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1. Introduction

Halide perovskite solar cells are approaching commercialization, with solution

processing emerging as a key method for large-scale production. This study
introduces a significant advancement: using non-toxic solvents like water

and alcohol in perovskite precursor inks facilitated by the protic ionic liquid
methylammonium propionate (MAP). MAP effectively dissolves perovskite
precursors such as lead acetate and methylammonium iodide, enabling

the first stable water-based perovskite precursor ink suitable for one-step
slot-die coating. This new ink formulation contrasts with conventional
dimethylformamide (DMF) and dimethylsulfoxide (DMSO)-based inks, as
evidenced by in-situ grazing incidence wide-angle X-ray scattering (GIWAXS),
which revealed an intermediate-free liquid-to-solid transition. In-situ mass
spectrometry also showed that organic molecules evaporate during annealing,
resulting in a crystalline perovskite phase. Optimization of the solvent mixture
to H,O/IPA/MAP enabled successful slot-die coating, yielding perovskite solar
cells with an efficiency of up to 10%. This eco-friendly ink reduces toxicity and
environmental impact compared to DMF-based inks, offering a longer shelf
life and the possibility of using the ink in ambient conditions. This pioneering
work represents the first report of a water-based green ink formulation

for one-step thin film coating at room-temperature conditions by slot-die
coating, highlighting its potential for sustainable commercial applications.

The structural and material flexibility of
halide perovskites offers great opportu-
nities for various fabrication techniques
in large-scale manufacturing, such as
inkjet printing, slot-die coating, blade-
coating, roll-to-roll depositions, etc. How-
ever, all these techniques require sol-
vents during processing that evaporate
during the liquid-to-solid transition. In
the initial phase of halide perovskite
research, the selection of suitable sol-
vents for perovskite precursors primar-
ily relied on experimental trial-and-error
methodologies, where solvents such as
dimethyl formamide (DMF), dimethyl
sulfoxide (DMSO) and N-methyl pyrroli-
done (NMP) were found to have a fa-
vorable property to be used as solvents
for lead halide (PbX,) and organo-halide
(AX) salts when preparing perovskite pre-
cursor inks.l!l The prerequisite for a suit-
able solvent is the capability to dissolve
high concentrations of PbX, to deposit
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Power Conversion Efficiency by Solvent Category
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Figure 1. Overview of MAPbI;-based perovskite solar cell efficiencies for the most used solvents in halide perovskite thin film processing, illustrated as
the PCE plotted against the solvent category. This plot was generated from data available in The Perovskite Database (perovskitedatabase.com), comprising
data from >40000 individual solar cells.[*] The power conversion efficiency achieved in this work from a water- and IPA-based ink achieved up to 10%

(green star) using a single-step processing procedure.

the perovskite thin film with sufficient thickness (>300 nm) for
adequate light harvesting. While the AX-salt dissolves in most
solvents, finding a solvent that can dissolve the metal halide com-
ponentis challenging. As reported in the literature, the formation
of lead-halide-solvent coordination complexes!??! affects the sol-
ubility of perovskite precursors, where coordination, especially of
excess halides, can lead to the dissolution of the Pbl, framework
and thus increase the solubility.[*]

Figure 1 shows the power conversion efficiencies (PCE) of
MAPDI;-based solar cells fabricated from common solvents and
solvent mixtures in the published literature research over the
last decade (extracted from The Perovskite Database).l°) As can be
seen in Figure 1, the most common solvents are DMF, DMSO,
and y-butyrolactone (GBL) or a mixture thereof leading to best-
reported efficiencies so far for single-junction methylammonium
lead iodide (MAPDI;) solar cells. Noticeably, these solvents dom-
inantly used in halide perovskite processing are categorized as
hazardous carcinogenic, mutagenic, and reprotoxic chemicals
(CMR) chemicals. This poses a severe challenge for the large-
scale manufacturing of halide perovskite materials. Therefore, it
is a strategic necessity to develop inks with less toxic solvents and
co-solvents for the deposition of thin perovskite films. Examples
of solvents with low toxicity include y-valerolactone (GVL), tri-
ethyl phosphate (protic) ionic liquids, alcohols such as ethanol
and isopropanol (IPA), and water.®!

For example, GVL enables the solution-based fabrication of
high-quality FAPDI; solar cells, achieving an impressive power
conversion efficiency (PCE) of up to 25.09%.U"] Water is the most
sustainable, environmentally friendly solvent. In contrast to the
concern about the adverse effects of water on the stability of per-
ovskite materials, Liu et al. demonstrated that the presence of
water in perovskite precursor did not negatively impact the per-
ovskite thin film preparation process. A high water content (up
to 25 vol%) was shown to enable perovskite’s humidity tolerance
during air fabrication. This was ascribed to the ability of water
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to prolong the film drying process, leading to the formation of
perovskite thin films with large grain size and a reduced wetta-
bility of the thin film.¥) Overall, limited reports on water-based
perovskite precursor solutions are typically only suitable for se-
quential deposition methods.l*-!!]

In the search for green solvents for solution processing, pro-
tic ionic liquids (PILs), which are also called room temperature
molten salts, have advantageous properties such as a non-volatile
nature at room temperature or below, non-flammability, high
thermal stability, as well as the ability to dissolve various organic
and inorganic compounds compared to conventional solvents.
Besides being used as additives to control the crystallization of
perovskites,[!215] PILs can also be used in combination with co-
solvents. Oz et al. prepared a series of PILs based on methy-
lammonium (MA, CH;NH,") and carboxylic acids to obtain
methylammonium formate, (MAF), methylammonium acetate
(MAA), and methylammonium propionate (MAP) and investi-
gated these with co-solvents in solution processing of perovskites
and demonstrated that the PILs, which have a strong hydrogen
bonding, can dissolve the PbX, forming MAPbX, (X=Br, I) ma-
terials. The PILs can be mixed proportionately with other green
solvents such as water, ethanol, isopropanol, and acetonitrile to
tune the solvent viscosity. By using a MAP-DMSO-acetonitrile
solvent mixture, a perovskite solar cell with a PCE of 15.46%
based on (MA;sFA, ¢s)Pb(I, 5By 5); was obtained via a 2-step
spin-coating method.['®! In a previous report, water- and MAP-
based ink was used to fabricate CsPbBr;-based perovskite fibers
for electroluminescent applications, showing the high solubility
of perovskite precursors in this solvent system.[']

For commercialization purposes, the use of PILs in precur-
sor inks is of high value due to their low toxicity, long shelf-
life, and good processability, which reduces production costs and
health risks. Slot-die coating was used as the deposition method
of choice, which is widely employed in large-scale thin film PV
fabrication and was also studied for perovskite solar cells.['®] The
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Figure 2. An overview of perovskite solar cell efficiencies for slot-die coated perovskite layers is illustrated as the PCE plotted against the solvent category.
This plot was generated from data available in The Perovskite Database (perovskitedatabase.com).l’]

advantage of slot-die coating is the scalability of the thin film pro-
cessing, allowing the control of large-scale deposition, which is
critical for thin film fabrication on an industrial scale. Moreover,
itis a fast and more sustainable process as less ink is used during
the thin film deposition than spin-coating, where a large amount
of residual ink is flung off and wasted during spinning.

Figure 2 shows the solar cell data in the literature for slot-
die-coated perovskite layers, which has been studied less than
the spin-coating method. Also, the main solvent systems are still
based on toxic solvents, including DMF, GBL, acetonitrile, and
2-methoxyethanol.

Only a few categorized under “other” contain less toxic sol-
vents; for example, Razaee et al. demonstrate a roll-to-roll pro-
duced perovskite solar cells using up to 90 vol% ethanol com-
bined with small amounts of acetonitrile.l""]

Although some water-based perovskite solar cell fabrications
were shown in the literature, the reports only include multiple
steps for the perovskite thin film formation.[***3] However, in-
corporating multiple cycles into large-scale industrial production
presents significant challenges. While single-step processes are
relatively straightforward, given that the record solar cells are
made this way,***! the complexity of multiple steps increases
the difficulty of maintaining precise control over the entire pro-
duction process. Each additional deposition step requires care-
ful synchronization across large areas, ensuring consistent thin-
film morphology and homogeneity. This added complexity im-
pacts time efficiency—slowing production and increasing energy
consumption—and heightens the uncertainty in achieving repro-
ducible PSCs, making scalability more challenging.[*?! Further-
more, the cost of fabrication, which is not the main scope con-
sidered in this study, is an essential factor for the realization of
commercial production of perovskite solar cells.[*#] Stable, green,
and one-step suitable perovskite inks will positively impact the
cost factor of the whole fabrication process, leading to an overall
sustainable emerging technology.

In this work, we have developed a green MAPbI, perovskite
precursor ink with an extended shelf life for use in a single-step
slot-die coating process, achieving PCEs up to 10%. We demon-
strate the possibility of using alternative and non-toxic solvents
such as water and isopropanol in combination with a protic ionic
liquid and lead acetate as the lead precursor. Furthermore, we
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characterize the solution chemistry of the new precursor ink to
rationalize the influence of solvents in the perovskite formation.
Finally, we conduct a life cycle impact analysis — the newly for-
mulated ink is “greener” than the standard MAPbI, DMF ink.

2. Results and Discussion

2.1. Solution Chemistry of Water-Based Perovskite Precursor Inks

In this work, methylammonium propionate (MAP,
[CH;NH,]*[CH;COO]") was used as a protic ionic liquid
and co-solvent to formulate water-based perovskite inks. MAP
(3) was synthesized from methylamine (1) and propionic acid (2)
through a simple Brgnsted acid-base reaction (Scheme 1).

In the following paragraph, the process that leads to the fi-
nal green ink formulation is described. The formulated 0.3 M
MAPDI, precursor ink with Pbl,/CH;NH,I (1:1), H,O/MAP was
not stable due to the low solubility of the lead salts in water (PbI,
0.63 g L™! at 20 °C).[2% A clear solution was obtained after stir-
ring at 60-70 °C; however, the lead salt precipitated after cooling
to room temperature. To prevent the problem of reprecipitation
of the lead salt upon cooling, lead acetate (Pb(CH,;COO),) was
used instead since it has a better solubility in water (465 g L~}
at 20 °C).[?% In the next attempt, Pb(CH,COO), and methylam-
monium iodide (MAI) were dissolved in water in a 1:3 mol ratio,
which did not succeed even at temperatures of 70 °C. Therefore,
MAP was added as the co-solvent to achieve a precise and stable
solution mixture of H,O/MAP (2:3 v/v) with a solution concen-
tration of 0.3 M (Figure 3a).

A volume ratio of 2:3 between H,0O and MAP was the highest
amount of water possible to obtain a stable and clear perovskite

) o 4
_ NH
H3C_NH2 + OH . o | 3
HyC
1 2 3

Scheme 1. Reaction scheme for the synthesis of the PIL methylammo-
nium propionate (3) through the acid-base reaction of methylamine (1)
and propionic acid (2).
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Figure 3. a) Picture of MAPbI; precursors in pure green solvents and the increase of solubility after the addition of the protic ionic liquid MAP; b) 2D
Mass spectrum during the wet film annealing of the water-based MAPbI; ink plotted as a mass-to-charge ratio (m/z) over time (t). The intense m/z were
assigned to the molecules listed on the right axis; the temperature ramp is also shown (red curve) c) FT-IR spectra of the 0.3 M perovskite precursor
inks of MAPbI; precursors (black) in the solvent MAP/H,O (3:2 v/v) solvent system (blue, neat solvent blend); d) zoom to the FT-IR spectrum range of
C=0, v(CO). The dashed arrows show the intensity changes between the spectra.

ink. The multi-component water-based ink consisting of organic
molecules like propionate (CH;CH,COO™, 5.76 mmol), acetate
(CH,COO07, 0.32 mmol), and methylammonium (CH,NH,",
6.72 mmol) ions along with inorganic Pb?* (0.32 mmol) and
I~ (0.96 mmol), was analyzed during the annealing process re-
sulting in the solid perovskite. For this purpose, a wet film was
frozen in nitrogen and transferred into an ultrahigh vacuum mi-
cro chamber coupled with a mass spectrometer. The sample was
annealed slowly (T=65 °C—150 °C) over time, and the released
molecules were detected and plotted in Figure 3b (and Figure S1,
Supporting information).

The most intense mass-to-charge (m/z) peaks were observed
atm/z = 18, 28, 32, 44, 58, and 74, which can be assigned to wa-
ter (H,0 or OH™), methylamine (CH;NH, (m/z ca. 32), methy-
lammonium (CH,NH,*, m/z ca. 33), components of air (N, m/z
ca. 28, O, m/z ca. 32, and CO, m/z ca. 44), acetate (CH;COO",
m/z ca. 59) and propionate/propionic acid (C,H;COOH, m/z ca.
74). From these observations, a formation equation might be sug-
gested as follows, where the perovskite is formed upon the re-
lease of the volatile organic molecules; acetic acid, propionic acid,
and methylamine (Equation 1):

Pb(CH,C00), + 3CH,;NH,I + 18[CH,;NH,] [CH,CH,COO|
solution stage aqueous — CH,;NH,PbI;
+2 CH,COOH 1 +20 CH,NH, 1

+18 CH,CH,COO 1 (1)
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Fourier-transform infrared (FT-IR) spectra of the related water-
based ink were recorded to investigate the role of water and PIL.
Figure 2c shows no noticeable band shifts or changes compared
to the neat H,O/MAP solvent mixture (blue line). A slight inten-
sity deviation can be observed in the broad OH/NH band region
at 3000-3500 cm™; this might be caused by the disruption of the
H-bonding upon adding MAPDbI;, leading to a slight decrease in
the absorption band. No changes at the strongest absorption band
at 1540 cm™!, originating from the C=0 stretching, is observed.
Furthermore, in the fingerprint region 1400-500 cm™!, a slight
increase is seen in the §(CH) band (Figure 3d), highly likely due
to the increase of methyl groups upon adding MAPbI;. In com-
parison, the FT-IR spectra of the water-based PIL inks are differ-
ent from the “classical” MAPbI, inks in DMF and DMSO, where
direct coordination can be inferred from the FTIR features as ex-
plained in the Supporting Information (Figures S2-S3, Support-
ing Information).

Thus, from these results, we either can conclude that there
is no direct coordination to the Pb centers in the MAP/water-
based inks, or another assumption might be that the relative mo-
lar amount of MAPDI, added to the ink is low compared to MAP,
which suggests that the addition does not significantly alter the
IR spectrum at first glance. The spectrum remains dominated by
the H,O/MAP interaction. The features may be too weak rela-
tive to the strong MAP and H, O vibrations, causing them to be
masked.

As only limited conclusions regarding the solvent-solvate inter-
action could be drawn from FT-IR measurements, nuclear mag-
netic resonance spectroscopy (NMR) measurements of the 0.3 M
precursor inks were conducted using a deuterated D,0O/MAP

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. a) 27Pb NMR spectra of 0.3 mol L~! MAPbI, precursor ink (black) with the MAP/D, O (3:2 v/v) solvent system compared to the neat solutions
of lead propionate (Pb(CH;CH,COOQ), blue) and lead acetate Pb(CH3;CQOO), (green) in D,O. Chemical shifts are reported on a ppm scale relative to
Pb(CH5), (6 = 0); b) "H NMR the precursors in comparison with MAPbl; all in the MAP/D, O solvent system; ¢) "H NMR spectra of lead propionate
(top) and MAP (bottom); d) "H NMR spectra of MAI in MAP/D,O (top), MAP in D,O (middle) and MAI in D,O (bottom). Chemical shifts reported on

a ppm scale related to TMS (6 = 0).

mixture to investigate the chemical interactions in precursor so-
lutions further.

The 2”Pb NMR resonance peak of the MAPbDI; perovskite
ink is down-field shifted (6*”Pb = -198) compared to the
neat Pb(CH,CH,COO), (62Pb = —1323) and Pb(CH,COO0),
(6*7Pb = —1124) solutions (Figure 4a). The deviation of the
chemical shifts in the PIL/water-based ink from the neat
Pb(CH,CH,COO0), and Pb(CH,COO), lead salts indicates a
halide coordination to the Pb(CH;COO), precursor. The down-
field shift might be caused by H-bonding to the Pb—I fragments,
decreasing the shielding at the Pb centers; however, generally rel-
ativistic effects due to the heavy metal Pb might also play a role.

In Figure 4b, 'H NMR spectra of the MAPDI, (black) precursor
ink are shown along with the used precursors CH;NH,I (blue)
and Pb(CH,;COO), (magenta) in MAP/D,O. The propionate moi-
ety from the ionic liquid (CH;CH,COO™) exhibits a triplet from
the CH; and a quadruplet peak from the CH,, marked with a

Adv. Energy Mater. 2025, 2403626 2403626 (5 0f13)

rhombus. These peaks are shifted slightly upfield in the MAPDI,
ink compared to the neat precursors in the same solvent system
(MAP/D,0). The methylamine moiety from MAP exhibits a CH;,
singlet peak at §'H = 1.5 marked with a circle, which is shifted
upfield if compared to the neat precursors in the same solvent
system. The proton peak at §'H = 2.2, marked with a black dot,
can be assigned to the CH, protons of Pb(CH,;COO),. This peak
is slightly shifted compared to the neat lead acetate solution value
at6'H = 2.1. An additional resonance peak at 5'H = 0.9 (marked
with a star) might be assigned to a CH; group of CH;NH, moi-
ety, whereas the NH, group appears at §'H = 4.8. Please note
that this peak also contains the peak of residual water?!! and,
due to chemical exchange, leads to a broad peak in all samples.
Interestingly, this implies that the protons of methylamine from
CH,;NH;I and the [CH;NH,]*[CH,;COO]" are not entirely chem-
ically identical. Similarly, in the neat CH;NH,I solution, there is
also an additional peak at 6'H = 2.1, which can be assigned to a

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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CH, group adjacent to a CO group or a NH, group, since the in-
tegral of the peak is 3 (Figure S4, Supporting Information) both
would be possible. To find out or exclude possible structures, we
made further comparisons.

First, comparing the '"H NMR spectrum of a neat lead propi-
onate salt with the ionic liquid (Figure 4c) shows that there is a
negligible difference between the characteristic peaks of the pro-
pionate moiety (see peaks 4, 5 in Pb(CH,;CH,COO), and 5,6 in
MAP spectra). Thus, the upfield shift of these peaks in the ink
(Figure 3b) would exclude the full coordination of propionate to
the PD center. As a first conclusion, we can exclude the presence
of pure Pb(CH,CH,COO), species in the MAPbI, ink.

Second, the addition of MAI to MAP/D,O significantly
changes the solution chemistry, as can be seen in Figure 4d, es-
pecially in the shifts of the methylammonium propionate peaks
(N—CH,;, CH,, C—CH,), as well as in the appearance of the ad-
ditional peak at §'H = 2.1. Furthermore, the H,0, NH; peak is
broader, indicating a chemical exchange between protons. Chem-
ically, the difference between both MAI and MAP is the anion,
whereas the propionate is in excess compared to iodide since it
is used as a co-solvent. Thus, the H-bonding and electrostatic in-
teractions change if iodide is added, leading to these deviations
in the chemical shift. As a second conclusion, we claim that the
iodide coordination to the Pb centers leads to changes in the H-
bonding of the protons in the methylammonium and propionate
groups. Thus, we conclude the probable existence of lead iodide
structures in the solution rather than lead carboxylates.

Overall, from the 'H NMR analysis, we infer that complexes
with mixed ligands are formed where positive (Pb**, CH,NH,*),
negative (I-, CH,COO™~ and CH;CH,COO"), and polar solvents
interact (H,0). The 2Pb NMR shifts exclude full coordination
of acetate or propionate to the Pb centers. The appearance of
additional peaks and the acetate peak in the 'H spectrum of
the MAPbDI, ink reveals a mixture of species instead of a sin-
gle structure. In all 2”Pb NMR measurements, a single reso-
nance peak was observed for all measured solutions, indicative
of a fast chemical exchange among different lead species on the
NMR time scale.?! Previous reports have identified different
iodoplumbate equilibria in perovskite solutions, highlighting the
influence of solvent, iodide concentration, and temperature on
the chemical shifts.[3-2%] Interestingly, our MAPDI, precursor ink
was stable under ambient atmospheric conditions, showing no
precipitation or color changes. The shelf stability was also proven
by 2Pb and 'H NMR measured over time (Figure S5, Support-
ing Information).

2.2. Thin Film Fabrication with Green Ink via Slot-Die Coating

For slot-die coating, a number of process and ink parameters de-
termine the quality and homogeneity of coated layers. On the
one hand, the distance between the slot-die or shim edge and
the substrate surface, h, determines the thickness of the wet film
(a scheme of the slot-die coater can be found in Figure S6, Sup-
porting Information). In addition, the inks rheological properties
like the surface tension, wetting behavior, and viscosity affect the
appropriate coating speed during the deposition. As a result, the
actual wet film thickness is usually only 60-70% of the theoreti-
cal maximum value. Ink properties and process conditions deter-
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mine the coating window of the process, a principle widely used
for slot-die coating of adhesives and polymers but underexplored
for perovskite ink deposition.[?’] Tt is possible to adjust the de-
sired wet thickness by controlling the web speed according to the
rheological properties of the ink. The resulting thin film’s thick-
ness, morphology, and microstructure depend on the ink density
and composition and the nucleation and crystallization behavior
of the halide perovskite semiconductors.!?] This means the depo-
sition depends on the substrate temperature, nitrogen flow rate,
and ink solvent system.

Initial trials for the thin film fabrication were performed with
water-based ink, which resulted in poor-quality thin films (Figure
S7, Supporting Information). The solvent mixture of H,O/MAP
and the solvent mixture plus MAPDI; precursor (final ink) have
a similar dynamic viscosity of 5.8 cp. Using an air knife with a
constant N, gas flow showed enhanced drying and crystalliza-
tion compared to the coating without gas quenching. We opti-
mized the ink rheology for the coating process and facilitated
solvent removal by adding isopropanol. This solvent engineering
was the main improvement factor for the resulting thin films,
where an azeotropic H,O/isopropanol (IPA) (1:7 v/v) mixture
was used along with MAP with the composition H,O/IPA/MAP
(5/35/60 v/v%), which led to increased viscosity of 8.4cP for
the MAPbDI; ink and decrease in the surface tension (from 67
to 40 mN cm™!) improving the wettability. After further opti-
mizations following the coating window (Figure S14, Support-
ing Information) of the tuned ink, we could achieve high sur-
face coverage (see Figures S8-S10, Supporting Information for
the optimization procedure, including the experimental details
and photographs). This improvement is also visible in the thin
film morphology (Figure 5a,b), where without IPA, there are 2D
cracks, and the substrate beneath is visible. With IPA, the thin
film is closed although it has 2D islands on top of the absorber
layer.

The UV-vis spectra of both MAPDI; precursor inks in
MAP/H,0 and MAP/IPA/H, O were measured in a cuvette with a
path length of 10 um, enabling the measurement of higher solu-
tion concentrations (0.3 M) (Figure 5a). Broad bands are observed
for both inks at 222, 277, 335, and 368 nm. A solvent effect is vis-
ible upon adding IPA with intensity differences, especially a hy-
perchromic effect at 368 nm and a slight red shift of its bands.
No absorption bands originate from the solvent system in the
monitored spectral range (Figure S6, Supporting Information). A
comparison of the absorption peak positions with the literature
(listed in Table 1) reveals some overlap with the absorption band

Table 1. Experimental absorption bands observed in lead halide solutions
reported in the literature.[3273%]

A [nm] for X=I Conditions
Pb(Sol)¢2* <250 0.1-1 mM in DMSO
Pbl(Sol)s* 282 0.1-1 mM in DMSO
Pbl, (Sol), 325 Ten mM-5 mM in DMSO
[Pbl; (Sol);]~ 367 Ten mM-5 mM in DMSO
[Pbl, (Sol),]2- 423 10 mM-5 mM in DMSO
Pb(OH), 227, broad ag., 9 uM, pH 7.9,
Pb(OAC), 500 aq., 0.42 M
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Figure 5. a) UV-vis spectra of 0.3 M MAPbI; precursor inks in MAP/H,O (black) and MAP/IPA/H,0O (blue) solvent systems. The inks were measured in
a cuvette with a path length of 10 um, and the spectra were plotted as extinction coefficient versus wavelength; Expected solution species are drawn in the
spectra; b) XRD pattern of MAPbI; thin film from MAP/H,O/IPA solvent blend (black) in comparison to spin-coated MAPbl; from DMSO (magenta).
Pbl, is marked with*. The perovskites were coated on pre-cleaned ITO substrates (peak marked with #); c) Time evolution of azimuthally integrated
radial in-situ GIWAXS patterns (“waterfall plot”). Deposition of green perovskite ink starting at t = 0 s, air-knife quenching start at t = 15 s, heating start
att =75 s from 60 to 100 °C (indicated in dashed grey with temperature scale on the right axis); d) Reciprocal GIWAXS pattern of the final perovskite
thin film after annealing. Scanning electron microscopy images of the slot-die coated perovskite thin layers of the green precursor ink: e) before and

f) after the tune of ink and the optimization of the deposition process.

of [PbI;(Sol);]” being more pronounced in the pure water/ MAP-
based ink. For p < 10.4, it was reported that in aqueous lead
solutions, specific absorption bands from 216 to 300 nm were
observed, which were assigned to Pb**, Pb(OH)*, Pb(OH), and
Pb(OH),". Specifically, pH 7.91 Pb(OH), was detected for a 9 uM
Pb(ClO,), solution with a maximum extinction coefficient of
2800 M~! cm~1.12] Also, in PbI, solution at low concentration, ab-
sorption bands lower than 250 nm were assigned to [Pb(Sol)¢]**
complexes. However, UV-vis absorption spectroscopy is solvent
and concentration-sensitive; all conditions for the literature val-
ues are noted in the table. Considering this, the MAPbI; precur-
sor inks, having a pH value of 8, are probably composed of com-
plexes with Pb(Sol);?* and [PbI,(Sol);]~ where the solvent ligand
might be propionate, acetate, isopropanol or water confirming
the results of the 'H NMR above. Suppose the Lewis basicity of
the present ligands is compared. In that case, iodide (donor num-
ber DN = 28.9 kcal mol~![3%)) and propionate as anions with free
electron pairs and negative charge are highly likely to coordinate
to the Pb centers rather than water (DN = 18 kcal mol~1)*! or
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isopropanol. Again, the measurement confirms that the solution
is composed of various species.

The XRD pattern of the MAPDI; thin film from the
MAP/IPA/H,O (Figure 5b, black) shows the formation of a crys-
talline perovskite with prominent tetragonal peaks at 26 ~14°
(110), 28° (220), and 43° (330) comparable to a thin film ob-
tained from a spin-coated DMSO solution (magenta). However,
the XRD pattern also contains other crystal planes coming from
(200), (211), (202), (114), and (204), hinting at a typical disordered
crystallite orientation in the polycrystalline perovskite thin film.

To monitor the liquid-to-solid transition during the thin film
formation process, in-situ grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements®*! were conducted dur-
ing the doctor-blading of the MAPbI, MAP/IPA/H,0O ink, N,
quenching, and annealing. As shown in Figure 5c, the tetrago-
nal (110) MAPDI, reflex at ~1 A~ occurs after a few seconds of
N, quenching and drying of the ink. Interestingly, the reflex does
not show significant texture but rather an isotropic crystallite
distribution. No tetragonal (200) intensity or reflexes of higher
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Miller indices can be unambiguously detected, likely due to the
relatively weak overall perovskite intensity. Upon temperature in-
crease, the (110) and (200) MAPbDI; reflexes become more pro-
nounced, and perovskite reflexes of higher order can be detected.
Here, we note that the crystallization from solution to MAPbI;
usually occurs via crystalline complex phases connected to lead
plumbates coordinated with strongly coordinating solvents such
as DMSO.””] In this present case, only a very weak transient
reflex can be seen during quenching that could be possibly at-
tributed to a Pb, I¢-structured complex (Figure S7, Supporting In-
formation), which, according to literature, is found at around 26
= 7°, in particular in inks with DMF and DMSO.38!

This ring has only a fragile intensity and co-occurs with the
(110) MAPDI, reflex, indicating that the main route of the per-
ovskite conversion does not occur via any known intermediate
phase and no other crystalline intermediate phase wasobserv-
able in GIWAXS. Interestingly, no evidence of a MAPbI; hydrate
phase with water, hypothetically giving rise to a peak at 26 =
8.7°,3% could be observed during the entire in-situ experiment
either. The present ligands in the ink do not bind strongly to the
lead centers, as inferred from NMR, IR, and UV}vis, where no
pronounced coordination was found.

The final perovskite film (Figure 5d) shows a relatively
isotropic crystallite distribution without pronounced texture.
The system indicates substantially different properties than
MAPDI, films derived from classical solvent systems in DMF
and DMSO.¥#] Furthermore, no lead iodide species could be
detected in GIWAXS, indicating that no Pbl, is formed during
the chemical reaction. This is important to emphasize since the
XRD data in Figure 5d shows a small Pbl, peak at 26 = 12° for
the MAP/IPA/H,O-derived film, while this feature is not appar-
entin the XRD of'the film derived from pure DMSO or covered by
noise. Therefore, we repeated the XRD measurement on freshly
made thin films, annealed and non-annealed, and measured im-
mediately, showing no appearance of PbI2; furthermore, the per-
ovskite thin films with IPA addition showed a slightly better crys-
tallinity (Figure S13, Supporting Information). Thus, we can con-
firm that this Pbl, observed in XRD is not necessarily a product
of film formation from the green ink but a result of sample expo-
sure to ambient conditions.

MAPDI;-based solar cells were fabricated to test the newly for-
mulated ink’s applicability. For this purpose, a p-i-n architecture
was used based on the ITO/2PACz/MAPbI,/C,,/BCP/Cu stack
where 2PACz is 2-(9H-carbazol-9-yl) ethyl] phosphonic acid used
as the hole transporting material and Cy, and bathocuproine
(BCP) are the electron transporting and buffer layers. The opti-
mized H,O/IPA/MAP solvent system and use of N, gas quench-
ing during the thin film deposition process at 60-70 °C substrate
temperatures with coating speeds ~10-15 cm min~' and an ink
flux of 15-30 pL min~! (coating windows showed in Figure S8,
Supporting Information) yielded a high surface coverage and uni-
form thin films (Figure 5e,f). The top view SEM images of the
perovskite thin films reveal that this solvent system induced a pat-
tern during the crystallization process. Having a good film before
adding the IPA to the ink formulation is impossible. The wettabil-
ity of the precursor is very bad on the SAM layer, and the pinholes
are primarily due to the poor coverage of the perovskite. Adding
the IPA improves the wettability, and after the optimization pro-
cess, the pinholes disappear entirely due to the natural convec-
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tion evaporation of the solvent. This highlights the importance
of controlling both the coating parameters (through the coating
window shown in Figure S14, Supporting Information) and the
evaporation of the solvent system, a process that starts with the
addition of the isopropanol in the ink to tune the evaporation rate
of the solvents.

The cross-section scanning electron micrograph shows intact
interfaces without pinholes (Figure 6a). The perovskite thin film
was deposited via slot-die coating with the above-mentioned op-
timized parameter, while 2PACz was spin-coated, and the mate-
rials C4, BCP, and Cu were evaporated. The champion solar cell
achieved a PCE 0f 10.3% with 17.2 mA cm~? short current density
(Jsc)> 0.93 V for open circuit voltage ( V), and a fill factor (FF) of
0.65 for the forward scan and 9.35% PCE, 17.2 mA cm~2, 0.86 V
and 0.63 for FF for the reverse scan, showing a small hystere-
sis. The external quantum efficiency (EQE) measurement could
extract a Js of 16.59 mA cm~2, showing that the JV curve is rea-
sonably accurate (Figure 6¢).

Thus, our solar cell performance is comparable to the litera-
ture values (Figure 1) but using a one-step and scalable solution
method instead of sequential deposition. Although the spread of
solar cell performances is not small, as can be seen from the box
plots in Figure S15 (Supporting Information), several other fac-
tors, such as the sensitivity of the 2PACz toward IPA or water, as
well as possibly remaining water degrading the perovskite thin
film can lead to reduced performances — influence factors that
need further investigation and will be the focus in future studies.

To track the stability, one batch of 15 solar cells was manu-
factured; the best five devices were measured on the maximum
power point (MPP) for 1 h during 20 days, and the results are
shown in Figure 7. After three days, many of the best devices
dropped performance by ~2%. Still, they remained pretty sta-
ble until day ten, after most devices lost around 50% of their
efficiency.

2.3. Life Cycle Assessment of the PIL-Based Ink

To evaluate the ink’s relative environmental impact, a compre-
hensive gate-to-gate comparison between a standard MAPbI,
DMF/DMSO ink was prepared according to Ahn et al.,[*!] and
the PIL-based MAPDbI,/MAP/IPA/H,0 ink was conducted using
1 mL of each. The energy consumption during the deposition
process was assumed to be uniform for both variants. Our as-
sessment focuses on synthesizing each ink’s chemical precur-
sors and processes while disregarding waste, recycling, and de-
vice efficiency factors. Details on the life cycle impact assess-
ment (LCIA) analysis performed are provided in Figures S15 and
S16 (Supporting Information). A standardized LCIA comparison
done by openLCA compares the sample based on two main cat-
egories: environmental and human health impact; of these two
main categories, there are 25 subcategories, as seen in Figure 8.

Within the data, comparisons for the impact categories related
to human health include nine subcategories (Table 2). Human
toxicity impacts are commonly reported in comparative Toxic
Units for Humans (CTUh), representing the estimated mortality
increase for the total human population per unit mass of chem-
ical emitted. Additional impact categories considered are partic-
ulate matter formation (1), photochemical oxidant formation (2),
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Figure 6. Champion solar cell device fabricated from a slot-die coating of MAPbl; MAP/IPA/H,O ink; a) Cross-section SEM of a device with the p-i-n
structure showing the interfaces, note the organic HTL and ETL are too thin to be visible; b) JV curves in forward (solid line) and reversed (dashed line)
scan under 1 Sun illumination and light soaking of 60 s; c) EQE of the best solar cell. Measured from 300 nm to 850 nm with a step size of 10 nm;
d) Boxplots of PCE for 53 solar cells (1 device has 6 pixels with an area of 0.16 cm? each) in reverse and forward scan under 1 Sun illumination and a

light soaking time of 60 s.

and ionizing radiation (7). These are measured in disease in-
cidence, equivalent kilograms of non-methane volatile organic
compounds (NMVOCs), and the decline in human health due to
air quality deterioration, respectively. These impacts were calcu-
lated using midpoint methods, focusing solely on the chemical-
to-ink system, thus constituting a gate-to-gate study.

10
2 | ? ?
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T T T T T T
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Figure 7. Boxplots of PCE evolution during 20 days for five solar cells (1
device has 6 pixels with an area of 0.16 cm? each) in reverse and forward
scan under 1 Sun illumination for 1 h.
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Table 2 shows a reduction in all areas impacting human health
when using the greener ink, resulting in a decreased negative
health impact. Specifically, human toxicity carcinogenic (11) de-
creased by #20%, and human toxicity non-carcinogenic (16) de-
creased by about 80%. Ionizing radiation (7) decreased by 4%,
and photochemical oxidant formation (2) decreased by 16% be-
tween the two methods. These results suggest that using a
greener solvent may reduce the potential for adverse human
health effects in the future.

Overall, the MAPDI, ink created using green solvents showed
improvements in all measured areas except ozone depletion (25)
and non-renewable energy consumption (8). This indicates that
the synthesis process for the materials used in the green ink sol-
vent has higher ozone depletion potentials and requires more
energy, likely sourced from non-renewable resources. However,
the relative increases are modest—only 10% for non-renewable
energy resources and 20% for ozone depletion. Moreover, the
slight negative impact on energy efficiency during ink synthe-
sis is likely offset by the energy-saving potential of switching to a
green solvent-based MAPDI, ink, as this approach eliminates the
need for gloveboxes and allows for processing at lower tempera-
tures compared to the standard ink. Eventually, suggesting signif-
icant environmental and practical advantages, including reduced
operational costs and enhanced safety. The lower processing tem-
peratures could also lead to broader applicability and easier scal-
ability in industrial settings.

This study presents a promising pathway toward more sus-
tainable perovskite solar cell production by developing a green,
water-based MAPDI, ink with methylammonium propionate as a
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Figure 8. Results of the comparative LCIA analysis between the standard MAPbl; DMF/DMSO ink and MAPbl; MAP/IPA/H,O ink. For each indicator,
the result of the standard ink is set to 1, and the results of the green ink are displayed to it. See Table S2 (Supporting Information) for exact values and

indicators.

protic ionic liquid (PIL) ink additive. Using isopropanol to en-
hance processability, we successfully utilized a one-step slot-
die coating technique to fabricate high-quality perovskite thin
films, demonstrating scalable potential. In-situ GIWAXS mea-
surements revealed a direct transition to the perovskite phase
with negligible Pbl, formation during crystallization, even under

Table 2. Comparison of the LCIA calculations of the green MAPblI; ink in
MAP/IPA/H,O and the standard MAPbl; in DMF/DMSO. The percent-
ages show a decrease compared to the standard ink.

Number Impact category Predicted difference

between the green and
standard ink [%]

(Green/Standard)*100%

1 Particulate matter formation 60%

2 Photochemical oxidant formation 15%

4 Human toxicity; carcinogenic, inorganic 80%

6 Human toxicity; non-carcinogenic, 55%

organic
7 lonizing radiation: human health 4%
9 Human toxicity: non-carcinogenic, 80%
inorganics

1 Human toxicity: carcinogenic 20%

16 Human toxicity: non-carcinogenic 75%

24 Human toxicity: carcinogenic, organic 9%
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ambient conditions without controlled humidity. This highlights
the adaptability of our ink formulation to practical, uncontrolled
environments. However, the appearance of PbI, in the steady-
state XRD of stored films points to the need for further strategies
to improve long-term stability.

This approach represents a balanced strategy for advancing
perovskite solar cells, combining effective device performance
with a reduced environmental footprint, and offering tangible ad-
vantages for industrial applications. As a next step, further work
will focus on scaling approaches to develop larger-area devices,
including fabricating perovskite minimodules to demonstrate
practical viability on an industrial scale. This will involve optimiz-
ing coating techniques, such as refining slot-die coating parame-
ters, to maintain uniformity and performance across larger sur-
faces. By addressing these challenges, this green solvent-based
method can potentially support the development of efficient, sta-
ble, and environmentally friendly perovskite solar modules for
real-world applications.

3. Conclusion

In this study, we successfully minimized the toxic content of per-
ovskite precursor inks through solvent engineering based on wa-
ter and isopropanol, using the protic ionic liquid (PIL) methyl
ammonium propionate (MAP) as an ink additive. MAP enabled
the dissolution of lead salts in non-toxic solvents, developing a
long-term stable perovskite precursor ink containing 5% water.
Dynamic solution chemistry studies, including NMR, UV-vis,
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and IR, suggested the presence of iodoplumbates in dynamic
equilibrium with partial carboxylate coordination. At the same
time, GIWAXS revealed non-intermediate-driven crystallization,
resulting in polycrystalline tetragonal MAPbI;.

Also, the precursor’s rheology makes it possible to use the ink
for the processing of the halide perovskite using scalable slot-
die coating as the deposition method. The solvents’ non-toxic
nature and the inclusion of IPA in an azeotropic ratio with the
water allow the ink to be employed at ambient conditions to
fabricate p-i-n solar cells with a glass/ITO/2PACz/MAPbI, /C60/
BCP/Cu stack, achieving a champion PCE of up to 10%. This
is the first report on a one-step water-based ink with these
characteristics.

Moreover, our life cycle impact assessment (LCIA) analysis
demonstrated that the new ink formulation is significantly more
environmentally friendly than the conventional DMF/DMSO-
based ink, showing reduced human toxicity.

This work introduces a greener alternative to traditional per-
ovskite inks and opens new avenues for the scalable and environ-
mentally sustainable production of perovskite solar cells under
ambient conditions. The successful integration of water-based
ink in a scalable deposition method like slot-die coating could sig-
nificantly impact the perovskite solar cell research field, paving
the way for more sustainable and cost-effective manufacturing
processes.

4. Experimental Section

Materials: Bathocuproine (BCP) and Cyy were purchased from Ossilla
at a grade exceeding 99.5%. [2-(9H-carbazol-9-yl) ethyl] phosphonic acid
(2PACz) was purchased from TCI Chemicals at a purity level exceeding
98%. Copper pellets were purchased from Evochem at a purity level of
99.99%. Deuterium oxide (D,0), sourced from Deutero, was utilized at
a grade of 99.9% with an additional tolerance of +0.03% TMS. Ethanol,
acquired from Fischer Scientific, was of absolute grade to ensure purity
throughout the experiments. Hellmanex IlI, procured from Hellma Ana-
lytics, was utilized as a 2% aqueous solution. Isopropanol, acquired from
Acros Organics, was used in its technical grade form. Lead (I1) acetate was
purchased from TCl chemicals as a perovskite precursor. Methylamine,
obtained from TCl, was used at 40 wt.% in methanol (MeOH). Methylam-
monium iodide (MAI) was purchased from Dyenamo. Propionic acid, ac-
quired from Sigma Aldrich, was utilized at a purity level exceeding 99.5%.
Commercial patterned indium tin oxide-coated glass substrates from Au-
tomatic Research with a resistivity of 15 Q cm™2 were used for solar cell
fabrication.

Synthesis of Methylammonium Propionate (MAP): 34 mL (25.84 g,
0.332 mol, 1eq.) of methylamine solution (40 wt.% in MeOH) was cooled
in an ice bath. 25 mL (24.75 g, 0.332 mol, 1 eq.) of propionic acid was
slowly added over 15 min, and the mixture was stirred for 1 h. The
methanol was removed under reduced pressure with a rotary evaporator,
and the product was received as a clear and viscous liquid.

Preparation of Water-Based Peroyskite Precursor Ink (MAPbl; in
MAP/H,0): 0.5204 g (1.6 mmol, 1 eq.) lead acetate (Pb(OAc),) and
4.8 mmol (3 eq.) of methylammonium iodide (MAI) were dissolved in
2.0 mL water and 3.0 mL methylammonium propionate (MAP). The mix-
ture was stirred at 50 °C until a clear solution was obtained and stored
under ambient conditions.

Preparation of Water-and |PA-Based Perovskite Precursor Ink (MAPbI; in
MAP/IPA/H,0): 0.5204 g (1.6 mmol, 1eq.) lead acetate (Pb(OAc),) and
4.8 mmol (3 eq.) of methylammonium iodide (MAI) were dissolved in
1.75 mL IPA, 0.25 mL water and 3 g (3.0 mL) methylammonium propi-
onate (MAP). The mixture was stirred at 50 °C temperature until a clear
solution was obtained and stored under ambient conditions.
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Solar Cell Fabrication: Patterned ITO substrates (25 X 25 mm) were
cleaned using 2% Hellmanex 111 solution, deionized water, acetone, and
isopropanol in an ultrasonic bath for 1015 min each. Before further use,
they were kept in a UV-ozone chamber for at least 15 min. For the hole
transporting layer, a solution of 3 mmol 2PACz in ethanol was spin-coated
on the cleaned ITO substrates (35 s, 3000 rpm, 600 rpm s~') and annealed
at 100 °C for 10 min. After that, these substrates were slot-die coated
(sheet coater from FOM Technologies) with the MAPbl; in MAP/IPA/H,O
ink using a N, knife (10° angle and T mm gap to the surface, pressure of
25 psi). The distance of the slot-die head to the substrates was 100 pm, and
the flux of the ink pumped through the slot-die head was 30 uL min~'. The
substrate coating speed was 15 cm min~', and the temperature was 60 °C.
The substrates were transferred on a hot plate at 100 °C for 15-20 min
in an ambient atmosphere for final annealing. Then, they were assigned
to a nitrogen-filled glovebox to evaporate the electron transport materials
(23 nm Cg and 8 nm BCP) and 100 nm copper electrode.

X-Ray Diffraction: The XRD measurements were done in a Bruker D8
diffractometer with Cu Ka (4 = 1.5406 A) operated at 40 kV and 40 mA in
Bragg-Brentano geometry.

FT-IR: A Spectrum 400 FT-IR/FT-FIR Spectrometer from PerkinElmer
was used for the FT-IR measurements of perovskite precursor inks. The
measurements were conducted under ambient atmospheric conditions,
and a 2 pL volume was used for each sample.

Mass Spectrometry: The mass spectrometry experiment was con-
ducted with a quadrupole QMS 220 M3 mass spectrometer from Pfeiffer.
Electron ionization at 70 V was applied using iridium filaments coated with
yttrium. Detection was performed with a secondary electron multiplier set
to 940 V. The mass filter time was adjusted to 100 ms per amu. The wet
film was initially used as an additive to freeze in nitrogen and then trans-
ferred into the spectrometer chamber. It was gradually heated, allowing
released molecules to be detected over time.

Nuclear Magnetic Resonance (NMR) Spectroscopy: NMR spectra were
acquired using a Bruker Avance Il 300 spectrometer, operating at
300.1 MHz for proton ('H) and 62.9 MHz for lead (2%’ Pb), equipped with a
5 mm BBO ATM probe. The 207Pb resonance was detected using a proton
broadband decoupled 27 Pb{H} experiment. Chemical shifts for 'H are re-
ported in parts per million (ppm) relative to tetramethylsilane (TMS, 6§ =
0), internally referenced to the residual proton signals of the lock solvent.
207pb chemical shifts were externally referenced to a 1.0 M Pb(NO;), so-
lution in D,O (6 = —2986.3 ppm) and are reported relative to Pb(CHs),
in toluene (6 = 0).

Surface Tension: The surface tension of the inks on air was measured
in a drop-shape analyzer from Kriiss using a 1 mL syringe and a 0.8 mm
diameter needle.

UV-Vis Absorption Spectroscopy: To measure the UV-vis absorption
spectra, Cary 5000 UV-Vis-NIR from Agilent was used utilizing cuvettes
from Hellma Analytics (type 106-QS) with a path length of 10 um.

Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS): GIWAXS
data were taken with a Pilatus 3 M (Dectris) at an energy of 10 keV at the
107 beamline at the Diamond Light Source, UK. The green ink was coated
with a mobile blade-coating setup described elsewhere.l*] In-situ data
was collected at an incident angle of 1°, and a repeated horizontal scan
with attenuation was performed to avoid beam damage of the sensitive
liquid phase, with 0.1 s exposure time per frame and ~2 s time resolution.
Static data was collected by performing a horizontal scan and summing
up the counts in the data analysis. Scattering data processing was done
with the Python tool INSIGHT, including transformation to g-space, ge-
ometric calculations, intensity corrections for path attenuation, detector
absorption, photon polarization, and solid angle.[*’] The correction of the
sample-to-detector distance was done by calibrating the substrate’s (110)
FTO reflexto 1.87 A=T, neglecting lattice expansion within the temperature
range used (60 °C-100 °C).

Solar Cell Testing:  The current-voltage (JV) curves were measured with
a Keithley 2450 Source Meter on a calibrated AM1.5 spectrum of a class
AAA solar simulator from Sciencetech with an illumination area of 50 x
50 mm, providing a power density of 100 mW cm?. The —0.2 to 1.2V range
was screened for the forward scan, and the backward scan was screened
for 1.2 to —0.2 V with a scan speed of 0.5 V s™"). The illuminated areas
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of the cells were 0.16 cm? using patterned ITO substrates. The EQE was
measured using an Enlitech setup with a step size of 10 nm.

Life Cycle Impact Assessment: Human health impacts were assessed
by considering specific impact categories calculated using OpenLCA 2.1.
software (https://openlca.org) and the ecoinvent database. The standard
unit for reporting human toxicity impacts is in CTUh, which is the esti-
mated increase in mortality for the total human population per unit mass
of chemical emitted. Other impact categories considered are particulate
matter formation, photochemical oxidant formation, and ionizing radia-
tion, measured in disease incidence, equivalent kilograms of non-methane
volatile organic compounds, and decline in human health due to deterio-
ration of air quality, respectively. These impacts were calculated with end-
point methods that only looked at the impact of a system earlier in its life
cycle, which was considered a gate-to-gate study.
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Supporting Information is available from the Wiley Online Library or from
the author.
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