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Ruddlesden Popper 2D perovskites as Li-ion
battery electrodes†

Angus Mathieson, abc Mohammad Rahil,‡d Youcheng Zhang,‡bc

Wesley M. Dose, ae Jung Tae Lee,f Felix Deschler,*g Shahab Ahmad *d and

Michael De Volder *a

Hybrid metal halide perovskites, typically known for their photovoltaic applications, have recently gained

traction as a potential energy-storage material due to their promising gravimetric capacities as lithium-ion

battery electrode materials. Here we investigate the effect of tuning the layering properties of the quasi two-

dimensional Ruddlesden Popper (RP) layered perovskite series (BA)2(MA)n�1PbnX3n+1 (BA – butylammonium,

MA – methylammonium, X – halide (I� and Br�)) from n = 1 to n = 4 and the equivalent bulk crystal

structure MAPbX3. The interaction between the insertion of lithium ions and the layering arrangement of the

perovskite structure are studied electrochemically and compared to a reported three-stage energy

storage mechanism in bulk perovskites. The layering structure that optimises both capacity and stability is

determined to be n = 4, providing a compromise between the number of active layers and the lithium ion

access between them provided by the BA organic chain, thus demonstrating initial and stabilised gravimetric

capacities of 575.5 mA h g�1 and 89.9 mA h g�1 respectively. The effect of changing the halide within the

perovskite structure is investigated and demonstrates a greater gravimetric capacity for the lighter bromide

species compared to the commonly used iodide. Finally, high molarity electrolytes and tailored cut-off

potentials are used to improve the stability of the RP layered perovskite electrodes.

Introduction

The importance of hybrid perovskites (HPs) as photovoltaic

technologies1,2 is well-established. Not only are they capable of

achieving standalone photovoltaic power conversion efficiencies

(PCEs) of 25%,3 but are also predicted to be able to bolster the

performance of existing semiconductor technologies up to 32%

PCE4 in tandem configurations. A plethora of further

technologies such as light-emitting diodes (LEDs),5,6 lasers7 and

photodetectors8 have also benefited from the utilisation of

hybrid perovskite materials, owing in part to the large number

of different compositions in the perovskite portfolio and their

relative ease of fabrication. The effect of altering the perovskite

composition to tune the optical properties has been well

studied,9 for instance by changing the halide content and the

choice of organic cations.10–13

In 2015, Xia et al.14 first reported that HPs can be used as an

anode material in Li-ion batteries (LIBs), and compared the

gravimetric capacities of methylammonium (MA) lead bromide

(MAPbBr3) and methylammonium lead iodide (MAPbI3),

synthesised using a hydrothermal method and yielding gravi-

metric capacities of 121 mA h g�1 initially and 9 mA h g�1 after

200 cycles respectively. Higher gravimetric discharge capacities

have subsequently been reported by Tathavadekar et al.15 for

the one-dimensional (1D) benzidine lead iodide with needle-

like morphology of 646 mA h g�1, 508 mA h g�1 for the two-

dimensional (2D) layered butylammonium (BA) lead iodide

(BAPbI4), and 202 mA h g�1 for the traditional MAPbI3 bulk

phase after 50 cycles. While these capacities are promising,

particularly compared to commercial graphite anodes (theoretical

capacity of 372 mA h g�1 ),16 relatively little attention and resource

have been dedicated to the further development of this

application due to the unstable behaviour of hybrid perovskites
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in the Li-ion battery environment.17–19 Consequently, the

composition-function and structure–function relationships for

hybrid perovskite electrodes remain poorly understood.

A conventional, hybrid bulk perovskite with the formula

MAPbX3 (where MA – methylammonium, Pb – divalent lead

cation, X – halide) comprises the unit cell shown in Fig. 1(a).

A central divalent cation (in this example Pb2+) has six-fold

coordination with a halide anion (in this case I� or Br�)

forming the octahedral cage as shown. This in turn is

surrounded by the secondary, organic cation (in this example

MA+) exhibiting cubic symmetry. The resultant crystal structure

is shown in Fig. 1(b). Quasi two-dimensional RP layered

perovskites are formed by introducing an organic cationic chain

of greater length than the MA, such as the butylammonium (BA)

used in this work, resulting in a final composition described by

(BA)2(MA)n�1MnX3n+1.
13,20,21 In doing so, since the longer chain

is now unable to populate the space between the lead-halide

octahedra in its standard configuration, the corner-sharing

octahedra are forced apart, thus forming a layered quasi-2D

structure as shown in Fig. 1(c). The individual layers of

(MA)n�1PbnX3n+1 may be thought of as being isolated both

physically and electronically from one another by the intercalating

BA cation.22 By varying the stoichiometric ratio of the BA:MA

during the perovskite synthesis it is possible to vary the number of

(MA)n�1PbnX3n+1 in each layer. The extreme case of n = 1 is shown

in Fig. 1(c) and an intermediate stage n = 2 in Fig. 1(d). Therefore,

the RP family of compounds provides a rich collection of building

blocks with which to tune the composition and structure for

optimal performance, but also to gain insight into how these

properties affect the lithium ion storage mechanism in these

materials.

Recent studies18,23 indicate that the lithium insertion into

hybrid perovskites can be broken down into threemain processes,

which are summarised below. All subsequent potentials herein

are with reference to the Li/Li+ redox couple.

(I) Between 2.1 V and 1.5 V, lithium ion insertion into the

perovskite structure takes place, with charge compensation by

the reduction of the Pb2+ cation.17 It has been suggested that at

the end of this stage both the original perovskite phase and a

lithiated perovskite phase coexist.

(II) A conversion reaction occurs at B1.4 V, resulting in the

decomposition of the perovskite structure and the likely formation

of lithium halide, an organic halide product, and metallic Pb.17,24

(III) Below 1.0 V a multi-stage, (partially) reversible alloy

reaction between lithium and metallic lead takes place. Given

the irreversible nature of the conversion reaction in step II, the

lead alloying/dealloying reactions are proposed to be the only

source of reversible capacity for hybrid perovskite anodes.

Fig. 1 (a) Unit cell of the organic–inorganic hybrid perovskiteMAPbBr3. (b) Full structure of the bulk (n=N) perovskiteMAPbX3. (c) Quasi 2-dimensional perovskite

structure butylammonium (BA) methylammonium (MA) metal (M) halide (X) (BA)2(MA)n�1MnX3n+1 (n = 1) with individual layers of PbX4 intercalated between two BA

organic chains. (d) n = 2 layered perovskite structure. (e) UV-vis absorption spectra of the layered bromide-based (X = Br) perovskite series. (f) XRD spectra of the

bromide based, layered perovskite series. All main diffraction peaks are labelled accordingly and the same colour coding is followed in figure (e and f).
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In this paper, we systematically investigate the effect of

changing the number of inorganic lead-halide sheets (i.e. n)

on the electrochemical performance of bromide- and iodide-

based RP perovskites of type (BA)2(MA)n�1MnX3n+1, for n = 1, 2,

3, 4,N, and find that an optimum performance point, referring

to both maximum capacity and capacity retention, is reached at

n = 4, indicating a compromise between lead content and

packing structure in addition to a better gravimetric performance

from the lighter Br� halide systems. Furthermore, methods to

maintain the perovskite structure are explored by modification of

the cycling potential window, i.e. cutting-off the discharge cycle at

1.8 V vs. Li/Li+ in order to prevent the irreversible conversion

reaction in step II, whilst maintaining the upper potential of 2.8 V

vs. Li/Li+. In this way, we assess the intrinsic reversibility of 2D

hybrid perovskites with regards to lithium insertion/extraction.

Results and discussion

The hybrid perovskite materials are characterised using a

combination of UV-vis absorption and X-ray diffraction (XRD)

spectroscopy to confirm the characteristic shifts in the bandgap

and crystallographic spacing associated with the layering order

of the RP perovskite series. The UV-vis absorption spectra in

Fig. 1(e) demonstrates the expected shift in bandgap absorption

from B400 nm for the purely 2D (BA)2PbBr4 through to

B550 nm for the bulk MAPbBr3 samples.13 Shared peaks and

similarities between the spectra, particularly for the n = 2, 3, 4

phases, indicates a lack of perfect phase purity. This is

confirmed by the corresponding photoluminescence (PL) spectra

shown in Fig. S1 (ESI†). Despite containing the correct stoichio-

metric ratios of MA:BA:PbBr2 the method of preparation

required for LIB electrode deposition does not meet the strict

protocol that allows for the formation of perfect phase-purity –

specifically the lack of substrate surface control and annealing

temperature.25 However, the clear colour changes between sam-

ples, as shown in Fig. S2 (ESI†) in conjunction with the observed

differences in absorption spectra and PL emission, provide

adequate confidence that the dominant structures in the

electrodes are that of the desired RP phase and layering number.

The XRD spectra in Fig. 1(f) confirm the clear, out-of-plane h002i

layering peak expected of the 2D n = 1 (BA)2PbBr4 and corres-

ponding shifts of the h0k0i peaks for the n = 2, 3, 4 samples.

Finally, the XRD spectra for the bulk MAPbBr3 confirms the

expected 3D simple cubic structure associated with this

species.26

Fig. 2 shows the galvanostatic charge–discharge curves for

the first 100 cycles of the bromide based layered perovskites.

The first discharge and charge cycles for the layered perovskite

series from n = 1 to n = 4 are shown in Fig. 2(a). The overall

profile is consistent between samples insofar as it may be

broken down into three distinct regions – in accordance with

the findings of previous work.23 First, a discharge plateau is

observed in all samples at B2.1 V believed to correspond to the

initial lithium ion insertion into the perovskite structure.

Although the potential at which this mechanism occurs is

roughly consistent across the samples, the capacity associated

with the insertion is observed to increase with an increasing

number of layers (n-value) of MAn�1PbnBr3n+1 between the BA

separator layer. Therefore, it may be concluded that a greater

number of lead-bromide octahedra facilitates the insertion of a

greater number of lithium ions into the perovskite structure.

This would indicate that the lithium ions preferentially inter-

calate into the sheets of the layered perovskite, where there are

more active sites for the lithium to insert, and not into the

space provided by the larger organic cation. There appears no

consistent trend with the capacity associated with the second

process – the conversion reaction – as a function of the

perovskite layering number.

The final stage of the mechanism, occurring below 1.0 V in

all five samples and comprising multiple plateaus, is that of the

multistage alloying reactions between the metallic lead formed

in the conversion reaction and lithium ions18,19,23 – these

reactions are summarised in Table S1 (ESI†).27,28 The combined

capacity associated with this mechanism is observed to

increase with the layering n-number, from 109.8 mA h g�1 for

n = 1 to 202.1 mA h g�1 for n =N. This can be explained, at least

in part, by the larger proportion of lead per unit of mass present

in (BA)2(MA)n�1PbnBr3n+1 perovskites with a larger n-value.

Cycles from 2 to 100 for each material are shown in

Fig. 2(b)–(f), with Fig. 2(b)–(e) corresponding to an increasing

number of lead-bromide octahedra between the BA organic

spacer cation from n = 1 to n = 4 respectively, and Fig. 2(f)

corresponding to the bulk perovskite MAPbBr3 – which repre-

sents the n = N limit. It is clear that in all cases, the discharge

and charge curves vary both in profile and capacity from the

first cycle. The prominence of each individual plateau is

reduced compared to the first discharge cycle indicating that

it is indeed likely that the conversion reaction at 1.5 V changes

the crystal structure of perovskite irreversibly and therefore

limits the utilisation of the insertion and conversion mechanisms

to the first cycle only.

The combined effect is that both the initial discharge

capacity and the stabilised capacity (e.g. after 60 cycles) both

increase with the number of inorganic layers, as shown in

Fig. 3. The trend would imply that the greatest specific capacity

should be reached by the bulk perovskite, with a larger amount

of lithium insertion at the start and a greater availability of lead

for the alloying reactions. However, we observe a decrease in

capacity for n = N relative to n = 4, therefore, it is concluded

that additional effects limit the bulk perovskite from reaching

its true electrochemical capability such as ionic diffusion and

morphological restrictions due to the absence of the BA inter-

layer separator.29 If this is the case, there should exist an

optimum layering structure that maximises the number of

inorganic layers – which seemingly facilitate higher gravimetric

capacity – with enough organic spacer layers accommodating

ionic diffusion29 and structural flexibility whilst maintaining as

much of the electrochemically active octahedra as possible.

Based on our results, the optimum performance appears to be

reached at n = 4. Configurations beyond n = 4 were not tested

here due to the difficulty in achieving phase-purity of n 4 4 RP
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structures. Furthermore, the differentiation in structural and

behavioural properties in the higher layering ordered structures

diminish and tend towards that of the bulk, particularly in the

case of imperfect phase purity.25

The specific capacity of the bromide series plotted versus

cycle number in Fig. 3a summarises the results above. Fig. 3a

also accentuates an interesting effect for the n = 3 and n = 4

samples, whereby after the initial drop in capacity, following

the first discharge cycle, the capacity appears to stabilise for

B20 (n = 3) and B30 (n = 4) cycles before dropping again. A

possible explanation for this effect is that more active sites

become accessible to the lithium ions during each of the first

20–20 cycles, with the additional capacity associated with these

sites offsetting the expected drop, and thus the capacity of

the overall electrode is temporarily observed to remain higher.

This could be due to a slow wetting process associated with the

viscous, high molarity electrolyte (5 M LiTFSI). I.e. at the

beginning of the cycling process, the electrolyte is not able to

penetrate the entire electrode and only does so after the time

allowed for the first B20 cycles. It is also apparent in the

charge–discharge curves for the n = 3 and n = 4 samples that

unlike n = 1 and n = 2, the insertion plateau at 2.1 V also

appears in the second discharge curve. This could be explained

by the incomplete lithiation and conversion of the perovskite

occurring in the n = 3 and n = 4 samples, or again, the slow

wetting process not allowing the lithiation and subsequent

conversion of the entirety of the available perovskite in the

first discharge cycle. Fig. 3b and c show the specific capacity

trend with increasing n-number for the initial discharge and

stabilised capacities, respectively. The optimal structure for

both the initial discharge capacity and stabilised capacity is

confirmed as n = 4. A breakdown of the capacity attributable to

each of the electrochemical processes and how they are affected

by the layering number is provided in Fig. 3d. As expected,

the specific capacity associated with the lead-alloy reactions

(process III) increases linearly with the number of layers and is

therefore directly related to the lead content of the electrode.

An increase from n = 1 to n = 4 is also observed for process

I – the lithium intercalation – due to the increased number of

active sites for lithium insertion within the structure. This

drops off for n = N due to the packing structure and lack of

pathways to the active sites provided by the BA spacer cation

and therefore a reduction in the number of insertion processes.

The same series of measurements were repeated for an

iodide based RP series of n = 1 � n = 4 and the bulk structure

MAPbI3. The potential profiles are shown in Fig. S4 (ESI†).

Fig. 2 Galvanostatic charge–discharge cycling of the bromide-based layered perovskite series (BA)2(MA)n�1PbnBr3n+1. All data taken using a current

density of 30 mA g�1 in a voltage window of 0.1–2.7 V. (a) The first discharge and subsequent charge cycles for the layered perovskite series from n = 1 �

n = 4 and bulk. The three main stages of the discharge mechanism are highlighted by the shaded regions and labelled accordingly. (b–e) The subsequent

99 charge–discharge cycles for the layered perovskites from n = 1 � n = 4. (f) The subsequent cycles for the bulk perovskite MAPbBr3.
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The three-step mechanism is again observed with plateaus in the

initial discharge cycle (Fig. S4(a), ESI†) corresponding to lithium

ion insertion (B2.1 V), conversion (B1.4 V) and multi-stage

Li–Pb alloying reactions (o1.0 V). However, the gravimetric

capacities are generally lower in all cases for the iodide series

compared to the bromide series. Due to the inherent differences

between bromide and iodide anions (e.g. electronegativity,

chemical ‘‘softness’’ and the resulting bond length, and unit

cell size), we hypothesised that the two classes of materials

would exhibit different electrochemical performance in a Li-ion

battery. It is correct that the gravimetric capacity is greater in a

bromide-based perovskite, however, once normalised for the

differing atomic masses of the two halides, the resulting

performance is comparable – as shown in Fig. S4(f) (ESI†).

Therefore, it may be concluded that under identical galvanostatic

cycling, the resulting performance metrics of the two halide

compositions are comparable and not influenced heavily by the

subtle differences afforded by the different halide content. This

holds for all layering numbers, n = 1–4 and the bulk perovskite.

At a finer level of detail, there are subtle differences in the

shapes of the charge–discharge curves for the two halide

compositions, such as the relative durations of individual

plateaus and thus their associated capacity. Unlike the bromide

n = 3 and n = 4 samples, no recurrence of the plateau at 2.1 V is

observed in the second discharge cycle of the equivalent iodide

based cells – indicating that complete insertion and conversion

was achieved in the first cycle. This may indicate that the access

experienced by the lithium ions to the active material is greater

in the iodide samples, which could be explained by the slightly

larger lattice parameter in the iodide based perovskite

compared to the bromide (B133 pm and B114 pm

respectively).30 Similar to the bromide series, a clear trend in

both the initial discharge capacity and the stabilised capacity,

with the highest capacities again achieved with n = 4, is

observed for iodide series – this is summarised in Fig. S5 (ESI†).

The loss in capacity after passing the conversion process at

B1.5 V may be discouraging; however, if the cut-off voltage is

adapted such that the 1.5 V threshold for conversion reactions

is not passed, as shown in Fig. 4, the initial insertion reaction

does show usable, reversible capacity. For the purpose of this

work, this allows the study of this initial process, to develop an

understanding for the lithium intercalation and interaction

into hybrid perovskite structures; for commercial applications,

this demonstrates a potentially feasible window of device

usability, if the associated capacity is capable of being

improved further. Fig. 4a and b compare the n = 1 and n = 4

bromide based layered RP perovskite respectively, cycled within

a reduced potential window of 2.8–1.8 V at 30 mA g�1. It is

Fig. 3 (a) Gravimetric charge–discharge capacities of the bromide based layered perovskite (BA)2(MA)n�1PbnBr3n+1 from n = 1 � n = 4 and the respective

bulk perovskite MAPbBr3 (equivalent in structure to n = N) as a function of cycle number from cycle 11–100. The first 10 cycles are highlighted inset.

Specific charge capacities are shown shaded and specific discharge capacities block colour. A current density of 30 mA g�1 and a potential window of

2.85–0.1 V are used. (b) Initial discharge gravimetric capacities of the perovskite electrodes as a function of the layering number. (c) Stabilised gravimetric

capacities of the perovskite cells after 60 cycles. (d) Plateau analysis in the first discharge for the three main stages of the discharge mechanism proposed

for the perovskite electrodes. The features I, II and III correspond to the insertion, conversion and alloying processes respectively.
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immediately apparent that the n = 4 sample yields consistently

higher capacities for the insertion reaction – with an initial dis-

charge capacity of 108 mA h g�1 compared to the 32 mA h g�1 of

n = 1. It may be concluded therefore, that the insertion reaction into

the perovskite phase favours the higher stacking number, implying

that the lithium ions preferentially insert into the active sites

provided by the lead-halide layers rather than the organic spacer,

in concurrence with previous studies.29,31

Compared to electrodes used commercially in LIBs, the

coulombic efficiency of hybrid perovskite cells remains low,

particularly in the first cycle (for example in n = 4, a coulombic

efficiency of 60% is observed in the first cycle), even within the

more stable potential window shown in Fig. 4. This is believed

to be due to instability issues between the polar organic

solvents present in the electrolyte and the perovskite active

material. Using a 1 M LiPF6 (in ethylene carbonate/dimethyl

carbonate) (LP30) electrolyte demonstrates this to a great extent

with a colour change associated with the dissolution of the

perovskite into the lead-halide precursor visible to eye within

30 seconds of contact. Although such dramatic and immediate

results are not observed for the 5 M electrolyte used in this

work, the dissolution process, although much slower will still

be present. The resulting electrochemical performance of cells

using 1 M LP30 electrolyte is predictably very poor. However, in

this work the stability has been dramatically improved by

increasing the molar concentration of the electrolyte to 5 M,

thereby reducing the presence of free solvent into which the

perovskite dissolution will take place32 and using only a minimal

amount (10 mL of electrolyte solution for an electrode with active

area of diameter f = 12 mm), slowing down the dissolution

reaction and making the electrochemical characterisation shown

herein possible.

Conclusion

We demonstrate that out of the iodide and bromide based RP

layered perovskite structures, an optimum composition for LIB

performance (based on capacity and stability) is reached with the

n = 4 bromide species (BA)2(MA)3Pb4Br13. This is believed to be

due to reaching a suitable compromise between the number of

electrochemically active layers (which increases with the amount of

(MA)n�1PbnBr3n+1 per unit mass) and the spacing between layers

facilitating adequate ionicmigration of the lithium ions to access the

activematerial – provided by the spacer BA cations. Further, we show

how the choice of halide species plays an important role in the

overall gravimetric performance of hybrid perovskite electrodes, with

bromide based perovskites establishing a better overall gravimetric

capacity, due to bromide’s inherently lower atomic mass. An irrever-

sible conversion reaction occurring at 1.4 V during the first discharge

cycle is avoided by choosing a reduced potential window of 2.8–1.8 V

and allows the testing of the first electrochemical process at 2.1 V as

the main source of reversible lithium storage. Again, an optimal

structure is reached at n = 4, demonstrating an initial discharge

capacity of 108 mA h g�1 compared to 32 mA h g�1 for the n = 1

structure coupled with an improved reversibility. A significant con-

tribution to the poor coulombic efficiencies of the hybrid perovskite

electrodes could be attributed to the presence of organic solvents in

the battery electrolyte and a step forward in mitigating this issue is

made in this work with the use of a high molarity electrolyte.

Methods
Perovskite synthesis

Powders of the various perovskites studied in this report were

prepared by using a slow evaporation technique. First,

Fig. 4 Galvanostatic cycling of the first insertion mechanism in the reduced potential window of 2.8–1.8 V at a current density of 30 mA g�1 for the

layered perovskites (BA)2(MA)n�1PbnBr3n+1 probing the lithium insertion process stability in (a) n = 1 (b) n = 4 and (c) the bulk equivalent MAPbBr3
perovskite structures. (d) Specific capacity of the layered bromide series for the first 100 galvanostatic charge–discharge cycles.
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solutions of Ruddlesden–Popper hybrid perovskites were

prepared by mixing stoichiometric amounts of the precursor

powders in dimethylformamide (DMF) under an argon

atmosphere. The precursors are listed in Table S2 (ESI†) for

reference. The resulting solutions were stirred using a magnetic

stirrer at 70 1C for 1 hour to ensure total and homogeneous

dissolution. After cooling, the solution was transferred to a

vacuum oven and dried overnight at 60 1C. The powder

precipitate was collected and stored again under an argon

atmosphere. At this stage, the powders exhibited vivid colours

depending on the relevant band gap of each composition, as

shown in Fig. S2 (ESI†).

Electrolyte solution preparation

A high concentration electrolyte was synthesised by adding 5 M

of bistrifluoromethanesulfonimide lithium (LiTFSI) salt (Sigma

Aldrich 499%) to 1 mL of ethylene carbonate (EC) (Sigma

Aldrich) and propylene carbonate (PC) (Sigma Aldrich) in a 1 : 1

vol ratio. The solution was stirred magnetically for 4 days prior

to usage to ensure total dissolution of the LiTFSI salt.

Electrode fabrication

Electrode fabrication was undertaken in an argon atmosphere

with H2O and O2 o 0.5 ppm. The electrode slurry consisted of

85 wt% as prepared perovskite powder, 5 wt% polyvinylidene

difluoride (PVDF, Arco Ltd) binder, and 10 wt% conductive

carbon (Super-P, Alfa Aesar), and was produced stepwise, as

follows. The perovskite powder was added to anhydrous

N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) into which it

re-dissolved. The PVDF binder was then added and the solution

stirred magnetically overnight to ensure homogeneity. Finally,

the Super-P was added and the resulting solution was sonicated

for 3 hours in an ultrasonic bath. The solution was then used

to deposit perovskite electrodes by drop casting on pre-cut

circular (f = 12 mm diameter) copper foil. 6.3 mL of solution

was dropped, corresponding to a mass loading of 0.36 mg cm�2

of active material. After drop casting, the as coated electrodes

were annealed at 90 1C overnight (at least 12 h) to ensure

complete removal of the NMP.

Cell construction

2032 coin cells (Cambridge Energy Solutions) were fabricated

under a dry, argon atmosphere (H2O and O2 o 0.5 ppm) to

prevent the degradation of the hygroscopic electrolyte and

lithium metal. The perovskite electrode was placed in the base

of a standard coin cell casing and 5 mL of electrolyte was placed

on top. Two layers of an electronically insulating, porous

polymer separator (polyethylene/polypropylene, MTI) were

placed on top of the electrode. After placement, 10 mL of

electrolyte solution was added to wet the separators. A metallic

lithium counter/reference electrode was placed on top followed

by stainless steel spacers and a spring to form compression

within the cell. The top casing was placed on top and the whole

cell sealed by a mechanical press. A schematic representation

of the final structure is shown in Fig. S9 (ESI†) where the

individual components are separated for clarity.

Material characterisation

To measure the crystallographic structures of the layered

perovskites, XRD spectra were taken using a Bruker D8 Advance

powder X-ray diffractometer. The varying size of the effective

quantum wells formed by the layered perovskites were captured

using UV-vis spectroscopy, using a PerkinElmer UV-vis NIR

Spectrometer (Lambda 750).

All electrochemical measurements were taken using a

CT3001A battery cycler from Landt Instruments at 30 mA g�1

in galvanostatic charge–discharge mode.
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