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Abstract: Perovskite Solar Cells (PSCs) have attracted attention due to their low cost, easy solution
processability, high efficiency, and scalability. However, the benchmark expensive hole transport mate-
rial (HTM) 2,2/,7,7'-tetrakis[N, N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-MeOTAD),
which is traditionally solution-processed with toxic solvents such as chlorobenzene (CB), dichloroben-
zene (DCB), or toluene, is a bottleneck. To address this issue, this work investigates the implemen-
tation of Zn(Il), Cu(Il), or Co(Il) tetra-tert-butylphthalocyanines (TBU4-Cu, TBU4-Zn, TBU4-Co),
established macrocyclic derivatives whose synthesis and processing inside the devices have been
redesigned to be more environmentally sustainable and cost-effective by substituting conventional
solvents with greener alternatives such as anisole, propane-1,2-diol, and their mixture, as dopant-free
HTMs in planar n-i-p PSCs. The anisole-processed HTMs provided power conversion efficiencies
(PCE) up to 12.27% for TBU4-Cu and 11.73% for TBU4-Zn, with better photovoltaic parameters
than the corresponding cells made with chlorobenzene for which the best results obtained were,
respectively, 12.22% and 10.81%.

Keywords: hybrid perovskites; anisole; propylene glycol; green synthesis; porphyrinoids

1. Introduction

In 2009, a new class of material called hybrid perovskites opened the doors to
advanced-generation photovoltaic devices. In less than fifteen years, the power conversion
efficiency (PCE) of perovskite solar cells geared up from 3.8% [1] to 25.7% [2]. Despite this
impressive result, there are still important issues to be resolved to allow this technology to
enter the photovoltaic market [3,4], such as improving the long-term stability of the solar
cells and solving issues related to the lead (Pb) content of perovskites. Furthermore, it is
necessary to find concrete alternatives to Spiro-MeOTAD, which is the benchmark hole
transport material for highly performing devices but is expensive and requires chemical
doping, detrimental to the stability of the perovskite layer, to be effective. In fact, doping
with additives, such as cobalt complexes, Li-Bis(trifluoromethanesulfonyl)imide (Li-TFSI),
or tert-butylpyridine (tBP), followed by atmospheric O, exposure [5-8], is required to
increase the optoelectrical properties of such HTMs. These dopants are hydrophilic and,
given the perovskite active layer degradation in the presence of moisture, the resulting
solar cell stability is hindered [9]. To avoid degradation and improve the stability of the
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devices, the development of dopant-free hole transport materials (HTMs) is desirable.
Phthalocyanines are a well-known class of aromatic, macrocyclic, compounds that have
been of interest to the scientific community for several decades. Their central cavity can
host a wide variety of metal ions, while the macrocycle periphery can be functionalized to
finely tune their optoelectrochemical properties and make phthalocyanines particularly
attractive in solar cell applications. In 2015, V. Kumar et al. first introduced phthalocyanine
as a hole transport material in perovskite solar cells with a PCE of 5% [10] Since that first
paper, many others followed, reporting PCEs >20% in both mesoscopic and planar n-i-p
devices [11-16]. Given their widespread technological importance, the need to develop
environmentally sustainable synthetic protocols for their preparation is increasingly urgent.
To date, their synthesis in solution commonly requires a reaction media such as alkyl
alcohols (pentanol, hexanol), dimethylaminoethanol (DMAE), chlorobenzene, quinoline,
and «-chloronaphthalene, most of which are toxic and non-environmentally friendly. Some
green synthetic approaches based on the solvothermal methods [17,18], mechanochem-
istry [19], or alternative sources of energy such as microwaves [20-25] and ultraviolet
radiation [26,27], have been developed, while the choice of a more sustainable reaction
medium has so far relied mostly on ionic liquids [28,29] and deep-eutectic solvents [30], and
has moved towards greener conventional protocols only in the last few years [31,32]. In this
work, we study the replacement of Spiro-MeOTAD with solution-processable, dopant-free,
copper, zinc, and cobalt tetra-tert-butylphthalocyanines (TBU4-Cu, TBU4-Zn, TBU4-Co) of
which we have developed an inexpensive synthetic protocol exploiting the green, non-toxic,
non-volatile solvents propane-1,2-diol and anisole. Our choice fell on these solvents for
several reasons: Anisole is a high-boiling point and biodegradable aromatic compound
obtained from renewable sources, such as lignin and guaiacol [33-35], and ranks well
in the solvent selection guides [36]. Propane-1,2-diol, commonly known as propylene
glycol, is widely used as a food and cosmetic additive and represents a safer alternative to
conventional ethylene glycol-based, anti-freezing, liquids. Furthermore, it can be produced
through the chemical modification of glycerol [37,38] and its microbial synthesis [39] is
currently a relevant object of study. The synthetic work on these molecules is the contin-
uation of a first green approach to the synthesis of unsubstituted and alkyl-substituted
phthalocyanines that we recently published [31], in which we were, however, unable to
identify suitable reaction conditions for obtaining them with satisfactory yields. Our syn-
thetic protocol applied to a lab-scale synthesis afforded the zinc and copper derivatives
with comparable yields to the standard procedure and at a lower price than not only
Spiro-MeOTAD but also their commercially available counterparts. To further mitigate
the environmental impact of solvents in the development of perovskite solar cells, which
conventionally rely on the harmful chlorobenzene to process charge-transport materials in
the final devices, anisole was also chosen as the deposition solvent of our HTMs. While the
scientific literature accounts for some studies on its use in the antisolvent step [40-43], to the
best of our knowledge, only one paper reports on its use as an HTM solvent in conventional
Spiro-MeOTAD-based devices [41]. Replacing chlorobenzene with anisole improved the
photovoltaic parameters of all our cells, with the best results obtained with the copper
derivative that scored efficiencies up to 12.27% and showed a significant reduction in the
hysteresis of the related J-V curves.

2. Materials and Methods
2.1. Materials for Synthesis and Characterizations

All reagents and solvents for the chemical synthesis were purchased from Merck
Life Science, TCI Chemicals, and Carlo Erba Reagents and used without further purifi-
cation. Reactions were purged and refilled three times with argon, performed under
an inert atmosphere, and monitored by thin-layer chromatography (TLC) employing a
polyester layer coated with 250 mm F254 silica gel. Chromatographic purifications, when
needed, were performed using silica gel 60A 35-70. 'H NMR spectra were recorded on a
Bruker AVANCE 600 NMR spectrometer operating at a proton frequency of 600.13 MHz
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in DMSO-d6; chemical shifts (0) are given in ppm relative to TMS. Infrared spectra were
recorded on a Shimadzu FI-IR prestige-21 spectrometer (Kyoto, Japan) using an attenuated
total reflectance (ATR) unit. UV-Vis spectra were recorded on a Perkin-Elmer Lambda
950 UV-vis/NIR spectrophotometer using THF as a solvent. ESI-MS -spectra were recorded
at the Toscana Life Science facility with a Thermo Fisher Scientific Q-Exactive Plus (Geel,
Belgium). The samples have been analyzed by direct infusion in a positive mode with a
spray voltage of 3.5 kV, sheat gas 10 a.u., and a flow rate of 5 uL./min. Melting points were
determined using a Biichi 535 apparatus. Cyclic voltammetry (CV) measurements were
carried out at 25 °C with a potentiostat-galvanostat Metrohm PGStat204 in a conventional
three electrodes cell. A platinum disk (~1 mm) was used as a working electrode together
with a platinum wire as an auxiliary electrode. The reference electrode was Ag/AgCl and
the Fc* /Fc (ferrocenium/ferrocene) couple was used as an external standard. The sample
solutions were ~10~3 M in freshly distilled dichloromethane, and dry tetrabutylammonium
hexafluorophosphate (TBAPF6) was used as the supporting electrolyte at 0.1 M concentra-
tion. The solutions were previously purged for 10 min with nitrogen, and all measurements
were performed under an inert atmosphere. The voltammograms were recorded at scan
rates ranging from 0.05 to 0.1 Vs 1.

2.2. Synthesis of 2,9(10),16(17),23(24)-Tetra-Tert-Butylphthalocyanines

All the reactions were performed in a two-necked 25 mL round bottom flask equipped
with a reflux condenser and a magnetic stirrer.

Synthesis of TBU4-Co. 203 mg (1.10 mmol) of 4-tert-butylphthalonitrile, 82.9 mg
(0.33 mmol) of Co(OAc);-4H,0, and one Pasteur-drop (approx. 16 mg, 0.106 mmol) of DBU
were stirred in 2.08 g of a solvent mixture (1.85 g propane-1,2-diol + 0.23 g anisole) under
reflux overnight. The mixture was then cooled, concentrated under reduced pressure,
treated with 10 mL of HCI 1IN, filtered, and washed with water (8 mL) and methanol
(10 mL). The resulting crude was then purified by filtration on a silica pad (10 g) with
50 mL (35.4 g) of a petroleum ether 40-70°:THF mixture. Finally, the cobalt phthalocyanine
was further washed with 5 mL of methanol. The results were 69 mg (33% yield); UV /Vis
(THF): Amax 324, 656 nm; IR: 2953, 2899, 2864, 1614, 1090, 826, 750; ESI m/z 795.84 [M]+;
Melting point >250 °C; elemental analysis calcd (%) for C4gHs3CoNg: C 72.44, H 6.08, N
14.08; found: C 71.73, H 5.82, N 13.62.

Synthesis of TBU4-Cu. 200 mg (1.08 mmol) of 4-tert-butylphthalonitrile, 60 mg
(0.30 mmol) of Cu(OAc),-H0, and one Pasteur-drop (approx. 16 mg, 0.106 mmol) of
DBU were stirred in 2 g of a solvent mixture (1.85 g propane-1,2-diol + 0.15 g anisole)
under reflux for 6 h. The mixture was then cooled, concentrated under reduced pressure,
treated with 10 mL of HCI 1N, filtered, and washed with water (10 mL) and hot methanol
(2 x 10 mL). The results were 120 mg (55% yield); UV /Vis (THF): Amax 344, 671 nm; IR:
2953, 2897, 2862, 1614, 1087, 826, 746; ESI m/z 800.33 [M]+; Melting point > 250 °C; ele-
mental analysis calcd (%) for C4gHsgCuNg: C 72.02, H 6.04, N 14.00; found: C 71.64, H 5.80,
N 13.28.

Synthesis of TBU4-Zn. 200 mg (1.08 mmol) of 4-tert-butylphthalonitrile, 60 mg
(0.27 mmol) of Zn(OAc);-2H;0, and one Pasteur-drop (approx. 16 mg, 0.106 mmol) of DBU
were stirred in 2 g of a solvent mixture (1.85 g propane-1,2-diol + 0.15 g anisole) under
reflux for 3 h. The mixture was then cooled, concentrated under reduced pressure, treated
with 10 mL of HCI 1N, filtered, and washed with water (8 mL) and methanol (10 mL). The
resulting crude was then purified by filtration on a silica pad (10 g) with 50 mL (35.4 g)
of a petroleum ether 40-70°:THF mixture. Finally, the zinc phthalocyanine was further
washed with 5 mL of methanol. The results were 111 mg (51% yield); 'H NMR (600 MHz,
[D¢]DMSO): 6 = 9.45-9.28, (m, 8H), 8.34 (m, 4H), 1.78 (m, 36H, C-(CH3)3); UV /Vis (THF):
Amax 348, 672 nm; IR: 2953, 2901, 2864, 1612, 1086, 827, 745; ESI m/z 802.83 [M]+; Melting
point >250 °C; elemental analysis caled (%) for CygHigZnNg: C 71.86, H 6.03, N 13.97;
found: C 71.93, H 5.91, N 13.35.
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2.3. Materials for Device Preparation

Tin oxide (SnO;), 15% in HyO colloidal dispersion, was purchased from Alfa Aesar.
Pbl, and PbBr, were purchased from the TCI company. FAI, MABr, Csl, dimethylfor-
mamide (DMF) (99.8%), dimethyl sulfoxide (DMSO) (99.5%), and chlorobenzene (99.8%)
were purchased from Sigma Aldrich. The anisole (99.0%) was purchased from Acros.
The Spiro-MeOTAD (>99.8%) was purchased from Borun NewMaterial Technology Ltd.
(Ningbo, China). The 4-tert-butylpyridine (tBP) and bis(trifluoromethylsulfonyl)amine
lithium salt) (LiTFSI) were purchased from Sigma Aldrich and the cobalt (III) (FK209)
from Lumtec.

2.4. Device Fabrication

At first, the glass/indium tin oxide (ITO) substrates (Kintec —8 €)/square, 25 x 25 mm)
were patterned using a raster scanning laser (Nd: YVOy, A = 1064 nm, 8 ns, pulsed at
10 kHz with a fluence of 260 mJ/cm?). Then, the patterned glass/ITO substrates were
stepwise cleaned in an ultrasonic bath using de-ionized water, acetone, isopropanol, and
de-ionized water for 15 min each, followed by drying with an airflow. Then, cleaned
substrates were transferred under UV-Ozone and treated for 15 min to enhance the wet-
tability and remove the organic residues of the ITO surface. For the fabrication of the
ITO/SHOZ /CS0.05 (MAO.17FA()'83)0'95Pb(11.xBI'x)3 /Splro—MeOTAD/Au devices, the SI’IOZ pre-
cursor solution was prepared by mixing the tin oxide (SnO;) (15% in H,O colloidal disper-
sion). The SnO, precursor solution was spin-coated on glass/ITO substrate in ambient air at
6000 rpm for 30 s and annealed at 100 °C in ambient air for 1 h. The triple cation precursor
solution containing FAI (1 M), Pbl, (1.2 M), MABr (0.2 M), PbBr; (0.2 M), and CsI (0.08 M)
was prepared in anhydrous DMF: DMSO 3.2:1 (v:v). The deposition was carried out in a
nitrogen-filled glovebox by spin-coating the precursor solution at 4000 rpm for 20 s; 150 mL
of chlorobenzene was dropped on the substrate 15 s before the end of the spin-coating
process. The Spiro-type HTM solutions were prepared by dissolving the compounds at
a 73.42 mg/mL concentration in CB and stirred overnight at room temperature; 2 h prior
to deposition, the HTM solutions were doped with 16.6 pL/mL LiTFSI stock solution
(530 mg/mL in acetonitrile), 26.77 uL/mL TBP and 7.2 uL/mL cobalt (III) complex solution
(FK209 from Lumtec). The Spiro HTMs were spin-coated at 2000 rpm for 20 s, whereas the
phthalocyanines (TBU4-Co, Cu, and Zn) based HTMs were prepared by dissolving them in
Anisole or CB at a concentration of 10 mg/mL and spin-coated at 3000 rpm for 30 s. Finally,
a 100 nm thick Au electrode was deposited by thermal evaporation.

2.5. Device Characterization

The ultraviolet-visible (UV-Vis) absorption spectra were measured using a UV-vis
2550 Spectrophotometer from Shimadzu. The images of the surface morphology of the
perovskite layer were captured by the Hitachi SU8000 scanning electron microscope (SEM).
The current density-voltage (J-V) of the solar cells were measured using a source meter
(Keithley 2400), equipped with a calibrated solar simulator (ABET Sun 2000, class A) at
AM1.5G and 100 mW-m~?2 illumination at room temperature. EQE, Dark JV spectra, tran-
sient photovoltage (TPV) decay, SCLC, and PL were measured using a modular testing
platform (Arkeo-Cicci Research s.r.l., Grosseto, Italy), the details can be found in a pre-
viously published paper [44]. For all the J-V characterizations, a black tape mask was
employed to define an active area (0.09 cm?) of cells.

3. Results
3.1. Synthesis of Tetra-Tert-Butylphthalocyanines

Briefly, the phthalocyanine ring is formed via the metal-templated tetramerization of a
properly functionalized phthalonitrile in a reaction medium under an inert atmosphere.
The synthesis of tetra-tert-butylmetallophthalocyanines, sketched in Scheme 1, is usually
performed on 4-tert-butylphthalonitrile and a metal salt in refluxing DMAE. An organic
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base, such as 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), is frequently used to catalyze
the reaction.

CN - \(0Ac), . nH,0, DBU
CN solvent, Ar, A

Scheme 1. Synthesis of tetra-tert-butylphthalocyanines.

M = Co, Cu, Zn

Solvents, being used in large excess with respect to the reactants, may have a great
environmental impact on a synthesis. Therefore, if a solvent is flammable, irritating, toxic,
or harmful, it is worth finding alternatives that are more sustainable and safer, and, at the
same time, preserve the yields of the target reaction. Aiming at expanding the screening
on the green solvents for the synthesis of tetra-alkyl-substituted phthalocyanines [31], we
replaced DMAE with propane-1,2-diol, a green solvent with suitable physical and chemical
properties. Its chemical structure is characterized by two hydroxy groups, potentially
capable of assisting the tetramerization process via the coordination of the cyano groups of
the phthalonitriles and the metal ion. Furthermore, its miscibility with water would have al-
lowed its straightforward removal along with the water-soluble impurities, simplifying the
purification of target phthalocyanines. Unfortunately, when dissolved in propane-1,2-diol
and heated at the reaction temperature, 4-tert-butylphthalonitrile crystallized copiously on
the walls of the flask, effectively decreasing the quantity of material available to form the
expected products. Employing anisole as a co-solvent has disadvantaged this collateral
process by increasing the solubility of the organic reactant, improving the overall outcome
of the reaction in all cases. These modified reaction conditions successfully provided all the
target molecules, which were easily purified via filtrations on short silica pads or washings
with water and methanol, as detailed in the experimental section. The zinc and copper
derivatives were obtained with yields comparable to the standard procedure [31], 51% and
55%, respectively, while the result for the cobalt phthalocyanine is lower. The structure of
the phthalocyanines was confirmed by means of standard characterizations, such as 'H
NMR for the diamagnetic TBU4-Zn, ultraviolet-visible (UV-Vis) absorption spectra, and
elemental analyses. In the proton spectrum, Figure S1 in the Supplementary Materials, the
multiplicity of the -CHj signal, centered at 1.78 ppm, indicates that the zinc derivative is
synthesized as a mixture of regioisomers, a common feature for tetra-substituted phthalo-
cyanines. By extension, TBU4-Co and TBU4-Cu are most likely obtained as regioisomeric
mixtures. The UV-Vis spectra of the three derivatives in etrahydrofuran (THF), shown
in Figure 1a, show the expected Q- and Soret bands in the 650-670 and 320-350 spectral
regions, respectively. The absence of peaks at around 700 nm, assignable to the Q-Band
of metal-free derivatives, suggests that the templating effect of the metal ions is effective
in the chosen solvent mixture. The sharpness of the main absorption bands indicates the
absence of aggregation phenomena, in agreement with the coordinating nature of THF.
Determining the oxidation potential of the HTMs is of relevant importance to establish their
compatibility with the chosen perovskite material. The cyclovoltammetric measurements
performed on TBU4-Zn, TBU4-Co, and TBU-Cu revealed values of —5.13 eV, —4.93 eV, and
—5.10 eV, respectively (Supplementary Materials Figure S4a—c). Such values theoretically
allow the implementation of these phthalocyanines with several perovskite compositions,
as the graphical representation of the energy level arrangement for TBU4-Co, TBU4-Cu,
and TBU4-Zn in the n-i-p architecture shown in Figure 1b suggests.
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Figure 1. (a) UV-Vis spectra of Spiro (black curve) TBU4-Co (blue curve), TBU4-Cu (red curve),
and TBU4-Zn (green curve) in THF; (b) Schematic of the energy level arrangement for doped Spiro-
MeOTAD, TBU4-Co, TBU4-Cu, and TBU4-Zn in n-i-p architecture; (c) Schematic diagram of device
stack and phthalocyanines molecule.

The environmental sustainability of a chemical synthesis can be assessed using the
E-factor, which is the ratio of the mass of waste per mass of product. While there are some
examples in porphyrin chemistry [45-47], a first step in the evaluation of some synthetic
approaches to phthalocyanine derivatives has been performed only very recently [48]. The
E-factors of our syntheses are reported in Table 1.

Table 1. Yields and E-factors for the synthesis of TBU4-Co, TBU4-Cu, and TBU4-Zn.

HTM Yield (%) E-Factor
TBU4-Co 33 1125
TBU4-Cu 55 317
TBU4-Zn 51 698

From the comparison with the syntheses reported in [48], for which in some cases
the E-factor is <100, the calculated values for our derivatives are quite high given the
one-step nature of the synthesis-related processes, but it is worth pointing out that any
substance, including water and low-hazardous chemicals that make up most of our waste,
is considered in the calculation. Furthermore, the synthesis of the phthalocyanines in
solution often requires careful and time-consuming purification, even managing to avoid
chromatography, as in the case of TBU4-Cu. Lastly, we did not adopt any strategy of
solvent recovery which may have mitigated the impact of separating the target products
from the impurities on the final values. As a general remark, most wastes are clearly due to
workups and purifications, suggesting the need to work on their optimization as much as
on the syntheses to further increase the environmental sustainability of the entire process.
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Consistently with this observation, the copper derivative has the lowest E-factor, given its
straightforward purification step.

3.2. J-V Characterization, IPCE, and Statistical Evaluation

The three HTMs were tested in a planar perovskite solar cell (n-i-p) with the
glass/ITO/SnO, /FAMACs/HTM/ Au architecture shown in Figure 1¢c, without any dopants.
To the best of our knowledge, even though the tert-butylphthalocyanines have been em-
ployed as p-type materials in mesoscopic perovskite solar cells, they have never been
reported in such planar structures.

A batch of doped Spiro-MeOTAD-based cells (reference Spiro), has been prepared
and measured for comparison. The main photovoltaic parameters of the tested devices are
reported in Table 2.

Table 2. Photovoltaic parameters of perovskite solar cells with CB- and anisole-processed HTMs,
measured under standard test conditions (AM1.5G, 1000 W/m?2). Values for the best devices are
reported in round brackets.

Device Name Voc [VI] Jsc [MAcm—2] FF [%] PCE [%]
Spiro-MeOTAD in anisole 0.9(60.:|9:7(;.01 20.21;0#5:6(;‘36 64.?771i64§‘95 12.(6184.:|2:3(;.97
Spiro-MeOTAD in CB 1.0(01(?0:|1:1()).01 21.?29135(;.15 71.(5%2:9(;.88 15.3115§02.18
TBU4-Cu in Anisole O.9(2$9 g).014 19.(3189.:|9:8(;.41 67.21669$72).07 11.(7162.j2:7(;.32
TBU4-Cu in CB 0.9(00.:|9:1(;.01 19.(2179.:|6:7(;‘26 66.(3688§41)‘99 11.(5132.:|2:2(;.37
TBU4-Zn in Anisole 0.91(70.:|9:5(;.022 19.1?;91:5.426 64.5(1666fi1:41).379 11.2(9161f;3(;.334
TBU4-Zn in CB 0.90?0§3(;.021 18.8(0;19?8(;.487 61.%(1);:5 ij328 10.%?0:.% %201
TBU4-Co in Anisole 0.87(60.:58(;.013 15‘6(2166.:|2:6(;.531 58.5223:1 ;5730 8.0628:_% ;)5432
TBU4-Co in CB 0.86;50.:;7(;.012 15.7?f6§12.532 59.2?681 ?591).455 8.09(18':|6:2(;.480

Reference Spiro cells delivered an average PCE of 15.11% (PCEpax = 15.30%) with CB
as a solvent, which dropped to 12.68% (PCEpax = 14.23%) when using anisole. TBU4-Cu
processed with CB yielded an average PCE of 11.53% (PCEpmax = 12.22%) and comparable
results were obtained with anisole, with an average PCE of 11.76% (PCEpmax = 12.27%).
The CB-processed TBU4-Zn cells showed slightly lower values than the copper derivative,
with an average PCE of 10.46% (PCEmnax = 10.81%), while the use of anisole raised the
average PCE to 11.29% (PCEmax = 11.73%). The TBU4-Co-based devices performed poorly
in both solvents, with an average PCE of 8.06% (PCEpax = 8.83%) in anisole. There are
two main reasons for this evidence: The misalignment between the oxidation potential
of TBU4-Co (—5.04 eV) and the gold counter electrode (—5.1 eV), shown in Figure 1b,
prevents an efficient collection of charge carriers [49], resulting in a decrease in the cell
parameters. Conversely, a favorable alignment of Cu-TBU4 and Zn-TBU4 accounts for
their better performances. Furthermore, the insufficient performances of TBU4-Co could
depend on the poor uniformity of the hole transport layer, as suggested by the SEM images
that will be discussed later. As a general remark, the phthalocyanine-based HTMs gave
lower efficiencies when compared to the Spiro-MeOTAD, but it is worth pointing out that
chemical doping might have a relevant impact on this discrepancy. Nevertheless, TBU4-Cu
and TBU4-Zn are promising alternative HTMs in planar dopant-free devices, in fact, the
values obtained for the best cells are in line with a recent literature survey [50] according
to which photovoltaic devices based on the very same perovskite phase can give PCEs
in the 12-20% range. Furthermore, their efficiency values do not alter much by changing
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the solvent, contrary to what happens to the reference Spiro cells for which, moreover, the
use of additives is essential to obtain good performances. Additionally, anisole-processed
TBU4-Cu gives a nice hysteresis-free -V curve, as shown in Figure S7b in the Supporting
Information, likely due to the formation of a favorable energy level alignment at the
perovskite/HTM interface. To account for the generally better results obtained in anisole,
we suggest that, in line with the previous studies on the deposition of phthalocyanine
HTMSs with aromatic solvents [51], the boiling point of anisole promotes a better quality
of the resulting films. Compared to chlorobenzene, whose bp is 131-132 °C, anisole boils
at a higher temperature, 154-155 °C precisely. This results in slower solvent evaporation
during the spin-coating process, which allows the phthalocyanine molecules to form a
more homogeneous film on the perovskite surface. Because of this, an improvement in the
fill factor is expected, which, in fact, is found both in the copper and the zinc derivative.

The results of the devices J-V characterization at STC (AM1.5G, 100 mW /cm?, 25 °C)
are shown in Figure 2a, the statistical evaluation graph of the anisole-based devices is
shown in Figure 2c, while Figure 2d shows the ratio of the average PCE of anisole and
chlorobenzene-based devices. The values > 1 obtained by TBU4-Cu and TBU4-Zn suggest
that these HTMs worked even better in anisole solutions. The external quantum efficiency
(EQE) was evaluated to analyze the different spectral conversion efficiency for the three
different HTMs. As shown in Figure 2b, the EQE spectra have a similar shape for the three
materials. An EQEs above 80% were observed for the reference Spiro cells and TBU4-Cu-
based cells, while the TBU4-Zn and TBU4-Co HTM delivered a lower EQE. The integrated
Jsc determined from the EQE spectrum was within the experimental error (5% discrepancy)
for the reference Spiro cells (integrated Jsc = 21.09 mW /cm?, Jsc = 20.56 mW /cm? under
the sun simulator) and TBU4-Cu cells (19.27 mW/cm? vs. 19.98 mW/cm?).

The reliability of these HTMs was further tested by measuring the stabilized photocur-
rents near the maximum power point of the corresponding devices shown in Figure 3a,b.
The stabilized power outputs were calculated by multiplying the photocurrent and photo-
voltage, yielding a steady-state PCE of 14.2% for Spiro and 12.2% for TBU4-Cu, very close
to the measured PCE, thus, indicating the high reliability of the chosen materials.

Dark current-voltage (J-V), or reverse bias J-V, is a phenomenon where the J-V curve is
measured in reverse bias. When the electric field is reversed, it measures the cell’s capacity
to transport charge. It is often used to measure the quality and stability of the perovskite
solar cells, as it measures how efficiently the cell can transport charge.

Dark J-V can be used to study the kinetics of charge transport and recombination in
the cell, as well as the quality of the interfaces between the perovskite layer and other layers
in the cell. Figure 4a compares the dark current-voltage characteristics of the devices with
different HTMs. The reference Spiro exhibits the smallest leakage current density in the
reverse bias region, followed by the TBU4-Cu- and TBU4-Zn-based devices.

The TBU4-Co-based device exhibits more leakage current compared with the other
phthalocyanines, which suggests an increased charge carrier recombination by high series
resistance [52,53]. The peak voltage of the perovskite solar cells, with different HTMs, can
be different due to the difference in their energy levels. The difference in the position of the
smallest leakage current density, depending on the HTM, can be attributed to the difference
in energy level alignment between the latter and the perovskite [54]. The graph shows the
dark J-V curves of the solar cells with the HTMs to probe the current flow ability. The graph
is divided into four regions, I, II, III, and IV, which correspond to the shunt current region,
recombination current in a diode space-charge region, diffusion current, and diffusion
current limited by series resistance, respectively. The inflection point at 0.7 V is due to the
recombination current in a diode space-charge region. The space-charge recombination is
due to the potential differences in the various HTMs and metal contact. This effect is more
pronounced in TBU4-Co due to more recombination currents and less pronounced in the
other HTMs.
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Figure 2. (a) Current density vs. voltage curves of the best anisole-based glass/ITO/SnO, /FAMACs/
HTM/ Au cells with reference spiro-MeOTAD (black curve), TBU4-Cu (red curve), TBU4-Zn (blue
curve) and TBU4-Co (green curve); (b) IPCE spectra of the perovskite solar cells based on various
anisole-processed HTMs; (c) Anisole-based devices statistical evaluation box charts (6 samples for
each); (d) Ratio of Average PCEs of anisole- and chlorobenzene-based devices.
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Figure 4. (a) Dark current-voltage characteristics of Spiro-MeOTAD (black curve), TBU4-Cu (red
curve), TBU4-Zn (blue curve), and TBU4-Co (green curve) plotted on a semi-logarithmic scale;
(b) Steady-state PL spectra of perovskite (brown curve), perovskite/Spiro-MeOTAD (black curve),
perovskite/ TBU4-Co (green curve, perovskite/TBU4-Zn (blue curve), and perovskite/ TBU4-Cu (red
curve). (¢) TRPL spectra of samples with a structure of glass/perovskite/HTMs (Spiro, TBU4-Cu,
TBU4-Zn, TBU4-Co).

Photoluminescence (PL) quenching at the perovskite/HTM interface was investigated
to examine the hole-accepting capabilities of the HTMs. An efficient quenching of the
steady-state PL and a reduction of the PL lifetime indicate an efficient charge extraction at
the perovskite/HTM interface. The PL spectra reported in Figure 4c demonstrate that both
TBU4-Cu and TBU4-Zn effectively quench the perovskite emission signal, the former having
a slightly higher quenching efficiency than the latter. On the contrary, TBU4-Co showed
poorer quenching, consistent with its lower photovoltaic performances in the device.

To further investigate the impact of our HTMs on charge transport properties in
perovskite films, time-resolved photoluminescence (TRPL) measurements were conducted,
as depicted in Figure 4c.

The TRPL samples were prepared on glass substrates with the structure of the
glass/perovskite/HTMs. We fitted the PL decay curves by using a bi-exponential decay
function as shown below [55]:

t t
I(t) = Alexp<—Tl> +A1exp<—Tz)
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The smaller time constant, T1, represents bimolecular recombination, while the larger
time constant, T, represents the lifetime of charge carriers in the perovskite film. The
PL decay amplitudes, A1 and Aj, are also associated with these time constants. Table 3
displays the PL decay times and amplitudes obtained from fitting the PL decay curves.

Table 3. Summary of the parameters from fitting to the TRPL decay data.

Sample Al 71 [ns] A2 72 [ns]
Reference Spiro 0.41 1.24 0.29 18.26
TBU4-Cu 0.86 1.46 0.19 27.08
TBU4-Zn 0.24 1.68 0.23 30.11
TBU4-Co 0.43 2.11 0.18 69.37

The Spiro sample had the shortest PL decay time of 18.26 ns, indicating an effective
charge transfer between it and the perovskite. The glass/perovskite/ TBU4-Cu sample also
had a faster decay time of 27.08 ns compared to TBU4-Zn (30.11 ns) and TBU4-Co (69.37 ns).
This suggests a more efficient charge transfer at the interface between the perovskite film
and Spiro. The passivation effect of the Spiro on the perovskite defects may be responsible
for this, as it can prevent charge carriers from being trapped and impede charge transfer.

In order to determine the density of the defect states at the interface between the HTM
and perovskite layer, hole-only devices (ITO/Meo/Perovskite/HTM/Au) were fabricated,
and their electronic properties were analyzed, as reported in a previous study [56]. The
dark J-V curves of the devices are shown in Figure 5, and the trap-state density (Nirap) was
calculated using the equation proposed by Jacobsson et al.:

Nirap=2VEL € €/eL? (1)

where Nirap, VTEL, €0, €, €, L, are the trap-state density, the trap-filed limit voltage, vac-
uum permittivity (g = 8.8 x 10712 Fm™1), the relative dielectric constant of perovskite
(62.23) [57], electron charge (e = 1.6 x 10719 C), and the film thickness of perovskite (350 nm),
respectively. Since the perovskite with different HTMs in the devices possesses the same ¢,
¢, e, L, the magnitude of Nirap is only determined by the V1g. As shown in Figure 5, the
VrrL of the perovskites based on the reference Meo/Spiro, Meo/TBU4-Cu, Meo/TBU4-Zn,
and Meo/TBU4-Co are 0.14 V, 0.17 V, 0.22 V, and 0.30 V respectively.

The perovskite film, with the phthalocyanine layers, shows a bit of a higher Vg
than that of the Spiro sample, implying increased trap states. According to the result
of VrpL, the Ntrap of the perovskites, based on the Spiro, Meo/TBU4-Cu, Meo/TBU4-
Zn, and Meo/TBU4-Co are 2.74 x 10" cm ™3, 3.33 x 10" cm™3, 4.31 x 10" em~3, and
5.88 x 10!° cm~3. This result further proves that the TBU4-Cu-based HTM devices can
effectively reduce the defect density of perovskite.

Further, we have calculated the mobility of HTMs. The hole mobilities for all
the HTMs are extracted from the space-charge limited current (SCLC) measurement
using hole-only devices, respectively. For hole-only devices, the device architecture
was ITO/Meo/Perovskite/HTMs/Ag. The SCLC mobilities were calculated using the
Mott-Gurney equation [58]:

J = 9¢eperpy, V2 /8L3

where | =] is the current density, ¢, is the relative dielectric constant of the active layer
material (usually 2—4 for organic semiconductor), herein we used a relative dielectric
constant of 3.5, ¢ is the permittivity of empty space (8.8 x 1072 Fm™~1!), ph is the mobility
of hole or electron, L is the thickness of the active layer 350 nm, and V is the applied voltage
in the device.
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Figure 5. Space charge-limited current (SCLC) measurements of the hole-only devices.

(ITO/Meo/Perovskite/HTM/Au device structure): (a) Reference-Spiro, (b) TBU4-Cu, (c) TBU4-
Zn and (d) TBU4-Co.

The mobilities of TBU4-Cu, TBU4-Zn, and TBU4-Co were 3.39 x 10~ 2 cm? V-1 571,
2.36 x 1072em? V-1571,1.24 x 1072 cm? V! S~ respectively, whereas the hole mobility
of LiTFSI-doped Spiro is 2.45 x 1073 cm? V~1 s~ 1[59].

The SEM morphological images of the anisole-processed HTMs are reported in
Figure 6. While TBU4-Cu and TBU-Zn nicely cover the perovskite layer, the TBU4-Co
films are not uniform due to the presence of pinholes. This evidence may be due to an
incompatibility between cobalt and anisole during the spin-coating process, given the rele-
vant impact that the central metal can have on the interactions between a phthalocyanine
and the solvent. This might cause recombination or decrease the short circuit current of the
device and explain the poorer performances of TBU4-Co as an HTM.
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Figure 6. SEM morphological images of Spiro, TBU4-Co, TBU4-Zn, and TBU4-Cu deposited on
perovskite film.

3.3. Cost Analysis

To evaluate the fabrication costs of our hole transport materials, we have performed a
cost-per-gram analysis of our phthalocyanines, comparing the results with the current price
of Spiro-MeOTAD and the commercially available counterparts of our molecules when
present. It must be pointed out that, being an estimation, our analysis does not include
parameters such as energy, facility maintenance and personnel costs, taxes, and other
charges which are supposed to impact the final cost. The total material cost for our phthalo-
cyanines has been calculated according to a paper published in 2013 by Osedach et al. [60],
all the details are described in the Supplementary Materials. The resulting costs for the
reagents, solvents, and purification materials are reported in Table 4 as Euro per gram of
the synthesized product.

Table 4. Cost estimation of TBU4-Co, TBU4-Cu, TBU4-Zn. Commercial Spiro-MeOTAD (unsublimed,
99.0% purity) is included for comparison. Prices are given as EUR/g.

HTM Reagents Solvents Workup/Purification Total Cheapest Price on Market
TBU4-Co 43.85 0.41 37.44 81.70 n/a
TBU4-Cu 24.66 0.22 1.70 26.58 124.001
TBU4-Zn 26.63 0.22 23.28 50.13 101.00 !
Spiro-MeOTAD / / / / 264.50 2

1 Sold by PorphyChem; 2 Sold by Ossila.

As expected, the cobalt derivative is the most expensive, while TBU4-Cu is the cheapest.
By dividing the total costs by reagents, solvents, and workup, it is easier to understand
which part of the synthesis impacts the final price the most. The purification of cobalt
and zinc phthalocyanines requires a filtration on silica gel which also implies the use of
solvents and makes the cost of purification approximately equal to that of the reagents.
Instead, the copper derivative is purified without the need for chromatography, with a
positive impact on the final price. Noteworthy, these HTMs are not only much cheaper
than Spiro-MeOTAD, which ranges approximately between 260-500 EUR/g depending on
its purity and supplier, but also the commercial tetra-tert-butylphthalocyanines available
on the market. Furthermore, it is worth pointing out the cost associated with the deposition
solvent of our HTMs. Anisole is 2.5-3 times more expensive than chlorobenzene, so when
preparing the solutions with a concentration of 10 mg/mL, the expense for the solvent is
around 0.03 EUR for anisole and 0.01 EUR for chlorobenzene. Although apparently not
significant enough for laboratory-scale applications, this data can have a relevant impact
on the total cost of larger production runs.
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4. Conclusions

We have successfully developed an alternative synthesis of tetra-tert-butylphthalocyanines
using a mixture of low-impacting solvents. These phthalocyanines are processable in
anisole, are cheaper than the benchmark Spiro-MeOTAD, and do not strictly require chem-
ical doping to work as HTMs in perovskite solar cells. The achieved J-V parameters for
the anisole-processed TBU4-Cu-based devices are comparable to those of the Spiro-based
devices, even in the absence of chemical doping, and the results are highly reproducible.
TBU4-Co performed poorly, probably because of the misalignment of energy the level with
the gold counter electrode and a poor morphology of the resulting layer presumably due
to unfavorable interactions with the anisole during the spin-coating process. The anisole-
processed HTMs provided PCEs up to 12.27% for TBU4-Cu and 11.73% for TBU4-Zn. In
both cases, the photovoltaic parameters are higher than those of the corresponding cells
made with chlorobenzene, for which the best results obtained were, respectively, 12.22%
and 10.81%. Remarkably, our combined approach to reduce the environmental and health
impact of both the synthesis and deposition of the performing HTMs allowed us to iden-
tify TBU4-Cu as a promising molecular material for more environmentally sustainable
perovskite solar cells.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/en16093643 /51, Figure S1: 'H NMR of TBU4-Zn; Figure S2a: IR spectrum
of TBU4-Co; Figure S2b: IR spectrum of TBU4-Cu; Figure S2c: IR spectrum of TBU4-Zn; Figure
S3a: ESI-MS spectrum of TBU4-Co; Figure S3b: ESI-MS spectrum of TBU4-Cu; Figure S3c: ESI-MS
spectrum of TBU4-Zn; Figure S4a: Cyclic voltammogram (anodic scan) of TBU4-Co; Figure S4b:
Cyclic voltammogram (anodic scan) of TBU4-Cu; Figure S4c: Cyclic voltammogram (anodic scan)
of TBU4-Zn; Table S1: Prices of quoted materials; Figure S5: Flowcharts for the syntheses of 1.000 g
of target phthalocyanines; Figure S6: Solutions of various HTMs in chlorobenzene and anisole;
Figure S7: UV-vis absorption spectra of TBU4-Co, TBU4-Zn, TBU4-Cu thin films on perovskite;
Figure S8: Current density vs. voltage curves of anisole- and chlorobenzene-based HTM devices;
Figure S9: Statistical evaluation box charts of anisole- and chlorobenzene-based devices; Figure S10:
Surface morphologies with roughness values of target phthalocyanines.
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