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Solvent-Dependent Charge Transfer Dynamics under Indoor Light in
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ABSTRACT: Indoor photovoltaics (iPVs) are emerging as a sustainable and reliable power source to address the growing energy
demands caused by the rapid expansion of the Internet of Things ecosystem. Combining high photovoltaic performance under indoor
light with low-cost, simple production, and pleasant aesthetics, copper-mediated monolithic dye-sensitized solar cells (DSSCs) are a
strong candidate for iPVs. Efforts have been made to replace expensive and scarce materials used in the preparation of conventional
DSSCs with more abundant and sustainable materials. However, DSSCs still employ materials with considerable toxicity, namely, the
nitrile-based solvents in the electrolyte solutions. This work considers for the first time propylene carbonate (PC), y-butyrolactone
(GBL), and N-methyl-2-pyrrolidone (NMP) as candidates for the electrolyte solvent in indoor DSSCs. Among them, PC-DSSCs dis-
play power conversion efficiencies (PCEs) competitive with those of 3-methoxypropionitrile-based devices under light intensities
between 300 and 1000 Ix; both are able to maintain PCEs above 25%. Time-resolved photoluminescence measurements reveal a clear
electrolyte donor number-dependent modulation of interfacial electron injection and radiative relaxation dynamics from excited states,
which correlates with device performance under weak indoor light. Among other solvents, this study demonstrates PC as a safe, sus-
tainable electrolyte solvent for efficient and stable indoor DSSCs.
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1. INTRODUCTION

In the early 1990s, dye-sensitized solar cells (DSSCs) arose from
the need to develop cost-effective alternatives to silicon solar
panels. Their unique properties, which combine low-cost and
non-toxic materials, a semi-transparent and colorful appearance,
and good efficiency under diffuse light, made them a strong candi-
date for building-integrated photovoltaics (BIPVs)." Later, with the
exponential growth of Internet of Things (IoT) devices, DSSCs
emerged as front-runners in indoor photovoltaics (iPVs), due to

for high solubility of redox mediators and salts, thereby promot-
ing a high ionic mobility; exhibit low light absorption; be inert
regarding the dye molecules attached to the TiO, surface; have
a low cost; and be non-toxic.®” The most critical parameters for
selecting the electrolyte solvent are its viscosity, boiling point,
dielectric constant, and donor number. A solvent with low vis-
cosity will facilitate the ionic mobility, and a high boiling point
will cause slower evaporation, contributing to minor leakage

their aesthetic appeal and the spectral matching between indoor
light sources and dye absorption, enabling power conversion effi-
ciencies (PCEs) exceeding 30% under indoor illumination."”

To date, the highest energy-performing DSSCs, regardless of
light intensity, utilize a copper redox mediator with nitrile-based
solvents.”™ An organic solvent must fulfill several requirements
to be suitable as an electrolyte solvent in DSSCs: it should allow
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through the device’s sealed perimeter. The ability to dissociate
salts is enhanced with a solvent with a higher dielectric constant.
At the same time, the tendency to donate an electron pair can
be enhanced by selecting a solvent with a higher donor number.
Moreover, a high donor number causes an upshift of the TiO,
conduction band, increasing the open-circuit potential differ-
ence (Vyp) of the devices, though also reducing the short-
circuit current (Jg.).° Due to its low viscosity, excellent chemi-
cal stability, and ability to dissolve salts and organic molecules,
acetonitrile (ACN) is still the preferred electrolyte solvent for
highly efficient DSSCs. Though its high volatility may compro-
mise the long-term performance of these devices.*’

Under AMI.SG, several alternative solvents have been
reported for DSSCs, including 3-methoxypropionitrile (MPN),
dimethylformamide (DMF), propylene carbonate (PC), y-butyr-
olactone (GBL), N-methyl-2-pyrrolidone (NMP), and acetylace-
tone.*'* Although these devices displayed lower PCE than the
ACN-based DSSCs, all of them reported improvements in their
long-term performance.

The irradiance of ambient light is two to three orders of mag-
nitude lower than the solar irradiance.'* Therefore, the generated
photocurrent is typically two to three orders of magnitude lower,
depending on indoor irradiance, spectral mismatch, and device
characteristics, among others.!* Hence, the concentration of
redox species in the electrolyte solutions has been adjusted to
balance the ionic conductivity and the recombination rate.”'>*
However, less attention has been paid to the electrolyte solvent:
only a few works have considered alternatives to the ACN sol-
vent, most of them using nitrile-based solvents.*>'****! To date,
the highest reported PCE for indoor DSSCs, 38.0% (1000 Lx),
was achieved with a copper-based electrolyte containing 3-meth-
oxypropionitrile.* Recently, Speranza et al.** reported y-valerolac-
tone as a sustainable and low-toxic electrolyte solvent for
iodide-mediated DSSCs operating indoors.

This study investigates the impact of different electrolyte sol-
vents (MPN, PC, GBL, and NMP) on the performance and stabil-
ity of copper-mediated monolithic DSSCs (M-DSSCs) under
ambient light, and compares the results with those obtained with
the corresponding ACN-based devices. The obtained photovoltaic
performance were correlated with the physicochemical properties
of the solvent used (Table 1), such as polarity, viscosity, and donor
number, and the redox activity of the electrolyte, as well as photo-
generated carrier lifetimes and diffusivity, interfacial charge-transfer
dynamics, and lifetimes of the excited states. Except for the DSSCs
using NMP as the electrolyte solvent, the devices using the other
organic solvents showed similar performance or even outper-
formed those employing an ACN-based electrolyte. Furthermore,
the devices using MPN and PC showed minute fluctuations in
their PCE with the light intensity, due to small potential difference
losses and a decrease in fill factor: 27.6—28.5% (300—1000 Ix) for
MPN-DSSCs, and 26.0—27.1% (300—1000 Ix) for PC-DSSCs. In
comparison with MPN, PC has the advantage of being considered
a green solvent with low toxicity. Thus, this work presents PC as a
sustainable and safe alternative to the nitrile-based solvents for
copper-mediated indoor DSSCs.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials

The FTO-coated glass substrates (7 Q-sq') and the TiO, pastes
(18NR-T and WER2-O) were acquired from GreatCell Solar. 2-
propanol  (anhydrous,  99.5%), titanium  diisopropoxide
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Table 1. Molecular Structure and Physical Properties of
Solvents Used in the Preparation of Electrolyte Solutions of
DSSCs*

Molecular Melting Boiling Dielectric Donor number
Viscosity /cP X X
structure point /°C point /°C constant (DN) /kJ mol!
HsC-
AN TN\ 03330°0) 440 816 37.5(0°C) 59.0
\\\_L
MPN o 1.10 -63.0 164.0 36.0 67.4

A
oHy

NMP oﬁ 1.65 -24.0 203.0 322 114.3

PC % P 2.50 -49.0 241.0 64.0 632

H,c>_/
NG
GBL (_74 1.70 -44.0 204.0 20 754

“All data at 1 atm and 25 °C except the ones specified.

bis(acetylacetonate) (75 wt% in 2-propanol), acetylacetone
(>99.5%), o-terpineol (>96.0%), N-methylbenzimidazole (NMB,
99.0%), ACN (anhydrous, 99.8%), MPN (>98.0%) and PC
(>99.7%) were purchased from Sigma-Aldrich. Graphite/carbon-black
paste (Elcocarb B/SP), chenodeoxycholic acid (CDCA), and thermo-
plastic sealant (Surlyn, 60 pm) were ordered from Solaronix.
[Cu(tmby),(TESI),,,]**/* complexes, Y123 and XY1b sensitizers
were bought from Dyenamo. Titanium tetrachloride (99.9%), t-buta-
nol (99.5%), and lithium bis(trifluoromethanesulfonimide) (LiTFSI,
98.0%) were received from Acros Organics. From Alfa Aesar and
Fisher Scientific, GBL (>99.0%) and NMP (99.0%) were obtained,
respectively. Absolute ethanol (100%) was acquired from Merck; tetra-
hydrofuran (THF, >99.9%) was ordered from Honeywell.

2.2. Fabrication of M-DSSCs

Since the DSSCs were prepared in a monolithic configuration
(Figure 1), mechanical scribing was performed on the FTO-coated
glass substrates to separate both electrodes. Then, the FTO-coated
glasses were cleaned in an ethanolic KOH solution and water, and
treated with air plasma for 10 min. A TiO, blocking layer was depos-
ited by spray pyrolysis at 450 °C from a solution composed of 2-pro-
panol,  titanium  diisopropoxide  bis(acetylacetonate),  and
acetylacetone. An 18NR-T titania paste diluted in «-terpineol
(paste:a-terpineol = 2:1, by mass) was applied by screen-printing to
prepare the mesoporous TiO, layer; after sintering at 500 °C for 1 h,
a 4.5 + 0.5 pm-thick TiO, layer was obtained. At this moment, a
20 mM TiCl, solution was used in the post-treatment of the mesopo-
rous TiO, layer (70 °C, 30 min), followed by annealing at 500 °C for
1 h. Then, a TiO,-rutile WER2-O paste diluted in o-terpineol (paste:a-
terpineol = 2:1, by mass) was deposited by screen-printing to form a
TiO, insulating/spacer layer; a 4.5 + 0.5 pm-thick TiO, spacer layer
was obtained after sintering for 1 h at 500 °C. Immediately after, a
paste composed of a mixture of carbon-black nanoparticles and
20 pm graphite (Elcocarb B/SP paste) was applied by doctor-blading
to prepare the counter-electrode layer; a 23 + 3 pm-thick carbon-
based layer was attained after annealing for 45 min at 420 °C. The
devices were then immersed for 48 + 2 h in a dye solution with an
equal volume of 0.2 mM Y123 dye in ACN:t-butanol (1:1 volume
ratio), and 0.2 mM XY1b dye + 5.0 mM CDCA in THF:ethanol
(1:4 volume ratio) — chemical structures of Y123 and XY1b dyes pre-
sented in Figure S1. After this period, the devices were cleaned with
ACN, dried under a N, flow, and assembled in a sandwich structure
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Figure 1. M-DSSC architecture of the devices used in the present
work.

using an ordinary top glass with pre-drilled holes and a piece of Surlyn;
both glasses were bonded together using a manual hot press. The elec-
trolyte solution was injected into the cell through the holes in the ordi-
nary glass; this formulation was composed of 01 M
Cu(T)(tmby),TFSI, 0.04 M Cu(II)(tmby),(TFSI),, 0. M LiTFSI,
and 0.6 M NMB in different solvents (ACN, MPN, NMP, PC, or
GBL) — chemical structures of the copper complexes presented in
Figure S1. The infiltration of the electrolyte solution into TiO, pores
was enhanced by applying a vacuum right after electrolyte injection.
A thermoplastic film and a lamella glass were used to close the holes.

2.3. Fabrication of Symmetrical Half Cells

The symmetrical half cells (active area of 0.25 cm®) were prepared by
depositing a layer of Elcocarb B/SP paste on FTO-coated glass sub-
strates and annealing for 45 min at 420 °C, resulting in a 23 +
3 pm-thick layer. Two 60 pm-thick thermoplastic films were then used
to assemble two identical FTO-supported electrodes. Two holes were
previously drilled in one of the FTO-supported electrodes; the electro-
Iyte was inserted into the half-cells through these holes. Finally, the
holes were closed using a piece of thermoplastic film and a lamella
glass.

2.4. Characterization

The symmetrical half cells were characterized by cyclic voltammetry
and electrochemical impedance spectroscopy at 0 V, scan rate of
5mV s™!, and in dark conditions using an Autolab electrochemical sta-
tion (PGSTAT 302 N, Metrohm). The impedance data were analyzed
using ZView software; the series resistance (Rg), the charge-transfer
resistance at the electrolyte/electrode interface (Ry), the finite-length
Warburg element (W), given by the modulus of the Warburg imped-
ance, and the constant phase element for the electrolyte/electrode
interface (CPE) were determined by fitting the impedance response
with the equivalent circuit presented in Figure 2.

The J-V characteristics of the M-DSSCs were recorded using a
Zennium (Zahner) electrochemical station. For measurements under
simulated solar light (AM1.5G, 100 mW-cm™>) was used a Class
ABA Led Solar Simulator (MiniSol LSH-7320, Newport), and the
photoanode was masked with a 0.071 cm” aperture mask.

The light source for measurements under artificial light was an LED
lamp (Osram, 60 W, 2700 K, with a spectral onset at 95% cumulative
irradiance at ca. 676 nm”?), whose emission spectrum is presented in
Figure S2. Their emission spectra were obtained using a Getspec
2048 spectrometer. The J—V characteristics under artificial illumination
were recorded at three different light intensities: 300 Ix (0.08 W m™?),
600 Ix (1.66 W m ™), and 1000 Ix (2.75 W m ™), with the photoanode
masked using a 0.126 cm® aperture mask. The illuminance power of
the LED lamp (in Lux and #W cm ™) was measured using a radiome-
ter (Delta Ohm HD 2102.2). The PV metrics of three identical devices
were used to determine the average PV metrics for each tested condi-
tion. The influence of the angular-response errors on the PCE of these
devices was evaluated as described in ref 24; since the PCE variation
was less than 5%, the accuracy of the reported PCEs was confirmed
(Table S1). The set-up for indoor PV characterization is presented in
Figure S3.
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Figure 2. Electrical equivalent circuit used to fit the impedance
response of symmetrical half cells.

EIS data of M-DSSCs were collected and analyzed according to the
procedure outlined for symmetrical half-cells. The differences rely on
the applied voltage (0 V in half cells vs. open-circuit voltage in
M-DSSCs) and on the equivalent circuit (Figure 2 in half cells vs. trans-
mission line model by Bisquert in M-DSSCs).>®

The transmittance of TiO, + dye photoanodes immersed in the dif-
ferent electrolyte solvents for 24 h was measured using a UV-3600i
Plus UV-Vis-NIR spectrometer (Shimadzu) with an ISR-1503 integrat-
ing sphere.

The lifetimes of the photoexcited states were monitored by Time-
Correlated Single Photon Counting (TCSPC) using a FluoTime 300 pho-
toluminescence lifetime and steady-state spectrometer (PicoQuant).
Excitation was carried out using a pulsed laser diode at 475 nm, operating
at 40 MHz, with a pulse width of approximately 25 ps. The detector PMA
Hybrid 50 was used. The emission was monitored at 720 nm with a band-
width of 27 nm. The measurements were performed on devices without
scattering layers and at open-circuit conditions.

3. RESULTS AND DISCUSSION

Among other assets, the electrolyte solvent must display high
ionic mobility and adequate solubility of the redox species.”’
For that reason, the viscosity, boiling point, dielectric constant,
and donor number are among the most critical physical proper-
ties in the selection of the electrolyte solvent. These properties
determined the selection of the solvents tested as electrolyte
solvent for M-DSSCs: ACN, MPN, PC, GBL, and NMP.

3.1. Electrochemical Characterization of Electrolytes
Prepared with Different Solvents

Electrolytes prepared with the selected solvents were electro-
chemically characterized in symmetrical half-cells (Figure 3,
Table 2). The limiting diffusion current density (j; ) and the dif-
fusion coefficient (D) were extracted from the cyclic voltamm-
etry (CV), while the series resistance (R), the charge-transfer
resistance at the electrolyte/electrode interface (Ry), and the
modulus of the Warburg impedance (W) were obtained from
the electrochemical impedance spectroscopy (EIS) spectra.

The Nyquist plots of the symmetrical half-cells showed two
semi-circles; the first semi-circle, at higher frequencies, corre-
sponds to the Cu(I)/Cu(Il) redox reaction at the interface
between the carbon counter-electrode and the electrolyte solu-
tion, while the second semi-circle, at lower frequencies, relates
to the diffusion of the redox species.”®

The j; is determined by the mass transport in the diffusion-
limited region at high potentials,'”*® corresponding to the pla-
teau in the cyclic voltammogram; j; is correlated with the diffu-
sion coefficient (D) through eq 1:

2-F-n-D-c
e M

where F is the Faraday constant (F = 96 500 A s mol™'), n is
the number of electrons (n = 1), ¢ is the concentration of
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Figure 3. Cyclic voltammograms in reverse (filled symbols) and forward (empty symbols) scans (a); Nyquist plots for the EIS response of symmet-
rical half-cells (b). Solid lines are the fittings obtained using the electrical equivalent circuit shown in the Section.

Table 2. Electrochemical Parameters of the Electrolytes Prepared with the Different Solvents, Characterized in Symmetrical

Half-Cells
electrolyte solvent j/mA cm™> D/em® s
ACN 420 6.53 X 107°
MPN 1.47 229 x10°°
NMP 0.83 130 % 107¢
PC 1.10 171 X 10°°
GBL 126 195 % 10°°

Ry/Q cm® Ry/Q cm” Wg/Q cm®
1.7 3.6 286.1
2.1 7.2 416.5
2.0 36.0 1473.8
2.0 18.0 839.9
2.0 25.9 636.8

diffusion limited-species in the electrolyte solution (¢ = 0.04 M
for Cu(tmby),?*), and § is the distance between the two
substrates, given by the thickness of the thermoplastic sealant
(8 = 120 pm).

Among the tested solvents, ACN-based systems exhibited the
lowest R and Wy and the highest j; and D, indicating the fast-
est charge-transfer kinetics and enhanced diffusion of the redox
species.'’

MPN presents a dielectric constant close to those of ACN.
However, the higher boiling point of MPN may help slow sol-
vent evaporation, thereby contributing to the long-term perfor-
mance of DSSCs. For this reason, MPN has been widely used as
an alternative to ACN for DSSCs operating indoors. Indeed,
with the exception of ACN-based devices, the MPN symmetri-
cal half cells showed the lowest Ry and Wy, and the highest j;
and D.

Among the remaining solvents (NMP, PC, GBL), NMP
exhibited the highest resistances and the lowest j; and D.
NMP has a high donor number, which may benefit the solubil-
ity of salts and stabilize charges, but has the drawback of
decreasing ionic diffusion through the formation of stronger
and larger complexes, lowering j, and D."!

A high dielectric constant facilitates the dissociation of salts
and improves the ionic conductivity, while viscosity influences
ionic mobility.>” Consequently, it is essential to balance a high
electric constant with a viscosity that does not compromise
the ionic diffusion. Among the tested solvents, PC presents
the highest dielectric constant but also the highest viscosity,
contributing to a lower j; and D than GBL, ACN and MPN,
and a higher Wy

3.2. Photovoltaic Behavior of M-DSSCs under AM1.5G
Light

The photovoltaic performance of the devices loaded with the
selected electrolytes was assessed using photocurrent vs.
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Figure 4. |-V curves of M-DSSCs with different electrolyte solvents
under AM1.5G.

potential (J—V) measurements (Figure 4); internal resistances
of the cells were determined by EIS analysis (Figure S4). The
averaged PV metrics (open-circuit voltage - Vy; short-circuit
current - Jo; fill factor - FF; power conversion efficiency -
PCE) and EIS parameters (series resistance - Rg; charge transfer
resistance at counter-electrode/electrolyte interface - Rip;
recombination resistance at TiO,/electrolyte interface - Ry,
modulus of the Warburg impedance - W) of three identical
devices are listed in Table 3 for each solvent.

The DSSCs loaded with ACN presented the highest ]y and
PCE under AM1.5G, which is supported by the highest diffu-
sion coeflicient of the ionic species, D, determined in symmet-
rical half-cells. Although MPN and ACN possess similar
dielectric constants, MPN showed a lower D, which limits
redox-species diffusion, slows the dye-regeneration kinetics,
and also hinders the regeneration of oxidized Cu(Il) species
at the counter-electrode. As a result, devices based on MPN
exhibited lower V., Jsc and PCE values.
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Table 3. PV Metrics and Parameters Extracted from the EIS Spectra of the M-DSSCs Using Different Electrolyte Solvents under

AM1.5G
electrolyte solvent Voc (V) Jsc (mA cm ™) FF
ACN 0.920 + 0.001 12.8 +£ 0.1 0.74S5 + 0.001
MPN 0.873 + 0.001 52 +0.1 0.738 + 0.00S
NMP 0.969 + 0.009 34+£02 0.728 + 0.037
PC 0.923 + 0.005 32+02 0.755 + 0.041
GBL 0.900 + 0.001 3.7+02 0.725 + 0.034

PCE (%) Rg(Qcm’)  Rep (Qem’) Ry (Q em?) W (Q cm®)
9.0+ 0.1 124 + 04 139 £ 09 154+ 1.0 22.6 £0.2
3.5+0.1 152 £ 03 20.8 + 1.0 320+ 20 40.0 £ 2.5
23 +0.1 149 £ 0.5 223 +12 56.0 + 1.5 160.0 + 4.5
22+03 15.0 + 0.4 272 +08 416 + 1.3 80.0 + 3.5
24+£02 16.0 +£ 0.3 264 + 0.9 40.0 + 1.4 56.0 £3.7

Cells loaded with MPN solvent displayed higher Jo- and
PCE than counterparts loaded with NMP, PC, or GBL solvents,
due to the higher D of MPN. In turn, DSSC with NMP shows
the highest V5, which is attributed, among other factors, to its
higher donor number.”"’

Additional information regarding the charge transfer in differ-
ent electrolyte media was obtained using EIS (Figure S4). As
expected, the ACN-based M-DSSC showed the lowest Ry,
Ry, and Wy, resulting in the highest energy-performing devices.
DSSCs using MPN, the most used solvent to replace ACN, dis-
played lower R, Ry, and Wy than the devices using NMP, PC,
or GBL solvents. The devices loaded with NMP solvents pre-
sented a Ry higher than the other solvents, which was attributed
to its high donor number, increasing the probability of being
adsorbed at the TiO, surface — resulting in the highest adsorp-
tion energy,” thereby mitigating the recombination reaction at
the TiO,/electrolyte interface.

Among the parameters extracted from the Nyquist plots, the
diffusion resistance, W was the most affected by the nature of
the solvent, being directly related to the diffusion coeflicient of
the ionic species. The lower Wy was obtained with ACN and
MPN-based devices, while the highest W was reached with

NMP-based devices, in agreement with the results obtained
with the symmetrical half cells.

3.3. Photovoltaic Performance of M-DSSCs under Indoor
lllumination

Under indoor illumination, MPN has been used as an electro-
lyte solvent in detriment of ACN.**'*2%2! MPN displays a sim-
ilar donor number and dielectric constant to ACN, but lower
volatility, which improves its stability. Another nitrile-based sol-
vent, propionitrile, was tested and found to underperform com-
pared to ACN-based devices.'* y-valerolactone was recently
proposed as an alternative to ACN for indoor iodide-mediated
DSSCs, achieving higher PCEs than the equivalent cells loaded
with ACN or MPN.**

In the present work, the fabricated DSSCs were characterized
under indoor illumination of 300, 600, and 1000 lx; the -V
curves are displayed in Figure S, and the corresponding PV met-
rics are presented in Table 4.

The NMP solvent, which showed comparable PCEs to PC
and GBL devices under AM1.5G (PCE = 2.3 + 0.1%), dis-
played poor performance under indoor illumination (PCE =
144 + 0.1%, 1000 Ix). Among the proposed solvents, NMP
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Table 4. PV Metrics of the M-DSSCs Using Different Electrolyte Solvents under Different Ambient Light Intensities (300, 600, and 1000 Ix)

1000 Ix
=)

600 Ix

Jsc/pA cm™

300 Ix

Jsc/pA cm”

PCE/%
274 +0.2
28.5 + 0.2

144 + 0.1

FF
0.820 + 0.001

Jsc/HA cm

Voc/V
0.804 + 0.002

28.4 + 0.3 0.765 + 0.002

PCE/%
26.7 +£02

FF
0.807 + 0.001
0.805 + 0.001

PCE/% Voo/V
0.795 + 0.001

23.1 +£03

FF
0.760 + 0.001

Voc/V
0.775 + 0.002
0.742 + 0.002

electrolyte solvent

113.0 £ 0.5
125.5 + 0.6  0.809 + 0.001

68.0 + 0.4
76.3 + 0.5

30.7 £ 0.3
372+ 0.2

ACN

0.787 + 0.001
0.792 + 0.001

67.5 £ 04

123.1 + 0.8

0.735 + 0.001

13.5 £ 03

0.697 + 0.002
0.786 + 0.002 26.0 + 0.5 0.745 + 0.002

0.782 + 0.002 27.6 + 0.3 0.755 + 0.002
0.789 + 0.001

MPN

27.1 + 0.2
257 + 0.2

17.1 £ 0.3 11.8 + 0.2 385+ 0.6  0.824 =+ 0.002
35.1+ 0.7 74.0 + 0.4

0.685 =+ 0.001
0.735 + 0.001

NMP
PC

GBL

116.5 + 0.6

0.764 + 0.002

244 + 0.2

0.804 + 0.002 27.1 + 0.3 0.755 + 0.002
0.798 + 0.001

0.70S + 0.001

0.80S + 0.001

0.784 + 0.002

227 £0.3 70.9 + 0.5 +

32.5+£0.5

0.680 =+ 0.001
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has the highest dye desorption from the TiO, layer (Figure SS).
Under AM1.5G, this effect was not apparent due to the overall
low photovoltaic performance. In contrast, under indoor illumi-
nation conditions, the impact of dye desorption was more pro-
nounced, resulting in lower J in comparison with the other
solvents.

The performance of cells fabricated with other solvents
(ACN, MPN, PC, and GLB) was quite surprising as PCEs
exceeded 25% under 1000 Ix. The DSSCs loaded with ACN
showed the best PCEs of 9.0 + 0.1% under AM.1.5G, and dis-
played a PCE of 27.4 + 0.2% under 1000 Ix. Thus, the MPN-
based cells (28.5 + 0.2%) outperformed the ACN-DSSCs,
and exhibited comparable PCE with PC-DSSCs (27.1 +
0.2%). Unpredictably, the MPN and PC-based DSSCs exhibited
high PCEs (>25%) even under lower light conditions (300 and
600 Ix). These PV performance result from a smaller decrease in
Vo and a higher FF under lower light.

EIS spectra were recorded under 300, 600, and 1000 Ix to
obtain additional information regarding charge transfer when
different electrolyte solvents are used (Figure S6, Table S2).
Under indoor illumination, the EIS spectra of DSSCs
revealed two semi-circles, associated with the charge transfer
resistance at the counter-electrode/electrolyte and at the
mesoporous TiO,/electrolyte interfaces, at higher and lower
frequencies, respectively. Sdnchez-Fernandez et al.*®
reported that under low-light conditions, the dye regenera-
tion is less dependent on the ionic diffusion in the electrolyte
medium. The second semi-circle enlarges as the light inten-
sity decreases, indicating that the recombination kinetics
decrease.”®* From the EIS spectra, the internal resistances
(Rg, Rcg Ry) for the prepared cells were extracted; the elec-
tron diffusion length (L, ), the recombination lifetime (7y),
and the electron collection efficiency (77.,) were determined
using the following equations:'%3%3!

R,
La=dx | — 2)
Rce
Rce
=1-— 3
Mol RK ( )
1
TRZC” XRKEF (4)

where d is the thickness of the TiO, layer, C,, is the chemical
capacitance of the mesoporous TiO, layer, and f, . corre-
sponds to the maximum frequency of a phase shift peak in
the Bode plot (Figure S7). All these parameters extracted
from EIS data were plotted as a function of the incident light
intensity (Figure 6).

Regardless of the light intensity, the Ry presented slight fluc-
tuations among all devices, while the R and Ry increased as
the light intensity decreased. Sinchez-Fernindez et al*’
reported that the charge transport in iodide-mediated DSSCs
under indoor illumination decelerated more rapidly than
recombination when the irradiance decreased using EIS data.
This is noticeable when the increase in Ry is more pronounced
than the increase in Ry; this is detrimental to the PV perfor-
mance when L, decreases. These authors used this tendency
to support the fact that DSSCs with a PCE of 8% under
AM1.5G underperformed under ambient light, achieving
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PCEs of 15%. An opposite tendency was observed in this work
when copper-mediated DSSCs using different electrolyte sol-
vents were studied. Independent of the solvent, the recombi-
nation reactions decelerated more quickly than the charge
transport reactions as the illumination intensity decreased,
showing a higher increase in Ry compared to Rgg. This
hypothesis is supported by higher 7y, L , and 5 under lower
indoor illumination*® (Figure 6c—e, Table S2). Sanchez-
Fernindez et al.*® claimed that L /d < 3 may compromise
electron collection; in iodide-mediated DSSCs, the same
authors reported L /d < 2 under low ambient light intensity,
which is a strong indication of electron collection losses, asso-
ciated with fast recombination and slow transport reactions.”’
The copper-mediated DSSCs prepared in this work displayed
an opposite correlation between the reaction’s kinetics and
the illuminance, since the L /d increases when the light inten-
sity decreases (Figure 6e). It should be emphasized that the
only device showing L /d < 3 is the GBL-based M-DSSC
under 1000 Ix. This suggests that copper-mediated DSSCs
can retain a high PCE even under weak illumination of
200—-300 Ix.

For all tested light intensities, the DSSCs using MPN and PC
electrolyte solvents displayed the lowest Ry and R and the
highest L./d and 7. In fact, these devices proved to be the
most efficient under indoor illumination, outperforming ACN-
based DSSCs; PCEs >25% were obtained across the entire
range of tested light intensities, from 300 to 1000 Ix.
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Counts

Time /ns

Figure 7. Photoluminescence decay for photoanodes in contact with
electrolytes prepared with ACN, MPN, NMP (a), PC and GBL
(b) solvents. Black lines stand for fitting.

Time-Correlated Single Photon Counting (TCSPC) experi-
ments were performed to evaluate the lifetimes of the photoex-
cited states of the dye in electrolytes prepared with the different
solvents (Figure 7).

The photoluminescence decay of TiO,/Y123 photoanodes is
well fitted with a bi-exponential model. The component with
the longer relaxation time, 7,, in the range of 1.7—2.2 ns, and
lower relative intensity, Iy, is due to radiative relaxation of
the dye. The fast component, with a lifetime 7, in the range
of 022—-0.33 ns and dominant relative intensities I, is
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Table S. Results from the Fitting of the Photoluminescence
Decay of the Devices”

solvent 7,/ns e 7,/ns L 7,./ns
ACN  1.659 +£0.097 10+ 0.5 0.284 +0.006 90.1 +£0.5 0422
MPN  1.796 + 0.085 12.4 + 0.7 0241 +0.003 87.7 + 0.7 0.434
NMP 1995 + 0.029 48.6 + 0.4 0.332 +0.015 S51.5+ 04 1.139
PC 2.06 £ 0.11 209 +09 0318 +0.022 792+ 09 0.682
GBL 2.182 +0.053 28.8 +0.6 0221 +£0.012 713 +0.6 0.785

“The lifetime (7,) and relative intensity (I,;) of the two contributions
are reported.

60 t } t t

30T *«GBL T

104 eacRMPN T

0 : } } }
60 80 100 120
-1
Donor number /kJ mol

Figure 8. Relative intensity of slow radiative relaxation decay I, vs
donor number (DN) of the solvent.

affected by electron injection from the excited dye into TiO,,
layer.*>** Table S shows the fitting results using a two-
exponential function and intensity-weighted mean lifetimes 7,
= (17-Igey + Ty lpen)/(Irey + Iren) for each solvent.

The obtained TRPL data correlate well with the device per-
formance at low light intensities (Table 4). An illumination
level of 300 Ix represents typical indoor operating conditions
for DSSCs and provides the clearest differentiation among the
photovoltaic performance metrics; lower incident light allows
clearer observation of injection/recombination dynamics, which
are often masked at higher irradiations where charge transport
and saturation effects start to dominate.

A clear trend is observed between the solvent donor number
(DN) (Table 1) and the fraction of the slow and fast compo-
nents in the TRPL decay (Figure 8).

A higher donor number results in larger I, values, and con-
sequently in a lower I, and longer mean lifetimes 7,
(Table S). Low donor number solvents, such as ACN and
MPN, (DN ca. 14—16), exhibit low Iy, (10—12%) and short
7., (~0.43 ns), while high donor number NMP (DN 27.3)
shows an I, of ca. 50% and the longest 7, (1.12 ns). This cor-
relation indicates that stronger Lewis basicity favors the coordi-
nation of solvent to the TiO,/dye interface; the electron
injection is decelerated, and the emissive recombination states
are increased, which in turn results in lower values of Vi,
Jsc» and PCE under 300 Lx (Table 4).

In more detail, larger values of I i, and shorter values of 7, are
associated with a higher rate of electron injection from dye to
titania and shorter time for radiative loss. Considering that the
obtained values of 7, are in the range of 0.2—0.3 ns, the contribu-
tion of I, becomes decisive for the ] (Figure 9a).
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Figure 9. Correlation between TRPL-derived parameters and photo-
voltaic performance of DSSCs under 300 Ix: J¢c vs Iy, (2); Vo vs
Ipa; (b); and overall PCE vs 7, (c).

Conversely, Vo decreases as I, increases (Figure 9b),
which indicates that a larger slow population corresponds to
stronger recombination and Vg loss. Overall, a clear inverse
correlation is observed between the average lifetime (7,,) and
PCE — Figure 9¢; shorter recombination times signify more effi-
cient charge separation and faster electron injection into TiO,.

The TRPL data indicate that charge injection and recombi-
nation kinetics in DSSCs are strongly influenced by the electro-
Iyte solvent, with the donor number playing a key role in
governing the balance between fast and slow excited-state decay
pathways. This donor number-dependent modulation of excited
state dynamics appears to play a role, among other factors, in
determining device PCE under weak indoor light.

3.4. Stability of Copper-Mediated M-DSSCs under Indoor
Light

M-DSSCs loaded with MPN and PC solvents displayed PCEs
>25% under light intensities ranging from 300 to 1000 Ix,
whereas the devices loaded with ACN and GBL showed a
higher PCE drop at low light intensities. Therefore, MPN and
PC solvents emerge as the best for indoor applications, where
the light intensity typically does not exceed 300 Ix. Still, the sta-
bility of these devices must be evaluated to assess their potential
for becoming commercial. For this reason, the PV performance
of copper-mediated DSSCs loaded with the selected electrolyte
solvents (ACN, MPN, PC, GBL) was followed for 1000 h
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Figure 10. PCE vs time of M-DSSCs under 1000 Ix illumination (a); photograph of PC-DSSC (b) and ACN-DSSC (c) at the end of the experiment.

under 1000 Ix light soaking; all the devices presented an initial
PCE of 22.5—25.0%, and for each condition, S identical cells
were prepared. NMP-based devices were not considered, as
they exhibited significantly poorer performance compared to
the other electrolyte solvents. During the entire experiment,
the devices were kept at ca. 25 °C and ca. 70% RH, and oper-
ated at their maximum power point using an adjustable external
resistance. Figure 10 plots the PCE as a function of time for the
tested copper-mediated DSSCs; the evaluation of the remaining
PV metrics as a function of time is plotted in Figure S8.

During the experiment, the ACN-based DSSCs exhibited
electrolyte leakage through the sealing perimeter (Figure 10c),
most likely due to the high volatility of acetonitrile. As a conse-
quence, these devices showed a pronounced deterioration in
PCE, with a decrease of ca. 30% after 1000 h of continuous
indoor illumination. Electrolyte leakage was not observed in
the DSSCs loaded with the remaining solvents, which explains
why these devices exhibited greater stability and smaller PCE
variations over the same period, namely —4% for GBL,
+2% for PC, and +3% for MPN.

The DSSC devices loaded with GBL exhibited PCEs >
20% under indoor illumination and a steady history of PV met-
rics. However, GBL raises concerns related to its toxicity.***
The highest-energy-performing and stable devices were fabri-
cated using MPN or PC as electrolyte solvent. Furthermore,
PC is often considered a “green” solvent, due to its biodegrad-
ability and low toxicity,>® whereas MPN may cause skin and
respiratory system irritations and could release toxic gases when
in contact with acids.*”*® This work introduces for the first time
PC as a non-toxic electrolyte solvent for highly efficient copper-
mediated indoor DSSCs; these devices are able to retain stable
and high PCEs (26.0 + 0.5%), even under light conditions as
low as 300 Ix.

4. CONCLUSIONS

Copper-mediated monolithic dye-sensitized solar cells (M-
DSSCs) employing different electrolyte solvents (ACN, MPN,
NMP, PC, and GBL) were systematically fabricated and evalu-
ated under simulated AM1.5G and indoor illumination condi-
tions (300, 600, and 1000 Ix). Under AM1.5G irradiation, the
devices using acetonitrile (ACN) displayed the highest photo-
voltaic performance. In contrast, under low-intensity indoor
illumination, ACN-based devices were outperformed by
DSSCs employing 3-methoxypropionitrile (MPN) and propyl-
ene carbonate (PC). These devices exhibited the lowest
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recombination resistance (Ry) and charge-transfer resistance
(Rcg), together with the highest electron collection efficiency
(7.or) and normalized diffusion length (L, /d). As a result,
MPN- and PC-based DSSCs achieved power conversion effi-
ciencies exceeding 25% even under weak illumination of 300 Lx.

Importantly, the lower volatility of MPN and PC solvents (in
comparison with ACN) slowed the electrolyte evaporation,
enabling stable device operation for over 1000 h under contin-
uous indoor illumination at 1000 Ix. Conversely, ACN-based
devices suffered from solvent leakage and exhibited a significant
performance degradation of ca. 30%.

Time-resolved photoluminescence (TRPL) analyses revealed
that the electrolyte solvent donor number (DN) plays a crucial
role in governing interfacial charge-transfer dynamics. Low-DN
solvents (ACN and MPN) favored faster electron injection and
shorter mean lifetimes (z,,), consistent with enhanced short-
circuit current density and higher indoor efficiencies. On the
other hand, high-DN solvents such as NMP promoted slower
decay pathways and longer 7,, indicative of increased recombi-
nation losses. This DN-dependent photophysical behavior pro-
vides a mechanistic framework linking solvent properties,
interfacial kinetics, and device performance under artificial light.

Overall, PC and MPN emerged as the most effective electro-
lyte solvents for indoor DSSCs, combining high efficiency with
excellent operational stability. Among them, PC offers addi-
tional advantages in terms of lower toxicity and improved envi-
ronmental compatibility. This work therefore identifies
propylene carbonate as a safe and sustainable alternative to con-
ventional nitrile-based solvents, capable of delivering high effi-
ciency, robust long-term stability, and favorable excited-state
and charge-transfer dynamics for indoor photovoltaic
applications.
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