthalate (ITO/PET), which is 
known to have long term stability issues due to possible delamination of 
the ITO layer following to cracks in the transparent oxide that may arise 
with time [26]. 

As an alternative, carbonaceous materials have attracted much 
attention thanks to their low cost with respect to Pt when processed in 
large scale. Moreover, carbon-based materials such as graphene or car
bon nanotubes proved to be as effective as Pt or PEDOT counter elec
trodes in combination with I3− /I− -based or Cu(II/I)-based electrolytes, 
respectively, with good chemical stability and sometimes even lower 
resistivity [27,28]. Amongst carbon-based materials for electrochemical 
systems, laser-induced graphene (LIG) has been widely studied as active 
material for energy storage devices such as supercapacitors and batte
ries, sensors and as catalytic element [29–38]. LIG is obtained by direct 
laser writing of a polymeric surface in which the polymer chains are 
broken by the energy provided by the laser, with a subsequent reorga
nization in the form of few-layer graphene nanostructures [39]. 

LIG has been only remotely studied as a material for solar cells, with 
only one work that proposed it as an electrode material for hetero
junction solar cells [40]. Some reports described the fabrication of DSSC 
with reduced graphene oxide obtained by laser engraving of graphene 
oxide layer deposited on conductive substrates [41,42]. To the best of 
our knowledge, only in one case LIG obtained by polyimide sheets was 
employed in a DSSC, but in this case the obtained material was mixed 
with a binder to produce a printable slurry to be coated on a rigid 
fluorine tin oxide (FTO)-coated glass, therefore losing the advantage of 
flexibility [43]. 

Herein we report the fabrication of flexible, low-cost, and highly 
catalytic LIG counter electrodes for DSSC, compatible both with I3− /I− - 
based and Cu(II/I)-based electrolytes. In both cases, we compared the LIG 
electrodes with the standard materials used as counter electrodes for 
DSSC, namely Pt and PEDOT, also investigating their mechanical 
flexibility. 

For the fabrication of the flexible LIG electrode, polyimide was used 
as a starting substrate since it shows a very good mechanical flexibility, 
it is stable up to 300 ◦C and it shows a very good chemical resistance. 
Moreover, it is one of the most common material for the fabrication of 
LIG electrodes. [30,40,44] 

Furthermore, a flexible, self-rechargeable energy storage system was 
demonstrated using LIG electrodes made through a one-step laser 
fabrication process. The system combined a DSSC and a SC, with the 
counter electrode of the DSSC and the two capacitive electrodes of the 
SC made of LIG. The device could self-charge when exposed to light, 
with higher storage efficiency in lower illumination intensity, showing 
the potential, after further development, to be used as an energy source 
for self-powered indoor devices such as low consuming IoT sensors. 

2. Experimental 

2.1. Materials 

Unless otherwise noted, all the chemicals used in this work were 
purchased from Sigma-Aldrich and used as received. Fluorine tin oxide 

(FTO)-coated glass (7 Ω/sq), indium tin oxide coated PET (ITO/PET) (18 
Ω/sq), Ruthenizer 535-bisTBA (N719, dye), transparent TiO2 nano
particles paste (Ti-Nanoxide T/SP) were purchased from Solaronix. 3- 
Methoxypropionitrile (MPN), 4‑tert-butylpyridine (TBP) and Whatman 
glass fibre sheets were purchased from Merck. Dye XY1, CuI(tmby)2TFSI 
and CuII(tmby)2TFSI2 were purchased from Dyenamo AB. Polyimide 
(Kapton) foils were purchased from Dupont. Activated carbon YP-50 F 
was provided by Kuraray and the C65 carbon black was provided by 
Imerys. Poly(vinylidene fluoride) (PVDF) was provided by Arkema. 
Fibreglass separators (Whatman, GF/C) were purchased from Sigma- 
Aldrich. 

2.2. LIG electrodes preparation 

The LIG electrodes were fabricated according to the procedure re
ported in a previous work [45]. Briefly, 125 µm thick polyimide (Kap
ton) foils were exposed to laser radiation using a 30 W CO2 laser source 
(EOX 30 W laser by Datalogic). The laser works in pulsed width mod
ulation control and the LIG electrodes were obtained setting a resolution 
of 400 dpi, a frequency of 4 kHz, a laser velocity of 375 mm s − 1 and a 
laser power of 5.7 W. 

2.3. DSSC preparation 

The photoanodes of the DSSC were prepared as previously reported 
[18]. Briefly, FTO-coated glass electrodes were cleaned with deionized 
water, acetone, and ethanol in ultrasonication bath for 15 min. Then, the 
electrodes were coated with transparent TiO2 nanoparticles paste by 
screen printing, dried at 100 ◦C for 10 min and then sintered for 30 min 
at 475 ◦C. For the photoanodes that needed to be used with Cu(II/I)-based 
electrolyte, a previous TiCl4 treatment at 70 ◦C for 30 min was per
formed, followed by a sintering process at 475 ◦C for 30 min, to deposit a 
nanometric layer of compact TiO2 that worked as blocking layer, as 
previously reported [14]. After sintering, the electrodes were immersed 
into dye solution for 16 h. For the DSSC tested with I3− /I− -based elec
trolyte, a staining solution of 0.3 mM of N719 dye in ethanol was pre
pared. For the device tested with Cu(II/I)-based electrolyte, the staining 
solution was obtained by 0.1 mM of XY1 dye with 1 mM of cheno
deoxycholic acid in isopropanol/ethanol 3:7. After the staining process, 
the photoanodes were assembled with the counter electrodes with a 
glass fibre separator filled with the selected electrolyte solution. The 
I3− /I− -based electrolyte was prepared dissolving 0.45 M of NaI, 0.056 M 
of I2 and 0.55 M of TBP in MPN. The Cu(II/I)-based electrolyte compo
sition was: 0.2 M CuI(tmby)2TFSI, 0.04 M CuII(tmby)2TFSI2, 0.1 lithium 
bis(trifluoromethanesulfonyl)imide and 0.6 M TBP in MPN. 

Finally, the LIG counter electrodes were prepared and directly used 
as reported in Section 2.2. The active area of the DSSC was 0.7854 cm2. 
For the I3− /I− -based DSSC, a further treatment was performed on LIG 
electrodes to increase their active area and electrical conductivity, as 
reported in our previous work [45]. Briefly, LIG electrodes were infil
trated with a solution of active carbon and carbon black particles, using 
PVDF as a binder. Untreated and treated LIG electrodes were compared 
with flexible titanium (Ti) and ITO/PET sheets coated with a nanometric 
layer of Pt nanoparticles by sputtering technique. 

For the Cu(II/I)-based DSSC, LIG counter electrodes were compared 
with flexible ITO/PET sheets coated with PEDOT, prepared with the 
same procedure reported in the literature by others [24]. The active area 
of the DSSC was 0.7854 cm2. For the characterization of the catalytic 
activity of the selected counter electrodes, dummy cells were prepared 
by interposing a glass fibre separator filled with electrolyte between two 
identical counter electrodes. The geometrical active area of the elec
trodes used for the dummy cell characterization was 0.25 cm2 for the 
characterization with the iodine-based electrolyte while it was 0.6 cm2 

for the copper-based electrolyte. 
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2.4. LIG-based integrated HS system preparation 

For the harvesting part of the integrated HS system, a flexible DSSC 
was fabricated. For the photoanode, the same preparation reported in 
Section 2.3 was performed, but the rigid FTO-glass was replaced by a 
flexible Ti mesh with a thickness of 60 μm. The counter electrode of the 
flexible DSSC as well as the two capacitive electrodes of the flexible 
supercapacitor were prepared as reported in Section 2.1. A parallel 
connection between the DSSC and the SC was performed by two shared 
Ti mesh. A fibreglass separator filled with the appropriate electrolyte 
was placed in both devices between the electrodes. For the DSSC, the 
Cu(II/I)-based electrolyte prepared as reported in Section 2.3 was used, 
instead for the SC a 1 M Na2SO4 in deionized water was used as elec
trolyte. The device was sealed in a transparent vacuum sealed pouch 
bag. The 3D rendering as well as a picture of the prepared device is 
reported in Fig. 7. 

2.5. Characterization 

The surface morphology of the prepared electrodes was studied by a 
field-emission scanning electron microscope (FESEM Zeiss SUPRA40). 
Electrochemical impedance spectroscopy and linear polarization mea
surements were performed on symmetrical dummy cells with a Autolab 
PGSTAT128 potentiostat equipped with an FRA32M module. Cyclic 
voltammetry measurements were performed on three-electrode cells 
with a BioLogic VMP3 potentiostat. The same instrument was used to 
collect the current-voltage (I-V) response of the DSSC. A circular masque 
with a 3 mm diameter was used to accurately select the illuminated area 
on the DSSC. A Newport 91195A solar simulator was used to perform the 
measurements under AM 1.5 G light spectrum, while a LED lamp (12–60 
V AC/DC, 10 W, 3000 K, 810 lm from SPL) was used for the measure
ment under indoor illumination conditions. Finally, the Autolab 
potentiostat together with a Keithley 2440 source measure unit were 
used to perform the photo-charge/discharge characterization of the in
tegrated HS device, as previously reported [46]. 

3. Results and discussion 

The main purpose of this work was to demonstrate that LIG can be 
employed as a cheap, sustainable and easy-to-make counter electrode 
material for flexible DSSC, allowing at the same time the integration 
with a supercapacitor sharing one electrode between the two devices 
and acting both as flexible current collector and as active material. 

3.1. Laser-induced graphene as counter electrode for I− /I3− -based DSSC 

Initially, we decided to establish a common ground with the existing 
literature. The LIG counter electrodes were tested first in combination 
with the I3− /I− redox couple, which over the years represented the 
reference mediator for DSSC together with Pt-coated counter electrodes. 
Moreover, to relate with the existing literature on flexible counter 
electrodes for DSSC, we compared flexible LIG (F-LIG) electrode with a 
Pt-coated titanium foil (Pt-Ti) and with a Pt-coated PET-ITO substrate 
(Pt-ITO) [47–50]. 

First the electrocatalytic activity of each material was investigated 
by electrochemical impedance spectroscopy (EIS) of symmetrical 
dummy cells. The Nyquist plot of the measurements are reported in 
Fig. 1a, together with the equivalent circuit used to fit the obtained 
spectra. In the circuit, Rs modelled the electrode series resistance, Rct 
represent the charge transfer resistance at the electrode-electrolyte 
interphase; Cct model the double layer capacitance of the material and 
the diffusion impedance Zd model the ion transport diffusion. [51] At 
first sight, an obvious difference in the overall resistivity of the material 
was observed, looking at the interception of the impedance spectra with 
the real axis. As it can be seen, the Pt-Ti dummy cell showed the lower 
series resistance (Rs) when compared with the other materials, which is 

one of the advantages of having a metallic current collector in the cell. 
Nevertheless, the use of bulk metallic substrate will inevitably increase 
the final cost of the device, even more if further treatment such as the 
Pt-coating is needed. On the other side, both F-LIG and Pt-ITO dummy 
cells showed a higher value of Rs which will certainly appear when these 
materials will be employed in full DSSC configuration. 

In this regard, it was decided to implement a treatment previously 
reported in the literature that consisted of decorating the LIG material by 
vacuum infiltration of particles of active carbon (AC), in order to in
crease the total surface area, and carbon black (CB) that could improve 
electrical conductivity. As expected, the effects of this were immediately 
seen with a substantial reduction in terms of overall Rs, as reported in 
Table 1. 

Further insight regarding the electrocatalytic properties of the tested 
materials can be extracted from the Nyquist plot looking at the high 
frequency region of the EIS. Indeed, it is known that the high frequency 
arc arises from the redox reaction of the I− /I3− mediator happening at the 
electrode-electrolyte interface and can be modelled with a parallel be
tween a capacitor that account for the double layer capacitance of the 
material and a charge transfer resistance (Rct) related to the electron 
transfer at the interfaces [52]. 

Fig. 1. a) Comparison of EIS measurements of symmetric dummy cell prepared 
with treated F-LIG, F-LIG, Pt-Ti and Pt-ITO counter electrodes. The insets show 
the high frequency region of the LIG electrodes and the equivalent circuit used 
to fit the obtained spectra. b) Comparison of IV characteristic of DSSC fabri
cated with different counter electrodes. 
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Looking at the values of Rct obtained for the different counter elec
trodes, summarized in Table 1, it is clear how the LIG-based electrodes 
show a comparable behaviour with respect to the Pt-coated materials. 
All the electrodes had a Rct far lower than 10 Ω cm2, which is considered 
as the limit for good performing DSSC [52]. Moreover, could be evi
denced how the treated F-LIG showed the lowest Rct equal to 0.5 Ω cm2, 
clearly allowed by the combination of the high surface area of the LIG 
together with the combination of AC and CB particles which are known 
to have a positive effect as counter electrode materials for iodine-based 
DSSC [53,54]. This evidence is in line with other works that showed how 
carbon and graphene-based porous materials could act as good alter
natives to Pt-based counter electrodes for DSSC thanks to their high 
surface area that allow to drastically increase the actual catalytic surface 
with respect to the geometrical area [55,56]. 

Once electrocatalytic activity in combination with the iodine-based 
electrolyte was tested in dummy cells, the F-LIG counter electrodes, 
both blank and treated, were characterized in the full DSSC configura
tion. The photoanode, separator and electrolyte composition were kept 
the same in all the tested cells. The I-V characteristics of the different 
cells measured under 1 sun AM 1.5 G standard illumination conditions 
are reported in Fig. 1b. The results are in line the observation done for 
the dummy cells, as it is clear how the lower resistivity of the Pt-Ti 
electrode allowed to obtain a better FF for the full DSSC. Nevertheless, 
when the treated F-LIG counter electrode was employed, a higher short 
circuit current density was achieved. For the DSSC that included the 
treated F-LIG counter a conversion efficiency of 4.17% was achieved 
which was comparable with the value obtained for the Pt-Ti metallic 
counter electrode, equal to 4.21%. The other parameters obtained for 
the DSSC are summarized in Table 1, from which it is clear how the 
treatment performed on the F-LIG counter electrode drastically 
improved the performances with respect to the untreated F-LIG elec
trode, with higher values of both short circuit current density (Jsc) and 
fill factor (FF). Finally, the treated F-LIG electrode also outperformed 
also the Pt-ITO electrode confirming itself as a cheaper, easy-to-make 
alternative to Pt-coated flexible counter electrodes for DSSC. 

3.2. Laser-induced graphene as counter electrode for Cu(II/I)-based DSSC 

In recent years, the research interest focused on finding alternative 
redox mediators that would allow to obtain a higher open circuit voltage 
(Voc). Substantial work has been published regarding cobalt-based 
electrolytes and how this mediator works in combination with carbon 
based counter electrodes [57,58]. Much less material has been published 
regarding the combination of Cu(II/I)-based electrolytes and carbon 
based materials. To the present moment, the best performing combi
nation have been found with electropolymerized PEDOT counter elec
trodes, where efficiencies of 13% have been reported [9]. For this 
reason, we decided to investigate the possibility of using LIG electrodes 
in combination with Cu(II/I)-based electrolytes. Here we compared the 
F-LIG electrodes and flexible ITO/PET electrodes coated with PEDOT 
(PEDOT-ITO), fabricated as previously reported in literature [24]. 

Fig. 2 present the comparison between the EIS measurements and the 
Tafel plot performed on symmetric dummy cells prepared as reported in 

Section 2.3. It must be emphasized the fact that, based on the good 
performances showed by the untreated F-LIG counter electrode for the 
Cu(II/I)-based electrolyte, here the treatment with AC and CB was avoi
ded with the goal of taking full advantage of the extremely easy one-step 
fabrication procedure of the F-LIG material. Moreover, as it can be seen 
from the high frequency region of the Nyquist plot (Fig. 2a), the F-LIG 
counter electrodes showed a charge transfer resistance of 2.2 Ω cm2, 
which was lower that the value obtained for the PEDOT-ITO counter 
electrode, equal to 7.2 Ω cm2. Here again the high surface area of the F- 
LIG electrode seems to play a major role facilitating the reduction of the 
redox mediator. 

In Fig. 3 the field emission scanning electron microscopy (FESEM) 
images of the two materials show how the F-LIG indeed present its 
distinctive porous structure already observed in our previous work [45]. 
Moreover, the graphitic nature of the obtained material was also 
confirmed performing micro-Raman spectroscopy, and the results are 
reported in the supplementary material. From this it is evident how the 
F-LIG electrode will likely provide a high catalytic surface available for 
the redox reaction, reasonably higher than that provided by the 
PEDOT-ITO electrode which surface morphology display nonetheless an 
open mesoporous structure, as already observed in the literature [24]. 
Moreover, at higher magnification it can be seen that the F-LIG elec
trodes shows large macro-pores that would allow a better diffusion of 
the bulky Cu(II/I) redox complex, as previously observed by others [59]. 

Table 1 
Summary of the main parameter extracted from the EIS measurements in sym
metrical cell and from the IV characterization of the full DSSC under AM 1.5 G 
illumination condition.   

EIS dummy cells DSSC IV characterization 

Counter 
electrode 

Rs (Ω 
cm2) 

Rct (Ω 
cm2) 

Jsc (mA 
cm− 2) 

Voc 
(V) 

FF η 
(%) 

Pt-Ti 17.2 2.4 12.8 0.63 0.52 4.21 
Pt-ITO 30.4 3.2 12.1 0.68 0.46 3.76 
F-LIG 35.4 1.3 12.7 0.68 0.41 3.62 
Treated F-LIG 23.9 0.5 15.2 0.64 0.43 4.17  

Fig. 2. Comparison of (a) EIS measurements and (b) Tafel polarization of 
symmetric dummy cell prepared with F-LIG and flexible PEDOT-ITO 
counter electrodes. 
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To further investigate the difference between the F-LIG and the 
PEDOT-ITO electrodes in combination with the Cu(II/I)-based mediator, 
Tafel polarization plots were recorded and reported in Fig. 2b. The Tafel 
plots, in which the logarithm of the recorded anodic and cathodic cur
rents is reported with respect to the applied voltage, have been exploited 
in previous works to extract information about the catalytic activity of 
different counter electrode materials, performing the measurements in 
symmetrical dummy cells [60,61]. The region at medium overpotential 
with respect to the equilibrium potential, often found for voltages higher 
than 120 mV in absolute value, is defined as the Tafel zone. In this zone, 
the logarithm of the recorded current can be linearly approximated with 
respect to the applied voltage, and the intercept with the equilibrium 
potential line can be considered as the exchange current density 

J0 = R × T/(n×F ×Rct) (1)  

where n is the number of electrons involved in the reaction, R is the gas 
constant, T is the temperature, F is the Faraday’s constant and Rct is the 
charge transfer resistance [61]. 

It must be noted that, besides being largely reported as a technique to 
evaluate the performances of different materials when employed as 
counter electrodes for DSSCs, there are some works that highlight how 
care should be taken when selecting the portion of the Tafel curve to be 
approximated in order to extract the exchange current [62]. These 
studies therefore suggest using the derivative of the logarithm of the 
recorded current to appropriately perform the approximation. By this 
method, for the PEDOT-ITO materials a J0 of 0.741 mA cm− 2 was 
extrapolated, which correspond to a value of Rct of 2.9 Ω cm2, according 
to equation 1. For the F-LIG electrode instead, a J0 of 0.259 mA cm− 2 

was obtained, corresponding to a value of 8.3 Ω cm2 for the Rct. The 
values compare quite successfully with the one extracted from the 
Nyquist plots. 

Furthermore, the electrocatalytic performances of the F-LIG and the 
PEDOT-ITO electrodes were investigated by cyclic voltammetry (CV) 

measurements performed in a three-electrode cells. The measurements 
were performed as reported in the literature, using a 5 mM solution of 
Cu+(tmby)2 TFSI in 0.1 M LiTFSI/acetonitrile. [63] Ag/AgCl (saturated 
in LiCl ethanol) was used as a reference electrode and a Pt bar was used 
as a counter electrode. The geometric area of the tested electrodes was 
0.5 cm2 and the measurements were performed with a scan rate of 10 
mV/s. The results are reported in Fig. 4. 

The CV measurements confirmed once more the higher performance 

Fig. 3. Field emission scanning electron microscopy of (a-c) F-LIG electrodes (d-f) PEDOT-ITO, presented at different magnifications.  

Fig. 4. Comparison of IV characteristic of DSSC fabricated with F-LIG and 
PEDOT-ITO counter electrode performed under AM 1.5 G illumination and 
1000 lux LED indoor illumination. 
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of the F-LIG electrode with respect to the PEDOT-ITO one. The first 
feature that can be extracted from these measurements is the voltage 
separation between the anodic and cathodic reaction peaks, which gives 
an estimation of the reversibility of the redox reaction. [64] It can be 
observed that both electrodes show almost identical reversibility, whit 
peak separation of 0.12 V for F-LIG and PEDOT-ITO electrodes. On the 
other hand, looking at the peak current density measured for the two 
electrodes, it can be seen that F-LIG electrodes produced a much higher 
anodic and cathodic current densities with respect of PEDOT-ITO elec
trodes. Considering that both electrodes had the same geometric area, 
this increase can be only ascribed to a higher catalytic activity granted 
by the F-LIG electrodes. [65,66] As previously commented, this higher 
electrocatalytic performance is likely related to the much higher surface 
area provided by the F-LIG electrodes with respect to the PEDTO-ITO 
ones. These observations confirm how the F-LIG electrode is expected 
to work as a good material for the reduction of Cu(II/I)-based redox 
mediators for DSSC. 

To validate this hypothesis, we tested the counter electrode materials 
in full DSSC configuration. In Fig. 5a is reported the comparison between 
the current-voltage characteristics of the F-LIG and PEDOT-ITO based 
DSSC under AM 1.5 G illumination conditions. It can be seen how the F- 
LIG based DSSC outperformed its PEDOT based counterpart, with con
version efficiencies of 4.96% and 3.08%, respectively. This difference is 
mostly related to the much higher Jsc generated by the F-LIG based 
DSSC, which again can be linked to the lower Rct extracted from the EIS 
measurement of the F-LIG dummy cells. The other main photovoltaic 
parameters are reported in Table 2 from which it can be seen how the 
fabricated cells provided similarly high values of Voc, close to 1 V, which 
confirms one of the advantages of using the Cu(II/I)-based redox mediator 
with respect to other redox couples. 

After having recorded the IV characteristics of the different DSSC 
under standard AM 1.5 G illumination condition we performed the same 
measurements under artificial light illumination, with an illuminance of 
1000 lux, reported in Fig. 5b. It is now widely recognized that one of the 
main present and future scope of DSSCs is the possibility of harvesting 
energy from artificial illumination in indoor environments, to be used to 
power low power electronics such as Internet of Things distributed 
sensors [67]. In this illumination conditions the combination of low light 
intensity and better spectral matching between the emission spectrum of 
indoor lights and the absorption spectrum of sensitizing dyes enables 
outstanding values of photo-conversion efficiencies [68]. As expected, 

both cells showed an improvement in performances with a twofold in
crease in photo-conversion efficiency, as reported in Table 2. 

3.3. Bending stress of F-LIG and PEDOT-ITO flexible counter electrodes 

One of the goals of this work was to show how the F-LIG electrodes 
could act as a flexible counter electrode for Cu(II/I)-based DSSC. To test 
their flexibility, electrodes with dimension 0.5 × 2 cm were prepared 

Fig. 5. Comparison of IV characteristic of DSSC fabricated with F-LIG and PEDOT-ITO counter electrode performed under AM 1.5 G illumination and 1000 lux LED 
indoor illumination. 

Table 2 
Summary of the main parameter extracted from the IV characterization of the 
full DSSC under AM 1.5 G illumination condition and at 1000 lux LED indoor 
condition.  

Light source Counter electrode Jsc (mA cm− 2) Voc (V) FF η (%) 

AM 1.5 G PEDOT-ITO 5.36 0.98 0.58 3.08 
F-LIG 8.89 0.94 0.59 4.96 

1000 lux PEDOT-ITO 0.045 0.83 0.61 7.77 
F-LIG 0.064 0.82 0.58 9.64  

Fig. 6. Variation of linear resistance after multiple bending cycles (bending 
radius 13 mm) of F-LIG and PEDOT-ITO electrodes. 

R. Speranza et al.                                                                                                                                                                                                                               



Electrochimica Acta 460 (2023) 142614

7

and were subjected to multiple bending cycles with a bending ratio of 
13 mm. After each cycle their linear resistance along the bending di
rection was recorded. The results are reported in Fig. 6. As it can be seen, 
the F-LIG electrodes showed a much better stability with respect to the 
PEDOT-ITO electrodes, with only a 10% increase in linear resistance 
after the first 30 cycles, lower than the 40% increase recorded for the 
PEDOT-ITO electrode. 

Moreover, it is clear how the ITO-based electrode starts to degrade 
right from the firsts bending cycles, with an almost linear rise in resis
tance, which led to a relative increase after 50 bending cycles of around 
80%. This value is much lower than the one recorded for the F-LIG equal 
to 40% at the end of the test. This observation is in line with the finding 
reported in the literature about the bendability of LIG-based electrodes 
and devices [69,70]. Furthermore, it is well known how transparent 
oxides such as ITO deposited on flexible polymeric substrates like PET 
presents limits from the bendability point of view because of the ten
dency of the oxide to crack and eventually delaminate from the substrate 
[71,72]. 

3.4. Integrated energy harvesting and storage system based on F-LIG 
electrodes 

The starting idea of this work was to verify whether a laser-induced 
graphene electrode could work as an efficient counter electrode for 
DSSC, since this finding would enable the possibility of integrating them 
with a LIG-based supercapacitor, obtaining a self-rechargeable energy 
harvesting and storage (HS) system. We fabricated such a device in 
which the two electrodes of the supercapacitor and the counter electrode 
of the solar cell were fabricated in a single step on the same flexible 
substrate. The details are provided in Section 2.4 and a picture of the 
fabricated device is reported in Fig. 7. 

First, the harvesting section of the integrated device was character
ized under standard AM 1.5 G illumination. The obtained IV curves are 
reported in Fig. 8a and show how the flexible device show an Voc of 0.92 

V, which is allowed by the Cu(II/I)-based redox mediator and is in line 
with the results obtained for the rigid DSSC reported in Section 3.2. 
Moreover, a high FF of 0.75 was calculated, showing how the low 
resistance of the Ti grid, used as current collector, allowed to reduce the 
overall series resistance of the device. On the other hand, such a high FF 
resulted also from the fact that the flexible cell reported here showed a 
Jsc of 1.2 mA cm− 2, which was much lower with respect to the one 
measured for the rigid devices reported in Section 3.2. 

This low value of generated current was most likely connected to the 
intrinsic configuration of the flexible cell, in which, to avoid the short 
circuit between the grid-based photoanode and the LIG-based counter 
electrode, a porous fibreglass separator was used and impregnated with 
the electrolyte solution. The thickness of the fibreglass separator was 
equal to 60 μm, to which the thickness of the Ti grid (60 μm) must be 
added to obtain the actual distance between the counter electrode and 
the active part of the photoanode, that was therefore higher than 100 
μm. It was already observed in other works that the distance between the 
electrodes is a crucial parameter in DSSC employing Cu(II/I)-based 
electrolytes since these complexes are bulky and suffer in terms of 
diffusion when the thickness of the electrolyte layer is increased [59]. 
This was the limitation of the flexible configuration in which the slow 
diffusion of the redox mediator between the electrodes most likely 
limited the maximum current that could be generated by the cell. 

The device was characterized also under indoor illumination con
ditions and the IV characteristic is reported in Fig. 8b. The reduce light 
intensity clearly results in a lower photo-generate current density, which 
in this case was equal to 17.3 μA cm− 2, again lower than the value 
observed for the rigid DSSC. As always observed for DSSC in the liter
ature, also the Voc was affected by the reduced light intensity [14]. A 
value of 0.67 V was obtained that will reduce the maximum charging 
voltage that could be achieved for the HS integrated device under indoor 
light with respect to the simulated solar illumination conditions. 

Even though the flexible configuration reduced the performances of 
the DSSC with respect to the rigid one, it enabled the ability of the LIG- 

Fig. 7. 3D model of device assembly of the LIG-based integrated energy harvesting and storage systems integrating LIG-based dye-sensitized solar cell and a LIG- 
based supercapacitor. 
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based HS integrated device to accumulate energy from natural and 
artificial light. To demonstrate this, we performed photo-charge/ 
discharge measurements in which, during the first step, the device was 
illuminated to allow the LIG-based SC to self-charge thanks to the cur
rent generated by the LIG-based DSSC, and in a second step the illumi
nation was removed and the device was discharged at a constant current 
equal to 0.125 mA, corresponding to a current density of 0.4 mA cm− 2 

with respect to the area of the SC. The process was performed in simu
lated solar illumination, at different light intensities, and under indoor 
LED light illumination, with an illuminance of 1500 lux. The results are 
reported in Fig. 9, in which the device voltage is reported with respect to 
time, and it shows how the device was able to self-charge when placed 
under illumination. As expected, the maximum charging voltage 
decreased with reduced light intensity, which is connected to the 
reduction of the Voc of the DSSC. Nevertheless, under 1 sun illumination, 
the device was able to self-charge in 1.8 min to the goal voltage, which 
was set to 0.8 V to avoid degradations in the aqueous-based electrolyte 
of the SC. As the light intensity was reduced, a plateau in the charging 
voltage started to appear. As it can be seen, for light intensities lower 
than 0.5 sun, the desired voltage of 0.8 V became impossible to achieve 
and a new condition for the interruption of the photo-charging step was 
needed, so it was decided to consider a variation of the photo-charging 
voltage lower than 1 μV s − 1 as the limiting parameter. 

From the photo-charge/discharge measurements the storage effi
ciency (ηs) of the HS device was calculated with the formula ηs = Edischarge 
/ Ephoto-charge where Edischarge is the extracted energy, calculated inte
grating the power extracted during discharge and Ephoto-charge is the same 
energy calculated during photo-charge. The storage efficiency then 
evaluates how much of the energy generated by the DSSC can be 
extracted from the SC and is available to power electronic loads such as 
low-power sensors and IoT devices. This value is reported in comparison 
with the charging time and the extracted energy at different illumination 
conditions in Fig. 10. 

It is clear how at reduced light intensity, the charging time increases 
due to lower photo-charging currents generated by the DSSC. Never
theless, the storage efficiency shows the opposite behaviour, with higher 
values when the HS device is photo-charged at lower intensities, with 
values higher than 30%. This evidence could be explained by the fact 
that charging the supercapacitor at lower currents allows a better and 
more uniform electrodes charging and consequently, allowing a higher 
level of energy extracted from the SC at lower light intensities even if the 
maximum charging voltage decreases. 
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Fig. 9. Photo-charge/discharge measurements performed at different illumi
nation conditions. 
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Conclusions 

In this work, we demonstrated that laser-induced graphene (LIG) 
electrodes directly obtained from polyimide sheets can be used as flex
ible counter electrodes for DSSC. We showed that, thanks to their high 
surface area, when used in combination with iodine-based electrolytes, 
LIG can effectively substitute Pt-coated electrodes. LIG-based electrodes 
shower a charge transfer resistance (Rct) of 1.3 Ω cm2 with respect to the 
value obtained for Pt-coated electrode, equal to 2.3 Ω cm2. An even 
lower value, equal to 0.5 Ω cm2 was obtained when the LIG electrodes 
were infiltrated with active carbon and carbon black particles. The LIG- 
based DSSC showed comparable performances with respect to the Pt- 
based counterpart, with photoconversion efficiencies of 4.17% and 
4.21%, respectively. 

For the first time, LIG was tested as a catalytic material for the 
fabrication of counter electrodes in DSSC using Cu(II/I)(tmby)2TFSI2/1 as 
a redox shuttle. With the Cu(II/I)-based electrolyte, the LIG-based elec
trodes showed a Rct of 2.2 Ω cm2 with was much lower compared to the 
one obtained with a PEDOT-coated ITO/PET flexible electrode, equal to 
7.2 Ω cm2. This allowed to reach an open circuit voltage of 0.94 V and a 
photoconversion efficiency of 4.96% for a LIG-based DSSC, which was 
60% more efficient to the one fabricated with the PEDOT-coated ITO/ 
PET electrode. 

Moreover, flexible LIG electrodes showed a 45% relative increase in 
electrical resistance after 50 bending cycles at 13 mm bending ratio, 
with respect to the value of 80% reached by PEDOT-based flexible 
electrodes. 

Finally, thanks to the one-step laser fabrication process of LIG elec
trodes, a flexible self-rechargeable energy storage system for indoor 
applications was demonstrated by integrating a DSSC and a SC in which 
the counter electrode of the DSSC and the two capacitive electrodes of 
the SC were made of LIG. The device was able to self-charge when 
exposed to light, with a storage efficiency that increased at lower illu
mination intensities, starting from 23% at simulated 1 sun illumination 
condition and reaching 30% under 1500 lux indoor artificial light illu
mination. We believe that, with further developments, this device could 
work as an energy source for self-powered indoor connected IoT devices. 
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