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ABSTRACT
In the quest for stable, eco-friendly, lead-free halide perovskites, layered double perovskite semiconductors are promising deriv-

atives that remain underexploited. We demonstrate the use of mechanosynthesis to access these materials for silver(I) and

bismuth(III) analogues incorporating benzylammonium and 1,4-phenylenedimethylammonium bromide cations in

Ruddlesden–Popper and Dion–Jacobson phases, respectively. Their thin films were fabricated and analysed by a combination

of techniques, demonstrating the potential use in thin-film opto(electro)ionics.

1 | Introduction

Lead-based metal halide perovskites have become one of the lead-
ing solution-processed thin-film semiconductors in optoelectro-
nics, challenging state-of-the-art technologies [1]. These systems
are based on the canonical ABX3 perovskite structure where A,
the central cation, can be either Cs+, methylammonium (MA+,
CH3NH3

+) or formamidinium (FA+, (H2N)2CH
+), B is typically

divalent Pb2+, and X is a halide anion (I−, Br−, or Cl−; Figure 1).
Solution-processed metal-halide perovskites are relatively soft crys-
talline materials featuring exceptional performance across various
opto(electro)ionic devices, which is attributed to their direct
bandgap, high absorption coefficient, long-range charge diffusion,
high dielectric constant, and outstanding carrier mobility [2–4].
Despite their remarkable characteristics, however, they are mixed
ionic-electronic conductors that are reactive to oxygen and mois-
ture, which contributes to their instability under environmental

conditions and during voltage bias, irradiation, and temperature
changes [5–7]. This setback has stimulated various interfacial func-
tionalisations, compositional engineering, and encapsulation strat-
egies [8–12]. In addition, the toxicity of lead poses a major issue for
the application, particularly when large-scale deployment is consid-
ered, presenting substantial health and environmental risks
[13–15]. Therefore, lead-free and other perovskite-inspired materi-
als have attracted considerable attention [16–18]. To this end, Sn2+

provided a suitable alternative [19], although Sn perovskites exhibit
poor stability due to the rapid oxidation that affects their structure
[16, 19]. A promising option emerged in the form of double perov-
skites, which rely onmonovalent and trivalent metal cations replac-
ing divalent metals (Pb2+) in the crystal structure with the general
formula A2B

+B3+X6 [20–23]. Recent breakthroughs suggested that
double perovskites with monovalent Ag+ cation and the trivalent
Bi3+ cation were promising candidates for lead-free perovskite solar
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cells [24–26], even though Cs2AgBiBr6 has a large indirect bandgap
[25, 27–29] and, therefore, the corresponding solar cells exhibit poor
solar-to-electric power conversion efficiency [30]. A strategy to
overcome the indirect bandgap and tailor the material properties
is to develop layered derivatives of halide double perovskites
through the introduction of large organic spacer cations [31].
This leads to the formation of two most common classes of layered
double perovskites, the so-called Ruddlesden–Popper (RP) and
Dion–Jacobson (DJ) phases templated by various alkylammonium
cations [32–36]. In RP perovskites, the perovskite layers are dis-
placed along the in-plane direction, involving mostly monofunc-
tional spacers. In contrast, DJ perovskite phases are commonly
based on bifunctional cations that connect the aligned neighbour-
ing perovskite slabs (Figure 2). Despite their potential to enable
more efficient and stable lead-free perovskite materials and devi-
ces, this class of low-dimensional materials remains underex-
ploited to date [36].

Within the plethora of synthetic techniques to access halide
perovskite materials, mechanosynthesis [37–40] presents a versa-
tile approach based on a solid-state reaction at ambient tempera-
ture using mechanical energy, such as via ball milling [41]. This

versatile approach can circumvent the solubility issue of the pre-
cursors while contributing to the crystallinity of the resulting
materials [42]. Such a method offers notable advantages in reac-
tion time and resource consumption, resulting in a combination
of simplicity with an environmentally friendly solvent-free syn-
thesis. It has been shown that mechanosynthesis is feasible under
mild ambient conditions, owing to the soft crystalline nature of
halide perovskites. However, it has been unexploited in the prep-
aration of layered double perovskites, despite the potential to
access these materials more readily and expand their scope [43].

In this work, we investigated RP and DJ layered double perov-
skite bromide phases incorporating benzylammonium (BNA)
and 1,4-phenylenedimethylammonium (PDMA) organic spacers,
which were accessed by using mechanosynthesis under ambient
conditions. While various layered double perovskite composi-
tions have been reported, we focus on AgBiX-based systems,
considering their promise in opto(electro)ionics [36, 44]. Thin
films were characterised using a combination of structural and
optoelectronic techniques, demonstrating structural characteris-
tics and behaviour typical of layered halide perovskite structures,
highlighting mechanosynthesis as an effective tool for accessing
layered halide double perovskites and their thin films. This offers
a promising strategy to realise the potential of lead-free perov-
skites in opto(electro)ionic devices, as illustrated by their resistive
switching (RS) behavior for emerging neuromorphic devices.

2 | Results and Discussion

The representative layered double perovskite model systems based
on BNA and PDMA were synthesised by ball milling of the precur-
sors based on (PDMA)2AgBiBr8 and (BNA)4AgBiBr8 compositions.
While BNA-based double perovskites were previously known,
PDMA ones are introduced for the first time [45, 46]. The powders
were subsequently dissolved in the conventional solvent mixture of
N,N-dimethylformamide and dimethyl sulfoxide and spin-coated to
obtain thin films, as described in the Supporting Information. The
structural properties of powders and thin films were analysed by
X-ray diffraction (XRD) (Figure 3 and Figure S1) [45, 46]. In both
powder XRD patterns (Figure S1), the perovskite phase can be
identified alongside smaller quantities of unreacted precursors.
The atomic-level structure was additionally analysed by solid-state
NMR spectroscopy (Figures S2 and S3). For this purpose, the
mechanosynthesized (PDMA)2AgBiBr8 and (BNA)4AgBiBr8
powders were compared with their respective pristine precur-
sors ((PDMA)Br2 and (BNA)Br, respectively). Comparison of the
13C NMR spectra revealed noticeable shifts within the CH2 range
(40−50 ppm) and the aromatic region of the spacers
(120−140 ppm), in addition to the presence of a new peak for
BNA-based systems in the aromatic region. These variations sug-
gest the presence of PDMA and BNA spacer cations in new chem-
ical environments, signifying the emergence of new phases.

XRD patterns of the corresponding films exhibit distinctive (h00)
reflections, indicating the parallel alignment relative to the sub-
strate (Figure 3). This was particularly pronounced in the BNA-
based system, displaying a slightly higher level of crystallinity
than the PDMA-based one (Table S1). Both featured diffraction
peaks at low angles of 2θ below 10°, which is associated with the
(001) reflection and indicative of low-dimensional structures
[43, 45, 46], with 7.7° for PDMA and 5.3° for BNA, corresponding

FIGURE 1 | Schematic of ABX3 metal halide perovskite structure

(B = Pb2+; Ag+, Bi3+; X = I−, Br−, or Cl−).

FIGURE 2 | Structural representation of RP (top) and DJ (bottom) lay-

ered double perovskite phases incorporating organic cations (S, S 0) in this

study, i.e., benzylammonium (BNA) and 1,4-phenylenedimethylammo-

nium (PDMA), based on (BNA)4A2(n−1)(AgBi)nBr2(3n+1) and (PDMA)2
A2(n−1)(AgBi)nBr2(3n+1) compositions (representative n= 2 phases are illus-

trated with central A cations as green spheres).
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to d-spacings of 11.4 and 16.6 Å, respectively. Moreover, a com-
parison of the XRD patterns of films prepared by direct mixing of
the precursors and the mechanosynthetic powders indicates a
slightly higher level of crystallinity when using mechanochem-
istry (Figure S1). The structural analysis nonetheless suggests
that the mechanochemical approach can be applied to prepare
layered double perovskites and their films. The films were
subjected to thermal and ambient atmosphere aging at 60%–
70% relative humidity (Figure S4). While PDMABr-based system
retained>90% of the intensity of its diffractions after 120 min at
100°C, BNABr-based system degraded after 30 min, leading to
the formation of oxidised Ag phases, corroborating higher ther-
mal stability of the DJ phases. In contrast, BNA-based RP systems
exhibited longer shelf life as compared to DJ phases.

The morphology of the films was further investigated by
scanning electron microscopy (Figure S5). The surface of the
(PDMA)2AgBiBr8 films exhibited greater uniformity with larger
domains, whereas (BNA)4AgBiBr8 featured a surface with ran-
domly distributed regions with a higher concentration of Ag,
as suggested by energy-dispersive X-ray elemental analysis, likely
due to segregation that can be further optimised.

These structural and morphological features can significantly
influence optoelectronic properties, which were analysed by
UV-visible absorption and steady-state photoluminescence (PL)
spectroscopy (Figure 4a,b). The presence of narrow excitonic
absorption features at 415 nm for the PDMA-based perovskite
and 410 nm for the BNA-based system indicates quantum and
dielectric confinement effects characteristic of layered perovskites
[47–49]. Furthermore, PL measurements showed signals at 510
and 515 nm for the PDMA and BNA systems, respectively, with
a larger Stokes shift for BNA-based systems. The dynamics of pho-
togenerated charge carriers were further assessed by time-resolved
PL (TRPL) measurements (Figure 4c), which revealed a slightly
faster decay in (PDMA)2AgBiBr8 films, exhibiting a second-order
decay profile indicative of two radiative processes, i.e., PL quench-
ing of free carriers and radiative recombination of trapped carriers
[49]. This remained consistent for (BNA)4AgBiBr8 films, albeit
with a longer average lifetime (τ) of 13 ns as compared to 6 ns
for the (PDMA)2AgBiBr8, suggesting more promise in optoelec-
tronics. Thin film preparation methodology can be further opti-
mized for future applications.

FIGURE 3 | XRD patterns of (a) RP and (b) DJ layered double perovskites based on (BNA)4AgBiBr8 and (PDMA)2AgBiBr8 compositions prepared

mechanosynthetically (Figure S1) followed by solution processing of thin films on indium tin oxide (ITO) glass substrates. The corresponding powder

XRD patterns are shown in the inset (stars indicating the perovskite phases), while further details are provided in the Supporting Information.

FIGURE 4 | (a,b) UV–vis absorption (left, grey) and PL spectra (right,

red) for (a) PDMA- and (b) BNA-based layered double perovskite thin

films. (c) Time-resolved PL spectra for PDMA (black) and BNA (red) lay-

ered double perovskites with the corresponding fits (black lines). The

films were prepared on microscope glass and measured under ambient

air. PL lifetimes were estimated assuming second-order decay profiles,

as detailed in the experimental section of the Supporting Information.
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The potential of these materials in functional opto(electro)ionic
technologies was further assessed in simplified two-terminal
devices based on ITO/perovskite/poly(methyl metacrylate)
(PMMA)/Ag configuration (Figure 5, inset). The perovskite pre-
cursor solution was spin-coated onto the bottom electrode, and a
PMMA buffer layer was used to prevent excessive Ag diffusion to
mitigate resistive switching (RS). The resulting devices were then
tested without any precondition. Their current–voltage charac-
teristics revealed RS properties in both RP and DJ compositions,
featuring an abrupt high resistance states (HRS) to low resistance
states switching upon biasing of the device (Figure 5). The abrupt
switching was indicative of a filamentary-based RS mechanism
rather than an interface-mediated switching that is characterized
by a gradual transition. A commonly accepted mechanism for
perovskite-based RS devices is the formation and rupture of con-
ductive filaments formed by halide vacancies or metal cation
migration [50, 51]. In this system, Ag and Br volatility were likely
responsible for the RS, which is modulated by the low dimension-
ality of the hybrid double perovskites. This is of interest to the
development of more energy-efficient and self-powered memory
elements [50–52]. To this end, both compositions exhibited
threshold RS behaviour with transient dynamics, where long-
term information storage is not feasible. In general, memory sys-
tems based on ion migration can either store information, as in
nonvolatile memories, or exhibit transient dynamics, where
information cannot be retained after power removal, reflecting
volatile switching. The volatile nature was reflected in the spon-
taneous decay of the current back to the HRS in the absence of
bias, indicating carrier/ionic accumulation upon biasing and a
diffusion back process at near-zero bias. While the threshold volt-
age in the case of the BNA system appeared to be at�300mV, the
PDMA system threshold was at 800 mV. Such low switching volt-
age (<1 V) highlights the potential of these layered perovskites
for low-power memory applications. Furthermore, in both cases,
the RS behaviour could be obtained without any electroforming
step, an important property for designing memory systems. To
this end, both systems exhibited a high ON/OFF ratio of �5
orders of magnitude (105), showcasing the potential for neuro-
morphic computing. Future work on these systems will provide
more insights into their mechanisms of operation, dynamics, and
potential applications.

3 | Conclusion

In summary, we demonstrate the use of mechanosynthesis in
layered lead-free double perovskites to assemble benzylammo-
nium (BNA)-based RP and 1,4-phenylenedimethylammonium
(PDMA)-based DJ bromide double perovskites. XRD patterns
of the corresponding powders and thin films confirmed the dis-
tinct low-dimensional and layered structures, with a slightly
higher level of crystallinity for samples prepared mechanosyn-
thetically. Moreover, optoelectronic characterisation, including
UV–vis absorption and PL spectroscopy, showcased excitonic
behaviour in both systems, with a faster TRPL decay in the
PDMA-based case. Finally, the materials were applied to resistive
switching memories, showcasing their potential for emerging
neuromorphic systems, which require further investigation.
These findings underscore the utility of mechanosynthesis to
access layered halide double perovskites, opening a path for their
future use in perovskite-based thin-film technologies .
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FIGURE 5 | Current–voltage characteristics of a two-terminal device

(schematic shown in the inset) indicating RS for PDMA- (black) and

BNA- (red) based layered double perovskite materials.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: XRD patterns of (a,b) mechano-
synthetic powders and (c,d) thin films of Ruddlesden-Popper (a,c) andDion-
Jacobson (b,d) layered double perovskites with (WM) and without (WOM)
mechanosynthesis based on (BNA)4AgBiBr8 and (PDMA)2AgBiBr8 compo-
sitions. Powder XRD patterns of the precursors (AgBr, BiBr3, BNABr, and
PDMABr2) are included for comparison. Supporting Fig. S2: 1H → 13C
cross-polarization (CP) magic angle spinning (MAS) NMR spectra at 298
K for the pure spacer (PDMA)Br2 precursor and mechanosynthetic
(PDMA)2AgBiBr8. Supporting Fig. S3: 1H → 13C cross-polarization (CP)
magic angle spinning (MAS) NMR spectra at 298 K for the pure spacer
(BNA)Br precusor and mechanosynthetic (BNA)4AgBiBr8. Supporting
Fig. S4: XRD patterns of (a) (BNA)4AgBiBr8 and (b) (PDMA)2AgBiBr8 sys-
tems after thermal stress at 100°C, measured every 30 min at ambient air
(60–70% relative humidity) over a period of 120min. (c) (BNA)4AgBiBr8 and
(d) (PDMA)2AgBiBr8 systems shelf-life stability (inside a glovebox under
nitrogen). Supporting Fig. S5: SEM images with respective EDX mapping
for (PDMA)2AgBiBr8 (left) and (BNA)4AgBiBr8 (right) thin films on ITO,
highlighting Ag (green) and Bi (red) element maps, with the superimposed
maps of investigated elements (top). Supporting Table S1: Full width at
half maximum (FWHM) and crystallite size of PDMA and BNA-based sys-
tems using mechanosynthesis (WM). Supporting Table S2: Full width at
half maximum (FWHM) and crystallite size of PDMA and BNA-based sys-
tems without using mechanosynthesis (WOM).
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