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Harnessing γ-Valerolactone: Green and Low-Toxic Solvent
for Enhanced Dye-Sensitized Solar Cells Performance
Under Indoor Lighting

Roberto Speranza,* Serena Amenta, Pietro Zaccagnini, Candido Fabrizio Pirri,
and Andrea Lamberti

1. Introduction

One of the most distinguishing features of contemporary
society is the deep interconnectedness of various elements
and systems. With the exception of a few isolated cases,
virtually all aspects of life—ranging from technology and

communication to economics and social
interactions—are interlinked. A very rep-
resentative manifestation of this feature
is the Internet of Things (IoT), which is
none other than a network of “smart”
objects, which are able to collect, process,
and exchange information between each
other over the internet.[1–3] Many of these
objects are equipped with sensors that
monitor specific variables, such as tem-
perature, humidity, or movement, and
subsequently transmit this data for anal-
ysis. By leveraging this information, it is
possible to enhance the quality of our
daily lives and improve the efficiency of
various business operations.[3] A signifi-
cant portion of the billions of new IoT
devices expected to be installed in the
coming years will be located in indoor
environments.[4,5] Currently, most auton-
omous IoT nodes rely on batteries.
However, the limited lifespan of batteries
restricts the size, power consumption,
and applicability of these devices, requir-
ing attention to battery replacement and

maintenance. Sole reliance on battery power may not ade-
quately support the growing complexity and scale of the IoT
ecosystem.[6]

In recent years, there has been considerable interest in
exploring energy harvesting solutions for the development
of self-sustaining IoT devices.[7–10] Photovoltaic (PV) energy
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A significant portion of the billions of Internet of Things (IoT) smart devices operate
indoors, typically powered by batteries that require periodic recharging or disposal,
raising sustainability concerns about maintenance and electronic waste produc-
tion. This has generated increased interest in developing indoor photovoltaics (IPV)
for self-rechargeable IoT devices. Among IPV technologies, dye-sensitized solar
cells (DSSCs) offer high conversion efficiency, stability, and scalability. However,
the use of toxic and flammable solvents, such as acetonitrile (ACN) and
3-methoxypropionitrile (MPN), remains a concern. This research investigates
γ-valerolactone (γ-VL), a sustainable, low-toxic solvent derived from cellulosic
biomass, as an alternative for DSSC electrolytes. Electrolytes based on I�/I3

� redox
shuttle are prepared with γ-VL, MPN, and ACN and studied in both dummy cell
and full device configuration. Results show that γ-VL is unsuitable for outdoor
DSSCs due to slower ion diffusion and reduced I3

� reduction at the counter
electrode. However, γ-VL DSSCs outperform those using ACN and MPN under
indoor light, demonstrating equivalent short-circuit currents but higher
open-circuit voltages, improved fill factors, and enhanced overall efficiency,
enabled by lower recombination at the photoanode. These findings position γ-VL
as a promising, eco-friendly option for DSSC electrolytes in indoor IoT applications.
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harvesting has emerged as a particularly promising opportunity
in this field.[11–15] Within the context of indoor applications, sev-
eral PV technologies stand out for their effectiveness in energy
collection, including organic PVs, dye-sensitized solar cells
(DSSCs), and perovskite solar cells. Each of these technologies
offers unique characteristics that enable them to meet a variety
of requirements across numerous applications.[16–19]

The growing interest regarding indoor photovoltaics (IPV) is
reflected in the increased efforts from both academic and indus-
trial players to develop more efficient, sustainable, and flexible
IPV solutions.[20–29]

The sustainability of IPV, both in terms of the fabrication
process and the materials used in the final device, has garnered
significant interest. This is driven not only by the anticipated
large-scale production of these products but also by their poten-
tial for direct contact and proximity to individuals in indoor
environments.[30–33] While DSSCs are among the PV technolo-
gies that have reached commercialization, their relatively short
energy payback time (EPBT) advantage primarily applies to out-
door applications.[6,34,35] For IPV, however, EPBT may not be
one of the most relevant metrics, as these devices operate under
low-light conditions and are designed to power low-power elec-
tronics, reducing battery waste rather than maximizing energy
generation. Instead, sustainability assessments should con-
sider factors such as material sustainability, lifecycle impact,
and end-of-life management. Indeed, some of the few concerns
about their safety and sustainability remain connected to the
liquid electrolyte that is still needed for high efficiency solar
cells.[36,37] Acetonitrile is usually used as a solvent for the prep-
aration of the electrolyte, regardless of the chosen redox medi-
ator. Unfortunately, acetonitrile is toxic and highly flammable
and is characterized by high volatility.[38] For this reason,
researchers have continuously looked for solutions to effec-
tively avoid electrolyte leakage and evaporation.[39–43] On the
other side, several efforts have been done to develop water-
based DSSC, which would solve altogether the problem of
using organic solvents for the electrolyte, with some optimiza-
tion still needed to reach competitive values of conversion
efficiency.[44–47]

Looking for a more sustainable alternative to organic solvents
for the preparation of the electrolyte of electrochemical systems,
recently Teoh and colleagues reported the possibility of using γ-
valerolactone (γ-VL) as a sustainable and low-toxic solvent for
supercapacitors.[48] γ-VL is a low-toxic solvent produced from
cellulosic biomass, is biodegradable and presents low flamma-
bility, and being also less expensive than acetonitrile.[48–50] So
far, this solvent has never been tested for the preparation of
DSSC electrolyte. Therefore, in this work, γ-VL will be studied
for DSSC fabrication and compared with acetonitrile (ACN) and
3-methoxypropionitrile (MPN), which are the most common
solvents used for DSSC electrolyte preparations. It will be dem-
onstrated that γ-VL is particularly well suited for the preparation
of electrolytes for DSSCs intended for low-light conditions in
indoor environments. Devices fabricated with this solvent
exhibited an equal short circuit current, higher open circuit
voltage, improved fill factor, and, consequently, enhanced effi-
ciency compared to those prepared with ACN and MPN.
Notably, these advantages were not observed under simulated
solar light conditions.

2. Results and Discussion

2.1. Electrochemical Impedance Spectroscopy of Dummy Cells

To examine the impact of different solvents on the redox reaction
at the DSSC counter electrode, electrochemical impedance spec-
troscopy (EIS) was conducted on symmetrical dummy cells. The
results are displayed in Figure 1.

For each electrolyte formulation, the Nyquist plot revealed two
primary semicircles. The one on the left-hand side corresponds
to the iodide/triiodide redox reaction at the interface between the
electrolyte and the Pt-coated electrodes. This is a fast process and
is typically observed at frequencies around or above 1 kHz.[51–53]

The low-frequency feature on the right is due to the mass trans-
port diffusion of the reacting redox species from the surface of
the Pt-coated counter electrode toward the bulk of the electro-
lyte.[54] Indeed, the consumption of reagents on the Pt-coated
electrode, due to the redox reactions, results in an inhomogeneity
of ion species concentrations within the electrolyte. The gradient
will be equalized by ion diffusion. This process is slower than the
redox reaction at the electrode surface and is observed at lower
frequencies, below 10Hz.[55] The separation of the two phenom-
ena at the expected frequency can also be observed from the peak
in the phase represented in Figure 1d.

In Figure 1e, it is reported the equivalent circuit used to model
the system and fit the measured impedance spectra. The results
of the fitting are reported as well in Figure 1. The circuit consists
of a resistor Rs that models mainly the series resistance intro-
duced by the FTO-coated electrode. The resistor RPt models
the charge transfer resistance at the interface between the elec-
trolyte and the electrode. At the same interphase, a constant
phase elementQPt models the nonideal double layer capacitance,
and a limited length Warburg element, Zd, models the ion trans-
port diffusion.[56]

Zd ¼ Rd

ffiffiffiffiffiffi
ωd

iω

r
tanh

ffiffiffiffiffiffi
iω
ωd

s
(1)

Rd is the diffusion resistance and ωd is the characteristic fre-
quency of the diffusion process.

On the Nyquist plot, RPt is approximately equal to the diameter
of the high-frequency semicircle and gives information about the
ease of the redox reaction. A smaller semicircle is generally
observed for faster charge transfer. Therefore, based on the
recorded spectra, it appears that this process was most effective
in the ACN-based electrolyte, followed by the MPN-based electro-
lyte, and lastly, the γ-VL-based one. This evidence is confirmed
also by the numerical values obtained for the circuit parameters
reported in Table 1.

The values of the electrical parameters of the equivalent circuit
have been reported as extracted from the Nyquist plot in Figure 1,
but it must be underlined that the reported spectra were obtained
from the EIS measurements performed on dummy cells.
Therefore, assuming that the two counter electrodes to be iden-
tical, the values of RPt for a single electrode reported normalizing
over the area would be 0.57, 7.0, and 17.1Ω cm2 for ACN, MPN,
and γ-VL cells, respectively. These values give a better estimation
of the performance expected from the Pt-coated electrodes in
combination with the studied electrolytes when employed in
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the full DSSC. As a matter of fact, it was reported that, for
good performing DSSC, RPt should have a value lower than
10Ω cm2.[51] Differently from the dummy cells with ACN and
MPN, the one with γ-VL showed a RPGt higher than this ideal
value; therefore, it can be expected that some limitations in

the DSSC performances could appear if γ-VL is exploited as sol-
vent in the electrolyte, i.e., the reduction of I3

� to I� at the Pt
counter electrode could be limited. Wettability studies were per-
formed on the Pt-coated FTO-glass surface in combination with
the prepared electrolyte to exclude any limitation coming from a

Figure 1. a) Comparison of EIS of dummy cells prepared with different electrolytes. b) Magnification of the impedance spectrum obtained for ACN
electrolyte. Bode’s plot representing c) impedance modulus and d) phase with respect to the frequency. e) Equivalent circuit used to fit the measured
impedance spectra of the dummy cells. The experimental data (dots) and the results of the fitting (lines) are also reported.

Table 1. Parameters of the equivalent electrical circuit of the measured impedance spectra. The standard deviation values are calculated on the
measurements performed on three identical devices for each electrolyte. The average X2/|Z| was 0.00142, 0.00154, and 0.00314 for ACN, MPN,
and γ-VL samples, respectively.

Electrolyte RPt [Ω cm2] CPt [μF] Rd [Ω] ωd [s�1] Solvent viscosity
[mPa • s]

Electrolyte viscosity
[mPa • s]

ACN 0.57� 0.09 8.9� 3.7 0.88� 0.28 1.6� 0.1 0.34[71] 0.57

MPN 7.0� 0.46 7.7� 3.2 3.7� 0.19 0.52� 0.03 1.1–1.6[71,72] 1.69

γ-VL 17.1� 1.2 6.9� 3.1 5.6� 0.4 0.38� 0.01 1.86–2.18[73,74] 2.88
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poor affinity between the solvents and the electrodes. The results
are reported in Figure S1, Supporting Information. The meas-
urements showed contact angles of 7.4°, 14.4°, and 10.4° for
ACN, MPN, and γ-VL, respectively. These values indicate good
wettability for all electrolytes, with ACN showing the most favor-
able case. MPN and γ-VL display similar values, with γ-VL exhib-
iting slightly better wettability on Pt-coated FTO glass. Based on
these observations, it appears that electrode wettability is not a
limiting factor in our devices and does not play a major role
in the trends observed in our experimental results. The limitation
in charge transfer resistance instead seems more related to the
interaction between the solvent, the ions, and the surface of the
electrode. One of the hypotheses to explain this behavior could be
the higher tendency of γ-VL to coordinate I2 molecules and
thereby depleting the effective concentration of I3

�, which could
then be connected to the increased RPt observed from the meas-
urements on γ-VL dummy cells. Indeed, Worsley et al. reported
that this solvent exhibited a high ability to coordinate species
showing Lewis’s acidity, i.e., acting as electron pair acceptors.
In their work the study focused on Pb2þ ions in perovskite crystal
formation[57] On the other hand, differently from I�, also I2 and
I3
� can act as Lewis acids. To test this hypothesis, we performed

UV–vis spectroscopy measurements in order to investigate the
speciation within the I-based electrolytes, as previously reported
in the literature.[58,59] Due to the high concentration of the elec-
trolytes used in the electrochemical measurements, absorbance
saturation was observed; therefore, the samples were diluted
1:4000 to obtain measurable spectra. However, for MPN, no use-
ful spectrum could be recorded, as the intrinsic yellow color of
the pure solvent masked the absorption peaks of the iodine-based
species. The recorded absorbance spectra are reported in Figure S2,
Supporting Information. UV–vis spectroscopy measurements
showed that both can- and γ-VL based electrolytes display two
characteristic absorption peaks at 290 and 360 nm, which have
been attributed to I3

�. Moreover, the absence of any peaks
around 460 nm suggests that I2 may not be present in measur-
able amounts.[58,59] Notably, while the peak positions remain con-
sistent between the two solvents, the γ-VL system exhibits a
significantly higher absorbance intensity. As a matter of fact, this
observation may imply that γ-VL alters the coordination environ-
ment of I3

� possibly increasing its molar absorptivity—without
necessarily depleting its concentration via I2 coordination, as our
initial hypothesis had suggested. Such amodification in solvation
might affect the redox behavior of I3

�, potentially hindering its
reduction kinetics at the Pt counter electrode. A deeper investi-
gation into the mechanisms of solvent–ion interactions would be
necessary to fully understand their behavior, but a detailed study
is beyond the scope of this work, which is primarily aimed at
elucidating the behavior of electrolytes within the operational
context of solar cells. Nevertheless, these findings are still con-
sistent with the increased RPt observed in the γ-VL dummy cells.

In addition to the differences observed in RPt, the fitted param-
eters also reveal clear trends in the Rd, which is associated with
the mass transport of redox species within the electrolyte. As
shown in Table 1, Rd increases notably from 0.88Ω for ACN
to 3.7Ω for MPN and 5.6Ω for γ-VL. This behavior correlates
well with the measured viscosities of the electrolyte solutions,
which progressively increase from 0.57mPa s for ACN to
1.69mPa s for MPN and 2.88mPa s for γ-VL (Figure S3,

Supporting Information). As expected, the addition of solutes
to prepare the electrolytes results in increased viscosity with
respect to literature values reported for pure solvents, but the rel-
ative order among ACN, MPN, and γ-VL is preserved. Higher
viscosity affects ion mobility therefore limiting the diffusion
of redox species such as I3

� and I� within the electrolyte. The
observed increase in Rd then reflects this reduced diffusion effi-
ciency. These findings are further supported by the decreasing
values of ωd, indicating a slower diffusion process in more vis-
cous electrolytes. Therefore, both the redox reaction kinetics and
the mass transport properties appear to be influenced by the
physical properties of the solvents used in the electrolyte formu-
lations and their interaction with the redox mediator.

2.2. Tafel Characterization of Dummy Cells

To further investigate the properties of the different electrolytes,
Tafel measurements were performed on the dummy cells. The
obtained Tafel plots are reported in Figure 2.

From a first qualitative analysis of the results, it is clear
how the general behavior observed during EIS measurement is
confirmed. Higher currents were generated by the ACN cell with
respect to the MPN and γ-VL. As can be seen from Table 2, the
ACN cell exhibited a limiting current of 46.4 mA cm�2, much
higher with respect to the ones recorded for MPN and γ-VL equal

Figure 2. Tafel plot of dummy cells fabricated with different electrolytes
formulation.

Table 2. Summary of the parameters extracted from the Tafel
measurements on the dummy cells with different electrolytes. The
standard deviation values are calculated on the measurements
performed on three identical devices for each electrolyte.

Electrolyte i0 [mA cm�2] RPt [Ω cm2] ilim [mA cm�2] D [cm2 s�1]

ACN 7.3� 0.1 1.7� 0.03 46.4� 2.8 (1.26� 0.08)� 10�5

MPN 2.2� 0.2 5.8� 0.6 15.0� 0.8 (0.41� 0.02)� 10�5

γ-VL 1.0� 0.2 13.1� 0.2 9.2� 0.7 (0.25� 0.02)� 10�5
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to 15.0 and 9.2 mA cm�2. From these, the diffusion coefficients
D of the I3

� in the different electrolytes can be calculated.

D ¼ d
2nFC

Jlim (2)

where d is the electrolyte thickness, C is the mediator concentra-
tion, n is the number of electrons involved in the reaction, here
equal to 2, and F is Faraday’s constant.[60]

Based on the results previously commented about the UV–vis
spectroscopy measurement, for the calculation of the diffusion
coefficient, the I3

� concentration, which would be the limiting
species affecting the limiting current in the Tafel measurements,
was approximated with the concentration of I2 in the electrolyte
formulation, which is equal to 0.056M. From the values reported
in Table 2, the same trend is observed, with the values of D being
in line with the values reported in the literature.[55] Moreover,
MPN and γ-VL reach their limiting current for voltage values
much lower than ACN. From this point of view, it is interesting
to see that for MPN, a plateau in the current is observed for lower
voltage values than γ-VL. This could be explained by the fact that,
in both cases, the higher viscosity can cause mass transport lim-
itation in the current. In spite of that, by using MPN, the redox
reaction at the electrodes is facilitated, enabling the current to
increase quicker as higher (absolute) voltage is applied to the cell.
This is in line with the observations made during the EIS meas-
urements regarding the RPt obtained with the three electrolytes.

To further investigate this aspect, the measurements were
analyzed according to the differential Tafel plot approach, to find
the exchange current values i0 for the three electrolytes.[61,62]

i0 can be related to the charge transfer resistance RPt at the
electrode–electrolyte interface by

i0 ¼
RT

nFRPt
(3)

where R is the gas constant, T is the temperature, n is the num-
ber of electrons involved in the reaction, here equal to 2, and F is
Faraday’s constant.[60] The results are reported in Table 2.

The values of i0 and the corresponding results obtained for Rpt

confirm the same observations made during the EIS measure-
ments. Indeed, γ-VL leads to the lowest exchange current, and
therefore, the highest Rpt, with respect to MPN and ACN.
Moreover, the values of Rpt extracted from the Tafel measure-
ments are quite consistent with the results obtained from the
EIS measurements.

The role of redox species diffusion in the γ-VL-based electro-
lyte was analyzed with additional Tafel measurements performed
on dummy cells with varying spacer thicknesses. The results are
reported in Figure S4, Supporting Information. As anticipated,
an increase in the inter-electrode distance led to a marked
decrease in the limiting current, confirming that mass transport
limitations are more pronounced in the γ-VL system. These
observations clearly suggest how reducing the distance between
the electrodes would represent a viable route for performance
optimization. Finally, to explore potential strategies to achieve
a balance between efficiency and sustainability, we also repeated
the Tafel measurements with an electrolyte composed of a
1:1 v/v mixture of ACN and γ-VL. The results are also reported
in Figure S4, Supporting Information. This mixed-solvent

formulation exhibited both higher exchange and limiting cur-
rents compared to pure γ-VL, indicating improved ion mobility
and reduced diffusion resistance, showing how blending γ-VL
with a lower-viscosity solvent such as ACN could offer a viable
route to balancing device performance with the use of more
environmentally benign components. While a systematic study
of mixed-solvent electrolytes lies beyond the scope of the present
work, we consider this a promising direction for future research
in the development of sustainable DSSC systems.

2.3. Current–Voltage Characterization of DSSCs

Once the overall behavior of the electrolytes was evaluated in
dummy cells, the same formulations were tested in full DSSC
configuration. The devices were tested first under standard
AM1.5 G illumination conditions at 1 sun, and the results are
reported in Figure 3 and Table 3.

The J–Vmeasurements performed under 1 sun light intensity
showed unsurprisingly that the ACN DSSC was the best per-
forming one, with an average conversion efficiency of 6.25 %,
which is in line with the results reported for lab cells fabricated
with the same materials.[63] The highest efficiency was enabled

Figure 3. J–V characteristic of DSSCs fabricated with different electrolyte
formulations under AM1.5 G conditions at 1 sun.

Table 3. Photovoltaic parameters of DSSCs with different electrolyte
formulations tested under AM1.5G conditions. The average and
standard deviation values are calculated on the measurements
performed on three identical devices for each electrolyte.

Electrolyte Jsc [mA cm�2] Voc [V] FF η [%]

ACN 13.4� 0.4 0.69� 0.01 0.67� 0.02 6.25� 0.28

MPN 13.2� 0.2 0.68� 0.01 0.59� 0.04 5.25� 0.30

γ-VL 13.2� 0.3 0.70� 0.01 0.54� 0.01 4.93� 0.22
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especially by the highest fill factor achieved by the ACN cell with
respect to the other two. This difference is not surprising consid-
ering the properties of the different electrolytes, as discussed in
the previous section regarding the measurements performed on
dummy cells. The less viscous ACN allowed better ionic trans-
port and seem to have a lower impact on the overall series resis-
tance of the DSSC, by that means improving the FF. This is also
observed in the J–V curve where, for voltage values close to the
Voc, the current in the ACN cell exhibits a more vertical behavior,
differently from the case of MPN and γ-VL that shows a lower
slope, which is a known effect of a higher series resistance in
the cell.[64] Here also the lower RPt observed for ACN in the
dummy cell’s measurements might contribute to the higher
FF. The opposite consideration can be done for γ-VL, which
had the lowest average FF of 0.54. This parameter is definitely
limited by the higher viscosity as well as the nonoptimal combi-
nation with the Pt counter electrode in terms of exchange current
and charge transfer resistance (Table 2). Notably, the short circuit
current ( Jsc) density obtained for γ-VL, equal to 13.2 mA cm�2,
reached a slightly higher value with respect to the Jlim recorded
in the Tafel plot measurements performed on the dummy cells
with the same electrolyte. This results can be reasonably

attributed to slight variations in electrolyte layer thickness inher-
ent to the two device configurations. Although both setups were
sealed using the same thermoplastic spacer, the effective dis-
tance between electrodes differs due to the structural composi-
tion of the cells. In DSSCs, the presence of the mesoporous TiO2

photoanode reduces the actual spacing between the Pt-coated
counter electrode—where triiodide reduction occurs—and the
dye-sensitized surface of the photoanode—where iodide oxida-
tion takes place. Moreover, under illumination, the fast dye
regeneration at the photoanode establishes a steeper concentra-
tion gradient compared to dummy cells. This gradient can
enhance triiodide diffusion toward the counter electrode result-
ing in a higher short circuit current density than the limiting cur-
rent observed in dummy cells, as it was also reported in the
literature.[65] These results align well also with the measurements
done on dummy cells with reduced spacer thickness reported in
Figure S4, Supporting Information and previously commented.

One last observation could be made regarding these measure-
ments regarding the Voc obtained with different electrolytes, with
the one reported for γ-VL slightly higher than the other two. This
might be connected again to the higher ability of γ-VL to coordinate
I3
� ions discussed in the previous section. Here this effect could be

Figure 4. Comparison of photovoltaic parameters obtained at different irradiance level under AM1.5 spectrum for DSSCs fabricated with different elec-
trolyte formulations. In a) the short circuit current, in b) the open circuit voltage, in c) the fill factor and in d) the rated efficiences. The box charts report the
data for three devices for each electrolyte and the relative average value.
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beneficial from the point of view of reducing parasitic recombina-
tion at the TiO2–electrolyte interface, thereby increasing the Voc.

[66]

In order to investigate the performance of the solvents in cells
working at low-light illumination condition, J–V measurements
were repeated under reduced simulated AM1.5 G light intensity
to 0.75, 0.5, and 0.25 sun. Moreover, the DSSCs were also tested
under indoor illumination, using an LED warm light with illu-
minance values of 1000 lux, 500 lux, and 100 lux, which corre-
sponded to an irradiance of 330, 167, and 39 μWcm�2. The
results are reported in Figure 4 and 5. From the comparison
of the PV parameters under different illumination conditions,
it is clear how even at reduced light intensities, under simulated
solar illumination the DSSC based on γ-VL resulted to be the
least performing one, presumably for the same reasons previ-
ously discussed for the 1 sun light intensity.

On the other hand, looking at the results obtained under
indoor illumination conditions reported in Figure 5, a complete
turnaround is observed. When characterized under LED indoor
illumination up to 100 lux illuminance, corresponding to an
extremely low irradiance of 39 μWcm�2, γ-VL achieved the high-
est conversion efficiency of 14.9%, compared with the values
obtained for ACN and MPN equal to 8.8 and 12.3%, respectively.
As it can be seen from the PV parameters reported in Table 4,

this result is mainly related to the higher Jsc and Voc obtained
with the γ-VL cell with respect to the other two.

Looking at the indoor J–V curves reported in Figure 6, it can be
seen that in this case the different viscosity does not have an impact
on the series resistance of the DSSC, as the slope of the J–V curve
at high voltage values is the same for the three cells. Instead, the
reduction in the FF of the ACN cell is clearly related to the steeper
slope of the curve voltages close to 0 V. This feature is described by
a lower shunt resistance in the DSSC, which usually comes from
higher parasitic electron recombination at the photoanode.[67]

Finally, most of all the higher conversion efficiency comes
from the higher Voc and the higher Jsc achieved by γ-VL with
respect to ACN and MPN. The reason for this has been already

Figure 5. Comparison of photovoltaic parameters obtained at different illuminance level under LED indoor condition for DSSCs fabricated with different
electrolyte formulations. In a) the short circuit current, in b) the open circuit voltage, in c) the fill factor and in d) the rated efficiences. The box charts report
the data for three devices for each electrolyte and the relative average value.

Table 4. Photovoltaic parameter of DSSC with different electrolyte
formulation tested under LED warm light illumination at 100 lux
(39 μW cm�2).

Electrolyte Jsc [μA cm�2] Voc [V] FF η [%]

ACN 15.5� 0.4 0.41� 0.01 0.55� 0.02 8.8� 0.4

MPN 15.6� 2.1 0.49� 0.01 0.63� 0.04 12.3� 1.4

γ-VL 17.6� 0.3 0.52� 0.02 0.64� 0.01 14.92� 0.6
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discussed in relation to simulated solar illumination, but it is
clear how this property becomes crucial and clearly noticeable
under indoor illumination conditions.

2.4. Electrochemical Impedance Spectroscopy of
Dye-Sensitized Solar Cells

EIS measurements were performed on the DSSC as well, under
dark conditions and with an applied voltage bias of 0.7 V, equal to
the Voc shown by the DSSCs. These conditions were selected in
order to investigate the electron recombination at the photoanode,
which seemed to be the crucial factor determining the perfor-
mance difference between the DSSC fabricated with different sol-
vents. The results of the EIS measurements and the circuit used to
fit the impedance spectra are reported in Figure 7. Indeed, under
dark conditions, for high-voltage bias, the TiO2 in the photoanode
enter in its conductive state, meaning that the electron transport
resistance within the semiconductor Rt is much lower than the
charge transfer resistance Rr at the TiO2–electrolyte interface.
In this condition, Rr can be estimated by the EIS measurements,
fitting the Nyquist plot. The values of the electrical parameters
extracted from the fitting are reported in Table 5.[53]

The EIS measurements confirm the observation done previ-
ously regarding the impact of different solvents in the electrolyte
on the DSSC performances. Indeed, the same trend observed for
the dummy cell measurement regarding the charge transfer resis-
tance at the counter electrode Rpt can be found here. Although a
higher value than expected was measured for the ACN case, none-
theless, is still considered acceptable for good DSSC operation.

Figure 6. J–V characteristics recorded under warm white LED indoor light
illumination at 100 lux (39 μW cm�2) of DSSC fabricated with different
electrolyte formulations.

Figure 7. a) Nyquist plot of DSSC fabricated with different electrolytes recorded at 0.7 V applied bias under dark conditions and b) equivalent circuit used
to fit the measured impedance spectra. Bode’s plot representing impedance modulus c) and phase d) with respect to the frequency.
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The main differences here were found regarding the electrical
parameters modeling the photoanode–electrolyte interfaces, i.e.,
the recombination resistance Rr and the chemical capacitance Cμ,
which is related to the change of electron density within the
TiO2.

[53]

Notably, γ-VL caused the highest recombination resistance
with respect to the other cells, while ACN was the one with
the lowest Rr. This evidence gives further confirmation of the
ability of γ-VL to reduce the unwanted electron recombination
with the I3

� ions at the interface with the TiO2. The main two
reasons that could explain this phenomenon could be related

to already mentioned peculiar interaction of the γ-VL with the
I3
� ions and to the possible tendency of γ-VL to adsorb on the

free space on the TiO2 photoanode due to its Lewis basicity, sup-
pressing the back electron transfer to I3

� as it happens also with
in a manner similar to pyridine-based additives like TBP.[66,68,69]

The higher adsorption of γ-VL onto the TiO2 might be supported
also by the higher Cμ showed by the γ-VL with respect to the other
solvents. Indeed, the chemical capacitance is proportional to the
density of electrons in the semiconductor conduction band.[53] To
further investigate how the different solvents affect the DSSC
behavior under working conditions, in combination with photo-
activated processes, the EIS measurement at Voc were repeated
under constant illumination of 0.1 sun. In these conditions, the
dye injects electron into the TiO2 conduction band, therefore
increasing the charge carrier density within the semiconductor.
The results are reported in Figure S5, Supporting Information,
and the parameter extracted from the fit of the impedance spectra
are reported in Table S1, Supporting Information. As expected,
under illumination conditions, the charge transfer reaction at the
counter electrode appears almost unaffected, with the same trend
observed also under dark conditions. At the photoanode instead,
some differences were observed. Indeed, γ-VL showed average
values of Rr and Cμ of 71.1Ω and 3.3mF. As expected, these val-
ues were reduced with respect to the values observed in dark,

Table 5. Parameters of the equivalent electrical circuit of the measured
impedance spectra. The standard deviation values are calculated on the
measurements performed on three identical devices for each
electrolyte. The average X2/|Z| was 0.0022, 0.0032, and 0.0042 for ACN,
MPN, and γ-VL samples, respectively.

Electrolyte RPt [Ω cm�2] Cpt [μF] Rr [Ω] Cμ [mF]

ACN 1.2� 0.3 14.1� 8.3 35.3� 12.3 2.1� 0.6

MPN 4.8� 0.7 21.8� 1.8 61.6� 4.2 3.2� 0.4

γ-VL 15.1� 3.9 16.3� 2.9 89.7� 23.2 4.2� 0.75

Figure 8. Aging of normalized photovoltaic parameters of DSSCs fabricated with different solvents kept in the dark at room temperature. In a) the short
circuit current, in b) the open circuit voltage, in c) the fill factor and in d) the rated efficiences. The box charts report the data for three devices for each
electrolyte and the relative average value.
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which has been connected to the higher concentration of I3
�

close to the TiO2 particles due to the dye regeneration and to
the electron injection inside the semiconductor.[53] If compared
with the results observed for ACN and MPN, γ-VL still appear to
allow a reduction of injected photoelectron recombination with
triiodide ions. Indeed, if the rate constant for recombination is
calculated from ωr= 1/(Rr Cμ), average values of 4.28, 7.16, and
30.3 s�1 are obtained for γ-VL, MPN, and ACN, respectively,
showing the same trend in recombination reactions observed
for the measurements in dark.

2.5. Long-Term Stability

To evaluate how the different solvents in the electrolyte could
impact the long-term stability of the DSSC, the performances
of the fabricated cells were tested after two and three months
of storage in the dark at room temperature according to ISOS-
D1 protocol.[70] The results are reported in Figure 8. As it can
be seen from the variation of the normalized PV parameters,
γ-VL and MPN had almost identical behavior. After two months,
both of them retained a conversion efficiency close to 90% of
their initial value. Instead, for ACN, efficiency dropped to
70% of the initial value. After three months of storage in the dark,
the device prepared with γ-VL showed overall the best stability
retaining 80% of their initial efficiency. This behavior is mainly
related to the slow electrolyte evaporation that can be identified,
mainly, in the reduction of the photogenerated current, as it can
be seen from Figure 8a. Indeed, the FF and the Voc remained
almost unchanged for all the tested cells.

It is clear then how the higher volatility of ACN with respect to
the other two solvents can introduce limitations from the point of
view of long-term stability, even in indoor environment where the
operation conditions are not as stressful for solar cells as it is in
outdoor conditions, where intense sunlight can cause strong tem-
perature variations in the cells, accelerating their degradation.

3. Conclusion

In this work, it was investigated the possibility of using
γ-valerolactone as a green and low-toxic solvent in the electrolyte
preparation for DSSCs. Three different iodine-based electrolytes
were fabricated, changing the solvents and keeping all the other
parameters constant. The compared solvents were acetonitrile
(ACN), 3-methoxypropionitrile (MPN), and γ-valerolactone (γ-
VL). First, the three electrolytes were tested in symmetrical
dummy cells by EIS measurements and Tafel polarization meas-
urements. It was observed that γ-VL behavior was very similar to
the one of MPN, mostly because of their viscosity much higher
than ACN. MPN and γ-VL showed mass transport limitations
that instead were absent in ACN. Moreover, γ-VL exhibited a
higher charge transfer resistance at the counter electrode with
respect to MPN. From these observations, it might seem that
γ-VL would not be suitable as a solvent for electrolyte preparation
in DSSC operated under strong light intensity conditions,
such as outdoor operation under sunlight illumination. This con-
clusion is confirmed by the current–voltage measurements per-
formed on full DSSC device fabricated using the three different
electrolytes. Under AM1.5 G simulated solar illumination, the

cell fabricated with γ-VL showed the lowest overall performances
in terms of conversion efficiency, mainly fill factor with respect to
the other two solvents. These results are in good agreement with
the ones obtained from the dummy cells measurements and fur-
ther confirm the limitation that γ-VL could introduce in standard
operating conditions.

Nevertheless, completely different and surprising results were
obtained under indoor illumination conditions. When the DSSC
were tested under the illumination provided by a warm white
LED light set to three different illuminance levels (1000, 500,
and 100 lux), γ-VL provided the best performances among the
fabricated cells. When the light intensity is strongly reduced,
the higher viscosity of γ-VL and the higher charge transfer resis-
tance previously observed did not have a detrimental impact on
the solar cell performances. Instead, γ-VL has beneficial effect on
the open-circuit voltage generated by the DSSC under indoor
condition, thanks to a reduction of the electron recombination
at the photoanode and a possible negative shift its conduction
band level. These observations were confirmed by EIS measure-
ments performed on the fabricated cells. Moreover, long-term
stability tests indicated that γ-VL provided the same behavior
of MPN under prolonged storage in indoor conditions, outper-
forming the more volatile ACN.

In conclusion, the results reported in this work suggested that
γ-VL can represent a good sustainable and safe alternative to
more toxic solvents such as ACN and MPN for indoor DSSCs.

4. Experimental Details

Materials: Fluorine-doped tin oxide (FTO)-coated glass (7Ω sq�1),
thermoplastic sealing film (60 μm, Meltonix), Amosil 4 two com-
ponent glue, Ruthenizer 535-bisTBA (N719, dye), transparent
TiO2 nanoparticles paste (Ti-Nanoxide T/SP), reflective TiO2 nano-
particle paste (Ti-Nanoxide R/SP), and Ti-Nanoxide BL/SC were
purchased from Solaronix. Sodium iodide (NaI), iodine (I2),
and γ-valerolactone were purchased from Sigma-Aldrich, while
MPN, acetonitrile, and 4-tert-butylpyridine (TBP) were purchased
from Merck.

DSSC and Symmetrical Dummy Cell Fabrication: FTO-coated
glasses were cleaned in an ultrasonic bath for 30min in a solution
of deionized water and detergent, acetone and ethanol, succes-
sively. Then, they were put on a hot plate for 10min at 100 °C
to ensure complete solvent evaporation. Photoanodes preparation
was carried out by depositing a thin layer of Ti-Nanoxide BL/SC via
spin coating (5000 rpm for 30 s, acceleration 2000 rpm s�1) which
was then fired at 500 °C for 40min to obtain a compact TiO2 block-
ing layer. Then three layers of transparent TiO2 paste and one layer
of reflective TiO2 paste were printed on the blocking layer-coated
FTO glasses by screen printing technique (61–64mesh). Each
layer was dried for 10min at 100 °C to evaporate the solvent.
Then, the photoanodes were fired to ensure the complete removal
of solvent and additive residuals and to interconnect the TiO2 par-
ticles for better charge collection. The samples were heated from
room temperature to 475 °C with a ramp of 120 °C h�1. Then they
were kept at 475 °C for 30min, and then they were cooled down to
70 °C in 5 h. The area of the deposited photoanodes was 0.36 cm2,
while their thickness was measured to be between 13� 1μm.
Right after the calcination, the photoanodes were soaked in dye
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solution for 18 h to ensure complete sensitization. The sensitizing
solution was prepared dissolving 0.3mM of N719 in ethanol.
Counter electrodes were fabricated by coating the FTO glasses
with a thin layer of Pt by sputtering technique. The deposition
was carried out with a Q150T ES sample preparation system
(Quorum Technologies Ltd). The different electrolytes were tested
with the following composition: 0.45M NaI, 0.056M I2,
and 0.55M 4-tert-butylpyridine dissolved either in ACN, MPN,
or γ-VL, respectively. The devices were sealed by means of the
Meltonix film and the Amosil 4 two component glue was used
as an additional sealing. For each electrolyte, three DSSCs were
fabricated to study reproducibility.

The fabrication of symmetrical dummy cell was performed by
assembling two identical Pt-coated counter electrodes, sealed
with a film of Meltonix, and filled with the different electrolyte
formulations. For the measurements performed at different
spacer thickness, one, two, and three Meltonix layers were used
to seal the cell and additional pressure was applied to further
reduce the thickness of the thermoplastic during melting. The
resulting spacer thickness was measured from the overall device
thickness, subtracting the glass electrode thickness.

Characterization: EIS measurements and linear polarization
measurements were performed with a Autolab PGSTAT128 poten-
tiostat equipped with an FRA32M module. EIS measurements
were performed in the frequency range between 100 kHz and
100 mHz, with a small signal amplitude of 10mV. The scan speed
for the Tafel measurement was 10mV s�1. The same instrument
was used to collect the current density–voltage (J–V ) response of
the DSSC. The J–V curves were recorded with a scan rate of
20mV s�1. A Newport 91195 A solar simulator was used to
perform the measurements under AM 1.5G light spectrum, while
a warm white LED lamp (12–60 V AC/DC, 10W, 3000 K, 810 lm
from SPL) was used for the measurement under indoor illumina-
tion conditions andmeasured with a Delta OhmHD 2102.2 photo/
radiometer. Rheological measurements were performed by means
of Antoon Paar MCR302 rheometer. The measurement was per-
formed with a parallel plate system of 25mm diameter with a sam-
ple measurement thickness of 0.2mm. The measurements were
performed at 25 °C in a shear rate range of [1000:10 000] 1/s com-
patible for all the tested samples. The interval was sampled 11
points per decade. Contact angle measurements were performed
with a Contact Angle System OCAH 200 by Dataphysics. UV–
vis measurements were performed with a U-5100 UV-Vis
Spectrometer from Hitachi.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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