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Abstract

Mechanochemical synthesis is a sustainable and scalable approach for producing halide perovskites,
offering key advantages over traditional solution-based methods, such as solvent-free processing,

improved stoichiometric control, and reduced toxicity. In this work, we present a detailed study on the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mechanochemical synthesis of MAPbl; and MAPbBr; (MA=methylammonium), with real-time monitoring

of temperature developed to optimize the grinding conditions. We find that the temperature increase

Open Access Article. Published on 25 September 2025. Downloaded on 9/29/2025 10:17:41 AM.

primarily originates from mechanical impact rather than the exothermicity of the reaction and does not

(cc)

limit perovskite formation and quality. Ultra-pure MAPDbI; is readily obtained in under 10 minutes, while
MAPDBTr; requires longer grinding times for complete conversion (30 min). Prolonged milling yields finer
powders, which are essential for formulating well-dispersed, DMF-free inks. These inks enable the
fabrication of one-step perovskite slot die coated films under ambient conditions. Our findings highlight
that real-time thermal diagnostics provides a valuable tool for optimizing mechanochemical synthesis
protocols and the importance of powder refinement to achieve homogeneous films suitable for scalable

optoelectronic applications.
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Halide perovskites have emerged as promising materials for optoelectronic applications, particularly in
photovoltaics, due to their excellent light absorption, tuneable bandgap, and ease of processing.'-®
However, traditional synthesis routes, whether targeting bulk powders or thin films, are heavily reliant
on volatile organic solvents.>2' Solution-based approaches, such as antisolvent-assisted crystallization
or solvent engineering techniques, often require multiple synthesis and purification steps, and the use
of large volumes of toxic solvents, most among all N,N-dimethylformamide (DMF).2-'4 In these systems,
the different solubilities of precursor salts may lead to stoichiometric imbalances in the final product,
thus affecting phase purity and reproducibility.'®2" Similarly, vapor-based solvent-free techniques such
as thermal evaporation are strongly influenced by the differential sublimation rates and diffusion
behaviours of individual precursors in vacuum, often resulting in deviations from the target
stoichiometry.22-25

Mechanochemistry has recently gained traction as an alternative, solvent-free approach for synthesizing
metal halide perovskites.26-43 By relying on mechanical energy (typically through ball milling or grinding)
to drive chemical reactions, mechanochemical synthesis provides a direct, sustainable, and
operationally simple route to obtain high-purity materials.2%:31.35.44-46 Degpite its potential as a green and

scalable synthesis method, its use in the field of halide perovskites remains relatively underexplored.
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Fig. 1: a) Number of publications on halide perovskites synthetised via mechanochemical, solution and vacuum processing from
2000 to 2025 obtained using Google Scholar. b) Total grinding time (f;) and rotation speed (U) reported in the literature for

methylammonium lead halide (MAPbX;) perovskites.

Fig. 1a shows that publications combining "mechanochemistry" and "halide perovskites" are still

significantly fewer than those focusing on solution processed and vacuum processed halide perovskites,
2
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although the number of contributions has been steadily increasing over the past few yearslj(gl'lzhlgl%gg/mgr;m Cclfo 83‘;’:
interest in mechanochemical reactions is driving efforts to develop standardized protocols and to unravel
the mechanisms and kinetics involved.4%42 Published recipes for the mechanochemical synthesis of
MAPDbX3 (where MA=methylammonium, X = I, Br, CI') vary widely in terms of milling speed (from 200
to 700 rpm) and reaction time (from 10 to 350 minutes), with little rationale provided for these choices
(Fig. 1b).3"-43 A central concern in these processes is the temperature increase that occurs within the
grinding jar due to mechanical friction. If uncontrolled, this heating can lead to thermal degradation of
the precursors or the final perovskite product. For this reason, many studies rely on intermittent grinding
cycles or include breaks to limit thermal buildup.30:35:38.3% However, few studies to date have attempted
to monitor the temperature evolution during grinding or assess its correlation with reaction kinetics and
material quality.4749

In this work, we focus on mechanochemically synthetized MAPbI; as a case study and investigate the
optimal conditions for obtaining ultrapure crystalline powders, which are then used to formulate DMF-
free inks for slot-die coating of thin films. By employing a specially designed milling lid equipped with a
temperature sensor, we are able to monitor the thermal evolution of the reaction in real-time. Our study
demonstrates that high-purity MAPDbI; can be synthesized in under 10 minutes, with complete reaction
occurring after only 4-5 minutes of grinding. The final product exhibits crystallinity and phase purity

comparable to that achieved by solvent-based methods, without the need for solvents or multiple

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

purification steps. We explore the role of milling parameters on reaction kinetics, including rotational

speed and ball to powder weight ratio (BTR) ratio, which reflects the mass proportions of beads and

Open Access Article. Published on 25 September 2025. Downloaded on 9/29/2025 10:17:41 AM.

reactants. We find that the temperature rise is primarily driven by friction and not by exothermic heat

(cc)

release from the reaction itself, as confirmed by comparative experiments using MAPbl; and MAPbBr;.
Importantly, the temperature remains well below degradation thresholds even after 1.5 hours of
continuous grinding, allowing for efficient synthesis. This work provides new insights into the
thermodynamics and kinetics of mechanochemical perovskite synthesis and offers a framework for

rational design of solvent-free perovskite production processes.

Results and Discussions
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To systematically investigate the potential of mechanochemistry for the synthesis of halide Operovsk@‘teﬂsnde Online
DOI: 10.1039/D5MR00085H

we selected MAPDI; as a case study, given its status as the archetypal halide perovskite and the most
extensively studied composition in literature. We begin by comparing MAPbI; powders synthesized via
conventional solution-based routes and the mechanochemical approach (details on materials and
synthesis can be found in the ESI). Fig. 2a shows X-ray diffractograms (XRD) of crystalline samples
obtained from two solution-based precipitations and one mechanosynthesis. Antisolvent precipitation
represents the simplest and most scalable method among wet-chemistry processes, particularly when
using green solvents such as dimethylsulfoxide (DMSO) and 2-propanol (IPA). However, our results
show that direct precipitation from Pbl, in IPA leads to incomplete conversion, with the XRD pattern
revealing a strong peak at 12.65° corresponding to unreacted Pbl, (Fig. 2a). This confirms previous
finding that full conversion is hindered when using unmodified Pbl, in antisolvent method.'”2! Pre-
ground powders or alternative solvents could significantly reduce the amount of unreacted Pbl,.'” Here,
we explore a solution route based on the formation of DMSO-Pbl, complexes, as previously reported. 8-
20 This route yields phase-pure MAPDblI;, as evidence by the absence of Pbl, reflexes in the XRD pattern
(Fig. 2a). However, the synthesis requires multiple reaction, drying and washing steps taking two work-
days, and consumes 50 mL per each gram of product gained.

The trade-off between purity and processability in these solution-based routes motivated our exploration
of mechanochemistry as an alternative route. In this solvent-free approach, stoichiometric amounts of
Pbl, and MAI are subjected to mechanical grinding to induce a solid-state reaction.3'-35 Continuous
mechanical forces ensure effective mixing of the reactants, promoting uniform reaction conditions and
breaking down larger particles increase surface area and collision frequency. This mechanical treatment
provides the driving force necessary to overcome the activation barrier and initiate the chemical reaction.
Remarkably, phase pure MAPDbI; is obtained within 10 minutes of grinding, without any solvent use or
post-synthesis purification. Moreover, the continuous and intense mixing prevents concentration
gradients, enabling highly uniform product formation. The XRD pattern reveals sharper and narrower
reflexes compared to the solution processed samples, indicating high crystallinity and larger grain
domains (Fig. 2a). This synthesis route is not only rapid and environmentally benign, but its simplicity
and minimal waste make it highly attractive for scalable production. Fig. S1 shows a comparison
between XRD patterns of MAPbI; in its pristine form (as powder) and after compression into pellets,

showing that compression do not cause any peak shift. To optimize the synthesis, we studied the effect
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of the BTR ratio, which influences the frequency and intensity of collisions. Fig. 2b dis}ﬁa%@de Online

DOI: 10.1039/D5MR00085H
diffractograms of compressed MAPDbI; powders milled for 10 min at 400 rpm employing different BTR
ratios of 5:1, 10:1 and 20:1. The unreacted fraction of Pbl, reduces and finally disappears with increasing

BTR ratio, demonstrating that higher ratios facilitate faster conversion. Importantly, the conversion is

Open Access Article. Published on 25 September 2025. Downloaded on 9/29/2025 10:17:41 AM.

g
g fully completed for all BTR ratios upon grinding additional 20 minutes, as shown by XRD patterns in Fig.
£
: S2 and S3 and UV-Visible reflectance spectra of pellets in Fig. S4.
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Fig. 2: a) XRD pattern of compressed powder samples obtained via precipitation of MAPbI; from Pbl, (Precipitation A),
Pbl,(DMSO), (Precipitation B) in MAI solutions of IPA and mechanochemical route. b) XRD patterns of compressed MAPbI;
powder obtained grinding at 400 rpm for 10 minutes at varied BTR ratios of 20:1, 10:1 and 5:1. ¢) XRD patterns of MAPbI; powder
ground at 400 rpm and d) 800 rpm at 1-minute intervals of grinding time. The reference XRD patterns of tetragonal MAPbl; (COD:
4124388) and its inorganic precursor Pbl, (COD: 9009114) are also shown.505'Reflexes of the MA,Pblg intermediate are marked

by an asterisk (*).52

To further understand the reaction kinetics, we monitored the evolution of the crystalline phases by XRD
analysis at 1-minute intervals during milling (Fig. S5 and S6 in ESI). For a rotational speed of 400 rpm,
unreacted Pbl, peaks progressively diminish and completely disappear after 6 minutes, confirming full
conversion into MAPDbI; within 10 minutes (Fig. 2c), aligning with previously reported synthesis utilizing

similar ball-mills and synthesis conditions.?6:31:35 Increasing the rotational speed to 800 rpm accelerates
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the conversion significantly which already completes after 3 minutes, as recognized by the absence ffcte Onine
DOI: 10.1039/D5MR00085H

unreacted precursor reflexes (Fig. 2d). This acceleration is attributed to enhanced mechanical impact
energy imparted by the faster movement of the grinding media. Fig. S7 in the ESI show the XRD patterns
of MAPblI; obtained from different batches, confirming the time-to-phase-purity at both 400 and 800 rpm.
Importantly, the XRD patterns of MAPbI; obtained from these experiments are identical to those
measured from continuous grinding, indicating that the reaction proceeds in the same way, regardless
the time intervals (Fig. S8).

Despite the increasing adoption of mechanochemical protocols, the thermal aspects of halide perovskite
synthesis via ball milling remain largely underexplored. Understanding the heat generated during
grinding is particularly relevant, as these materials are known to decompose at temperatures between
100 and 200°C.53-%5 In most studies, cooling intervals are applied based on presumed overheating risks,
though often without direct temperature measurements.26.:30.31.35 To date, only a study by Askar et al.
has reported post-milling temperature data, indicating 50 °C after grinding FAPbBr; and FAPbI; to form
mixed perovskites.*® Here we use a specially designed jar lid equipped with an integrated temperature
sensor to monitor in real time the temperature evolution during milling. Fig. 3a and 3b show the lid
temperature profiles of MAPbl; mechanochemical synthesis at rotational speeds of 400 rpm and 800
rpm, respectively, during alternating cycles of 10 minutes of grinding followed by 20-minute breaks. The
data show that within 10 minutes of grinding, the temperature increases just above 25 °C at 400 rpm
and 35°C at 800 rpm. Notably, minimal cooling is observed during the 20-minute pauses, indicating that
such lengthy breaks may be unnecessary for reducing the temperature inside the jar back to the initial
value. To further assess the long-term behaviour, continuous grinding for 90 minutes was performed at
both 400 rpm and 800 rpm (Fig. 3c). In both cases, the lid temperature initially rises before plateauing,
suggesting a steady-state condition where heat generation (from friction and possibly the reaction itself)
is balanced by heat dissipation through jar rotation and ambient temperature. At equilibrium, the
maximum lid temperatures reached are about 35 and 50°C for 400 and 800 rpm, respectively, well below
the decomposition threshold of MAPbI3.53-%5 This suggests that thermal decomposition is unlikely to
occur under standard milling conditions, consistent with previous studies on the effects of prolonged
high-energy ball milling on the crystallinity of the final product.3® Notably, the long-term grinding was

repeated over several batches, observing consistent temperature profiles (Fig. S9 b and Fig. S9 d).
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Fig. 3: a) Lid temperature profile of MAPbl; mechanochemical synthesis for cycles of 10 minutes of grinding followed by 20-minute
breaks at 400 rpm and b) 800 rpm employing a BTR of 8.6:1. c) Lid temperature profile of MAPbl; mechanochemical synthesis
measured during continuous grinding for 90 minutes at 400 rpm and 800 rpm with a BTR of 8.6:1. The shaded error bands reflect
error bars due to the inaccuracy of the thermal sensor of +1%. d) Evolution of the lid temperature difference (AT) developed within
the first 8.5 min of grinding as a function of the initial temperature (T,). €) Slope (m) of the temperature profile plotted as a function
of the initial temperature for MAPbI; ground at 400 and 800 rpm and MAPbBr; ground at 400 rpm and exponential fit. The linear

fittings of the temperature profiles are shown in Fig S4. Exponential fitting parameters are listed in Table S2.

The lid temperature evolution in Fig. 3c closely resembles those observed in mechanically driven co-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

crystallisation processes where friction alone accounts for the thermal rise.#” To determine whether the

observed lid temperature increase stems solely from friction or includes contributions from the reaction

Open Access Article. Published on 25 September 2025. Downloaded on 9/29/2025 10:17:41 AM.

exothermicity, we examined the lid temperature rise across sequential grinding cycles. Since MAPbI;

(cc)

forms within the first 10 minutes, any reaction-associated heat should appear primarily in the first cycle.
In Fig. 3a, the first cycle corresponds to the grinding of an equimolar Pbl,-MAI mixture, while the
following cycles represent the grinding of pre-synthetised MAPbI; under identical milling conditions.
Comparison of the temperature increases across cycles (Fig. 3d) reveals a strong dependence on the
initial lid temperature (Ty), with AT diminishing as T, approaches the final equilibrium value. This
behaviour suggests that the dominant contributor to heating is mechanical friction rather than reaction
enthalpy.

To investigate this further, we compared the synthesis behaviour of MAPbl; and MAPbBr3;, which differ
in both reaction thermodynamics and mechanical properties of the precursors. Experimentally, we

observe that MAPbI; forms more rapidly, with precursor reflexes disappearing more quickly in XRD
7
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patterns compared to MAPbBr;. For the latter, PbBr, reflexes persist for up to 20 minutes of %rindm cle Online
DOI: 10.1039/D5MR00085H

(Fig. S10a), indicating slower reaction kinetics. This is consistent with the reportedly stronger Pb-Br
bonds compared to the Pb-I bonds, which increase the mechanical resistance and therefore slightly
decelerate the conversion.%¢:57 Unlike its bromide counterpart, the Pbl, precursor also features a layered
crystal structure providing increased plasticity that fastens its conversion.5”-%¢ From a thermodynamic
perspective, the standard enthalpy of formation is more negative for MAPbBr; with -543.1 kJ/mol than
for MAPbI; with -371.6 kd/mol, with a similar trend observed for their lead precursors (-277.4 kd/mol and
-175.4 kJ/mol).8% While these standard formation enthalpies highlight the different bond strengths, the
reaction enthalpy from the halide precursors is much smaller in magnitude: -6.78 kJ/mol for MAPbBr;
and +4.49 kJ/mol for MAPbI;. These values indicate that the solid-state reactions are only mildly
exothermic, and in the case of MAPbI;, slightly endothermic. Nevertheless, computational and
experimental studies provide a consistent trendline of decreasing stability moving from bromide to iodide,
though the absolute values vary considerably.6%-65 Despite these kinetic and thermodynamic difference,
the temperature profiles recorded during grinding cycles (10 minutes each) do not show significant
differences between MAPbI; and MAPbBr; (Fig S10b). Based on time-temperature data, we linearly
fitted the temperature increase of MAPbI; and MAPbBr; (Fig. S9) and plotted the obtained slope for
each grinding cycle as a function of the initial temperature (Fig. 3e). MAPbIl; and MAPbBr; follow a
similar logarithmic dependence and show a strong correlation with the initial temperature, supporting
the conclusion that frictional heating dominates over the relatively small heat release, or adsorbed,
during the solid-state reaction itself. This aligns well with the near-zero enthalpies of formation from
halide precursors reported for both compounds. It should be noted that the temperature sensor is located
in the jar lid (Fig. S11 in the ESI). Because the sensor is not immersed in the powder bed, the reported
values can be smaller than the bed mass-average temperature due to axial (from bottom to top) and
radial (from centre to wall) gradients, as well as due to small delays associated with heat transport to
the lid. Fig 3a-b shows that the initial rises in temperature indeed set in with several minutes delay as
heat vertically transfers to the sensor, limiting its temporal and thermal precision. The heat transfer
accelerates with increased rotational speed as the thermal gradient increases due to quicker heat
generation by friction. At the same time, at higher rotational speed we also expect to have a better
internal mixing efficiency with better radial temperature homogenization. While the actual temperature

values of the powder bed might differ from the lid temperature, the temperature—time trends are not

8
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expected to be affected. Interestingly, extrapolation of the fitted logarithmic trends in Table 1 allowsyascte Online
DOI: 10.1039/D5MR00085H

to estimate the asymptotic maximum temperatures of 38.4°C and 49.4°C for 400 rpm and 800 rpm,

respectively. These values closely match the saturation lid temperature observed in continuous grinding

experiments (Fig. 3c), suggesting that such quick thermal analyses can serve as predictive tools for

determining operational temperature limits during mechanochemical synthesis.

Table 1: Logarithmic fitting of the slope m in respect to the starting temperature T, from Fig 3e with derived equilibrium temperature

Tee- form = 0.
Logarithmical Fitting of m values
Sample Equation Teq
MAPbDI3, 400 rpm m =-0.451 min"" - In(Ty) + 1.6451 °C-min-" 38.4°C
MAPbDI3, 800 rpm m =-1.149 min-" - In(T,) + 4.4808 °C-min-" 494 °C
MAPDbBTr3, 400 rpm m =-0.733 min" - In(T,) + 2.6166 °C-min~’ 35.5°C

While the formation of pure MAPDblI; is achieved within the first 10 minutes of milling, prolonged grinding
is essential to obtain finely dispersed powders with narrow particle size distributions.?° Fig. 4a shows
top-view scanning electron microscopy (SEM) images of MAPbI; powders ground for 10 minutes and
60 minutes, dispersed in 1-butanol and drop-casted on carbon paper. As shown by the particle size

distributions in Fig. 4b, extending the milling time slowly reduces the average particle size from 370 to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

350 nm (Table S2 in the ESI). Fig. S12 in the ESI shows SEM images and particle size distributions of

MAPDbI; after 10 and 60 minutes of grinding when a lower BTR ratio of 5:1 is used. Here, the average

Open Access Article. Published on 25 September 2025. Downloaded on 9/29/2025 10:17:41 AM.

particle size and its distribution remain unaffected by prolonged grinding, even after 60 minutes of

(cc)

grinding. Notably, the average particle size after 10 minutes of grinding at 800 rpm is considerably higher
than that obtained at 400 rpm under similar BTR (Table S2, Fig. 4c-d). This difference is likely caused
by enhanced agglomeration at higher speeds, where the increased kinetic energy of the grinding media
promotes particle fusion. This result is consistent with prior reports showing that crystallite size increases
with increasing rotation speeds.®® Under prolonged grinding times (>60 minutes), the particle size
distribution becomes narrower and shifts to lower values (Figure 4d), which tells us that an equilibrium
size is reached and the product becomes more homogeneous. We observe a similar shrinking trend
when MAPDI; powder was directly deposited on carbon tape, without making a dispersion in 1-butanol

(Fig. S13). Importantly, MAPbl; powders coming from different batches have been considered to have
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an average of 200 particles per synthesis conditions in the analysis of particle size distributionVﬁg' jcle Online
DOI: 10.1039/D5MR00085H

S14). Finally, we note that the precursor powders were used as received from commercial suppliers
without further pretreatment. While the initial precursor size can influence the final particle size, as

reported in previous studies,3%3° this parameter was not investigated in the present work.

1 wn
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Fig. 4: a) Top-SEM images and b) particle size distributions of MAPbl; powder ground at 400 rpm with a BTR of 20:1. c) Top-SEM
images and d) particle size distributions of MAPbI; powder ground at 800 rpm with a BTR of 8.5:1. e) Reflectance and f)
photoluminescence spectra of MAPbI; film coated on FTO. The energy gap, estimated by the maximum peak of the PL, is 1.59
ev.

Developing uniform thin films is essential for optoelectronic applications. The vast majority of studies on
perovskite-based devices rely on spin coating, a technique that, while effective in lab-scale
demonstrations, is not scalable for industrial applications and generates significant waste due to the
material spun off during the rotation process. Slot-die coating instead represents a promising alternative,
offering a compatibility with large-area and roll-to roll processing and does not involve sacrificial
materials. Here we explore ambient slot-die coating, focusing on the formulation of DMF-free inks.
Traditionally most perovskite inks are based on DMF, a reprotoxic solvent that is expected to be banned
by the European Union for industrial-scale applications.!'-'467 Furthermore, conventional solution-

processing routes (included slot-die coating) often rely on two-step procedure where Pbl, is deposited
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and then converted into MAPbI; or require an annealing step.986° Notably, mecggln%%%}aggm%%gggﬁ
synthesized MAPbI; has been coupled with solution processing methods, such as spin coating, after
fully dissolving the powder in DMSO.7° We present an alternative approach based on dispersion inks,
in which pre-synthetized MAPDI; powders are directly suspended in a suitable dispersing medium,
allowing for the deposition of slot-die coated films in a single step. The use of dispersion liquid, rather
than solvents, enables us to perform repetitive coatings. We focus on 1-butanol as a solvent due to its
relatively low boiling point (<100°C), which allows for low-temperature processing and potentially
eliminates the need for post-deposition annealing. 1-Butanol prevents the dissolution of MAPbDI;
enabling the formation of a black ink that retains its colour for months inside the glovebox (Fig. S15).
Optimization of the concentration revealed that values up to 400 mg/mL prevents clogging of the syringe
and yield a dispersion that, after vortexing and stirring, remains sufficiently stable for reliable use in the
slot-die coater without phase separation. To further improve film uniformity, we compared coatings dried
in ambient conditions with and without the use of a nitrogen air knife impinging on the coated layer. An
air pressure of 2 bar was used and placed at a distance of 2.2 cm horizontally from the coating head
and at a height of 4 cm from the sample, finding that applying the air knife leads to the full coverage of
the substrate with a higher uniform film. It is well established that in dispersion-based inks, particle size
plays a critical role: particles between 50 and 200 nm are ideal to ensure uniform dispersion and prevent

clogging of both the syringe and slot die head during coating.”” Finer powders obtained through

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

extended milling yield inks with improved dispersion and better film coverage both on FTO and FTO/TiO,

substrates. Reflectance and photoluminescence (PL) measurements showed in Fig. 4e-f, confirm the

Open Access Article. Published on 25 September 2025. Downloaded on 9/29/2025 10:17:41 AM.

formation of the MAPbI; phase with an estimated energy bandgap of 1.59 eV from the PL peak, even in

(cc)

the absence of an annealing step. Finally, we demonstrate that film thickness can be tuned either by
depositing multiple layers or by adjusting the ink concentration, with thinner films achieved using more
diluted dispersions (Fig. S16). Fig. S17 shows the XRD pattern, top-view SEM and average roughness
obtained for slot-die coated MAPDbI; films, which exhibit pure phase, confirming that 1-butanol prevents
the dissolution of MAPDI;, full coverage and smooth layers. Similar films have previously been reported
for X-ray and photo detectors using bar-coating.”>”3 In those studies, the films were deposited in air
starting form MAPDbI; inks, where the perovskite crystals were first obtained by solution precipitation and
then dispersed in IPA, rather than being prepared via mechanochemistry. In contrast, mechanosynthesis

enables the production of phase-pure and smaller crystals compared to earlier methods. The high
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thickness makes these films unsuitable for solar cells, which typically require compact and smoothes@Qcte Oniine
DOI: 10.1039/D5MR00085H

nm thin layers. To date, the vast majority of slot die coated MAPbI; films with such compact
morphologies have been achieved through two-step deposition approaches or starting from the
precursor solution.'®74-76 \ery recently, one-step slot die coating of a perovskite layer has been
demonstrated using a mixture of water, IPA and the protic ionic liquid methylammonium propionate as
non-toxic solvents, enabling the fabrication of perovskite solar cells with an efficiency of up to 10%.6

To confirm the quality of slot-die coated films, we coated patterned ITO substrates with 25 ym thick
MAPDI; layers to form a symmetric device ITO/MAPDI3/ITO and tested it as photoconductor. Fig. S18
shows the dark and light current measured at different scan rates, confirming photodetection capability.
We further tested the response under chopped monochromated visible light changing the illumination
intensity and under X-ray illumination, yielding a linear response corresponding to a sensitivity of 60+3

MC/Gyair/cm? (Fig. S19).

Conclusions

This study proved a comprehensive analysis of the mechanochemical synthesis of MAPblI3, highlighting
both the efficiency of the process and the underlying thermal behaviour during milling. By combining
structural characterization with in-situ monitoring of temperature and pressure, we offer new insights
into the key parameters governing product formation. High purity MAPbIl; powders can be obtained
within 10 minutes of milling, and further grinding reduces the particle size, improving size distribution
and powder uniformity. We demonstrate that the milling parameters, specifically the BTR ratio and
grinding speed, play a critical role in accelerating the reaction by increasing the frequency and energy
of mechanical collisions. Our in-situ thermal measurements reveal that the temperature rise during
milling originates predominantly from mechanical friction rather than the enthalpy of the perovskite
formation reaction. Despite extended grinding at high speeds (up to 800 rpm), the internal temperature
of the milling jar remains well below the thermal decomposition threshold of MAPblI3, indicating that
concerns about overheating in such systems may be overstated. The weak thermal signature of the
reaction itself is consistent with its near-zero enthalpy of formation. We then use MAPbI; prepared by
mechanochemical synthesis to prepare one-step slot-die coated photodetectors yielding good response
under both visible light and X-ray illumination. Overall, this work highlights the importance of controlling

milling parameters not only to achieve phase-pure hybrid perovskites but also to tune powder
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morphology for downstream processing into films. The use of real-time thermal diagnostics ?rovide@ade Online
DOI: 10.1039/D5MR0O0085H
valuable tool for optimizing mechanochemical synthesis protocols and ensuring reproducibility and safe

processing of temperature sensitive materials.
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