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A B S T R A C T   

Recent advances in the use of organic-inorganic hybrid perovskites have been investigated in a variety of ap-
plications, such as solar cells, photodetectors, light-emitting devices, and lasers, because of their outstanding 
semiconductor properties. Furthermore, the perovskite structure can host extrinsic elements, making it a 
promising candidate for battery applications. Previous studies have shown that organic-inorganic hybrid pe-
rovskites can be suitable anode materials for both lithium- and sodium-ion batteries. However, multivalent 
rechargeable batteries with perovskite materials have not yet been realized. Herein, we studied the electro-
chemical performance of three-dimensional (CH3NH3PbI3 (MAPbI3) and long-chain alkylammonium 
(C4H9NH3)2(CH3NH3)3Pb4I13 ((iBA)2(MA)3Pb4I13) thin films as electrode materials for rechargeable Al-ion bat-
teries. Our results showed that (iBA)2(MA)3Pb4I13 presented a specific capacity of 257 mAh g–1 at a current 
density of 0.1 A g− 1 and delivered 108 mAh g–1 after 250 cycles at a current density of 0.3 A g− 1 with a retention 
of as high as 91 %, demonstrating a crucial role of isobutyl amine (C4H9NH3) due to the unique hydrogen- 
bonding interaction of isobutyl amine that hinders the shuttle effect of polyiodide. The results open a new di-
rection for the use of organic–inorganic hybrid perovskites for new secondary aluminum ion batteries.   

1. Introduction 

Organic–inorganic hybrid perovskites have been widely studied 
owing to their variety of applications, such as in solar cells [1,2], pho-
tocatalytic hydrogen generation [3], photodetectors [4], X-ray detectors 
[5], light-emitting devices [6], lasers [7], and memory devices [8] 

attributable to their outstanding semiconductor properties. Previous 
studies have shown that organic-inorganic hybrid perovskites are fast 
ionic conductors with large diffusion coefficients, indicating that hybrid 
halide perovskite-based materials have great potential for a variety of 
electrochemical applications [9]. In 2015, Xia et al. demonstrated 
CH3NH3PbBr3 as a Li-ion battery anode material, achieving a high 
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discharge capacity of 330 mAh g− 1 and a stable capacity of ~200 mA h 
g− 1 after the 200th cycle, which is approximately equal to that of a 
commercial graphite anode [10]. However, the energy storage mecha-
nism remains unclear. Dawson et al. combined a computatio-
nal–experimental study to examine Li ion intercalation and conversion 
mechanisms in CH3NH3PbBr3 [11]. It is suggested that the conversion 
process with the production of CH3NH3Br, LiBr, and Pb metal, as 
opposed to Li-ion intercalation. In addition, Tathavadekar et al. reported 
that using low-dimensional hybrid perovskites, high reversible capac-
ities of 646 and 315 mA h g− 1 can be achieved for Li- and Na-ion bat-
teries, respectively, owing to the low-dimensional hybrid perovskites 
exhibiting an open structure, which is beneficial for the rapid kinetics of 
ion accessibility [12]. Meanwhile, Ramirez et al. reported that 3D 
CH3NH3PbI3− xBrx and 2D (CH3NH3)2(CH3(CH2)2NH3)2Pb3Br10 thin film 
as electrode for Li-ion batteries. The 3D hybrid perovskites exhibited 
large discharge capacities of 350–500 mA h g–1, while charge capacities 
faded to 70–160 mA h g–1 in the first cycle, indicating other processes 
taking place during the Li intercalation. In contrast, the 2D hybrid pe-
rovskites with a layered structure delivered a capacity of ~375 mA h g–1 

with 100 % reversibility of lithium insertion–extraction, suggesting that 
2D layered structures are advantageous for reversible Li-ion storage 
[13]. Moreover, it was found that the mechanism of lithium inser-
tion–extraction is accompanied by the alloying–dealloying process of 
the intermetallic LixPb compounds. Recently, Wang et al. demonstrated 
that MAPbBr3 composite electrodes exhibited excellent cyclic stability 
for more than 1000 cycles, which can be attributed to their small size, 
low defect concentration structure, and good interface charge transfer 
[14]. 

However, the safety (i.e., lithium dendrite formation) and potential 
price spike of lithium are debated. In terms of sustainable development, 
alternative battery technologies that have the advantages of higher 
abundance and lower cost are highly desirable, which may offer better 

safety features and higher energy density. Batteries based on multivalent 
metals with relatively high abundances in the Earth’s crust, such as 
sodium, magnesium, and aluminum, have been considered to meet the 
future needs of large-scale energy storage [15]. To the best of our 
knowledge, multivalent rechargeable batteries with perovskite mate-
rials have not yet been realized. In this regard, we demonstrate for the 
first time the electrochemical performance of three-dimensional (3D) 
CH3NH3PbI3 (MAPbI3) and long-chain alkylammonium 
(C4H9NH3)2(CH3NH3)3Pb4I13 ((iBA)2(MA)3Pb4I13) thin films as elec-
trode materials for rechargeable Al-ion batteries. Compared with 
MAPbI3, the (iBA)2(MA)3Pb4I13 yielded a specific capacity of 257 mAh 
g–1 at a current density of 0.1 A g− 1 and delivered 108 mAh g–1 after 250 
cycles at a current density of 0.3 A g− 1 with retention of as high as 91 %, 
demonstrating the vital role of isobutyl amine (C4H9NH3). The excellent 
performance can be attributed to the unique hydrogen-bonding inter-
action of isobutylamine, which effectively hindered the shuttle effect of 
polyiodide as confirmed by ex-situ FT-IR, Raman, X-ray photoelectron 
spectroscopy (XPS), ESI-MS, and density functional theory (DFT) cal-
culations. Consequently, findings have shown that organic-inorganic 
hybrid perovskites are promising candidates for new secondary 
batteries. 

2. Results and discussion 

MAPbI3, (iBA)2(MA)3Pb4I13, and PbI2 electrodes were synthesized by 
a one-step electrodeposition method on a polytetrafluoroethylene 
(PTFE) coating carbon cloth, referred to as 3D long-chain alkylammo-
nium (LCA) perovskites and PbI2, respectively. The XRD results of LCA 
pervoskites, 3D pervoskites, PbI2, and PTFE-coated carbon cloth are 
shown in Figs. 1a and S1. The diffraction peaks in Fig. 1a are fitted with 
the (111) and (220) peaks corresponding to LCA perovskites [16]. The 
FESEM images (Fig. 1b, Figs. S2-S4) reveal a uniform distribution of 

Fig. 1. Characterization and schematic of LCA perovskite/Al battery. (a) XRD pattern and (b) SEM image of LCA perovskite electrode, (c) schematic of LCA 
Perovskite structure, (d) schematic of LCA perovskite/Al battery. 
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fiber-like crystal structures on the PTFE coating carbon cloth, suggesting 
the chemical reactions performed in the precursor solutions and nucle-
ated on the PTFE coating during the film formation, which prolongs 
crystal growth and promotes simultaneous nucleation [12,13,17], 
providing good adhesion at the interface between carbon cloth and 
perovskite layer [18]. The corresponding element mapping images in 
Figs. S2-S4 and Table S1 list the lead and iodine ratios of three 

electrodes, which are in good agreement with chemical formula. LCA 
perovskites were used in this work because they can self-assemble into 
layered structures where inorganic layers of corner-sharing [PbI6]4-

–octahedra are confined between interdigitating bilayers of organic 
cations through indirect cross-linking by hydrogen bonding or van der 
Waals forces (Fig. 1c)[19]. A schematic representation of the LCA per-
ovskite/Al battery is presented in Fig. 1d. 

Fig. 2. Electrochemical performance of LCA perovskite/Al battery Cyclic voltammogram of the (a) LCA and (b) 3D perovskite/Al batteries; Galvanostatic curves 
(0.1 A g− 1) of (c) LCA perovskite and (d) 3D perovskite (e) rate capability of 3D and LCA perovskite/Al battery; (f) cycling performance (0.2 A g− 1) of LCA and 3D 
perovskite and (g) long cycling performance (0.3 A g− 1) of LCA perovskite/Al battery. 
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Cyclic voltammetry tests were conducted on LCA perovskite/Al 
batteries with LCA perovskite as the working electrode and Al foil as the 
counter and reference electrodes, respectively, under ionic liquid elec-
trolytes at a scan rate of 0.1 mV s− 1. To prevent the decomposition of 
perovskite and maintain Coulombic efficiency, the cut-off voltage of the 
cell was set to the potential range of 1.2–0.4 V (vs. Al) as shown in 
Figs. S5a and S5b. Fig. S5a presents the potential range from 1.5 to 0.4 V 
(vs. Al) and the current slope at high voltage range and minor cathodic 
peak at low voltage, indicating polyiodide I5− formation during the 
cycling process and leading to the irreversible reaction in further cycles 
[20]. Fig. S5b presents the potential range from 1.1 to 0.01 V (vs. Al) and 
shows that there are two pairs of reduction/oxidation peaks at 0.3/0.48 
and 0.68/1.1 V. The major pair of peaks at 0.3/0.48 can be assigned to 
the Pb/Pb2+ redox pair [21–24] and the minor pair of peaks at 
0.68/1.1 V corresponds to the I3–/I– redox chemistry [20,25]. However, 
the curve of the Pb/Pb2+ redox pair becomes unstable at the further scan 
and disappears at the fifth cycle, implying that the lead may dissolve in 
the ionic liquid electrolyte at a lower potential range (> 0.4 V) [21,24, 
26]. As a result, the range of operating voltage needs to be effectively 
controlled. During the initial scan, the cathodic peak of LCA pervoskite 
and 3D pervoskite were located at about 0.45 V and 0.46 V, respec-
tively, which can be attributed to perovskite structure decomposition 
and the formation of the SEI layer[13,27,28] (Fig. 2a and b). In further 
cyclic voltammetry (CV) curves of LCA perovskite and 3D perovskite, 
there were one pair of reduction/oxidation peaks at 0.7/1.1 V and 
0.67/1.1 V.These peaks can be ascribed to one-step redox reaction 
associated with the reversible conversion reaction (corresponding 
analysis see the following energy storage mechanism section), corre-
sponding to the valence change of iodine from I3– to I– [20,25]. Moreover, 
the CV curves displayed similar shapes after the first cycle, suggesting 
the high reversibility of the discharge-charge process of the LCA per-
ovskite/Al batteries. The battery performances of the LCA perovskite/Al 
and 3D perovskite/Al batteries with ionic liquids are shown in Fig. 2c 
and d. The galvanostatic curves in Fig. 2c reveal that the LCA perovskite 
delivers a discharging specific capacity of 226 mAh g− 1 at a current 
density of 0.1 A g− 1 with a discharging plateau at ~0.8 V vs. Al [20,25]. 
In contrast, the 3D perovskite delivers a discharging specific capacity of 
180 mAh g− 1 at a current density of 0.1 A g− 1. Furthermore, the 
charge-discharge plateaus in these two batteries correlate with the redox 
peaks in the respective CV curves. Fig. S6 shows the corresponding cy-
clic voltammetry curves of the PbI2 as the cathode at a scan rate of 
0.1 mV s− 1 and the charge-discharge profiles at a current density of 
0.1 A g− 1. The PbI2 /Al battery delivered a higher initial discharge ca-
pacity of ~275 mAh g− 1 at a specific current of 0.1 A g− 1 (Fig. S6a) 
because of its high intrinsic electron conductivity, leading to a high 
initial discharge capacity (Fig. S6b). However, the rapid capacity decay 
and some noise cyclic voltammetry curves can be observed for the 
subsequent cycles owing to the loss of active materials by the dissolution 
effect of PbI2. Rate capability tests were conducted at current densities 
from 0.1 to 0.5 A g− 1 with cycling for 5 cycles at each current density as 
shown in Figs. 2e and S7. Clearly, the LCA perovskite produced a higher 
capacity and higher coulombic efficiency than the 3D perovskite at each 
current density. For the LCA perovskite/Al battery, average reversible 
capacities of 214, 177, 116, and 65 mAh g− 1 were obtained at current 
densities of 0.1, 0.2, 0.3, and 0.5 A g− 1, respectively, suggesting that the 
isobutyl amine effectively blocked the diffusion of polyiodide and 
enhanced the reaction kinetics at high current densities. In contrast, the 
3D perovskite/Al battery exhibited lower kinetics performance, and 
only 35 % and 19 % capacity were retained at 0.2 and 0.3 A g− 1, 
respectively. Stability tests were performed in these two batteries at a 
current density of 0.2 A g− 1 as shown in Fig. 2f. Distinctly, the LCA 
perovskite/Al battery showed an initial discharge capacity of 201 mAh 
g− 1 and slightly decayed to 173 mAh g− 1 within 50 cycles. However, the 
3D perovskite/Al battery delivered an initial discharge capacity of 104 
mAh g− 1 and could only reversibly charge and discharge for less than 12 
cycles. Fig. S8 shows the corresponding charge-discharge profiles at 

0.2 A g–1 at 8–12 cycles. Obviously, the 3D perovskite/Al battery 
delivered rapid capacity decay and some noise charge-discharge profiles 
during the subsequent cycles because the 3D perovskite can be dissolved 
in the ionic liquid [29,30]. Furthermore, the SEM-EDS mapping images 
of the 3D perovskite cathode after the 12th cycle are shown in Fig. S9. 
Note that the surface of the cathode is smooth and the Pb and I elements 
vanished, confirming the dissolution of 3D perovskite materials and 
exposure of the substrate, which is in good agreement with the 
charge-discharge profiles at subsequent cycles. Note that Al and Cl single 
were from the ionic liquid electrolyte, and C and F elements were from 
the PTFE-coated carbon cloth substrate. In addition, the LCA per-
ovskite/Al battery exhibited a high coulombic efficiency of 98 % over 50 
cycles, whereas that of the 3D perovskite/Al battery is only 80 %. The 
relatively low stability and Coulombic efficiency of the 3D perovskite/Al 
battery may arise from the dissolution effect of the 3D perovskite. The 
electrochemical impedance spectra of LCA perovskite and 3D perovskite 
measured at an open-circuit voltage of ~0.8 V are shown in Figs. S10 
and S11. Figs. S10a and S11a show the entire frequency range of LCA 
perovskite and 3D perovskite, respectively. Figs. S10b and S11b focus on 
the high-frequency range of LCA perovskite and 3D perovskite, respec-
tively. Fig. S12 shows the corresponding equivalent circuit model, with 
which Rs represents the resistance of the electrolyte, Rct and CPE2 are 
the charge-transfer resistance and capacitance of the electro-
de/electrolyte interface, and CPE1 is used to simulate the diffusive 
behavior in the low-frequency range. The results of the circuit models 
are listed in Tables S2 and S3. Note that the Rct of the 3D perovskite 
electrodes gradually increases from 6.63 Ω (0th cycle) to 151 Ω (11th 
cycle). The higher Rct of the 3D perovskite electrodes may result from 
the PTFE coating, indicating the dissolution effect of the 3D perovskite 
and the exposure of the substrate. In contrast, the Rct of LCA perovskite 
electrodes decreases from 35.02 Ω (0th cycle) to 14.19 Ω (5th cycle). 
The lower Rct of the LCA perovskite electrodes may result from the LCA 
perovskite structure becoming non-crystalline during cycling. Notably, 
long-chain alkylammonium cations act as insulation block layers, dis-
turbing charge carrier transfer between phases [31,32], leading to the 
higher Rct of LCA perovskite electrodes in the initial state. However, the 
LCA perovskite structure became non-crystalline during cycling, indi-
cating that the structure was recomposited and the charge transport 
properties were improved. Moreover, after continuous cycling for 50 
cycles, the Rct of LCA perovskite electrodes increases from 14.19 Ω (5th 
cycle) to 23.27 Ω (50th cycle), indicating that the non-crystalline of LCA 
perovskite was stable during the further cycling. Moreover, a long-term 
stability test was performed in an LCA perovskite/Al battery under a 
current density of 0.3 A g− 1, and the results are shown in Fig. 2g. The 
LCA perovskite/Al battery displayed excellent cycling stability with a 
remarkable capacity of 108 mAh g–1 and a Coulombic efficiency of ~91 
% after 250 cycles, suggesting that the excellent reversibility of the LCA 
perovskite effectively blocked the diffusion of polyiodide and enhanced 
the battery stability. Table S4 shows a comparison of the conversion 
mechanism of the cathode material in a nonaqueous aluminum ion 
battery and various reported cycle capacities. Compared with sulfide 
and halide-based materials, our LCA perovskite electrode exhibited good 
cycling for 250 cycles. 

The peak current (Ip in A) of LCA perovskite and 3D perovskite 
electrode increases with an increase in the scan rate from 0.3 to 
0.5 mV s− 1 (Fig. 3a and b). As the scanning rate increases, a pair of redox 
peaks can be observed due to the polarization effect at high scan rates 
(Fig. 3c and d). All cathodic and anodic peaks for the LCA perovskite and 
3D perovskite electrodes displayed a linear relationship with the square 
root of scanning rates, for which the Randles–Sevcik equation can be 
applied to estimate Al3+ ion diffusion (DAl

3+ in cm2/s) given by Ip̅̅
v

√ =

2.69× 105n1.5A
̅̅̅̅̅̅̅̅̅̅̅
DAl3+

√
CAl3+ , for which v is the potential scan rate (V 

s− 1), n is the charge transfer number, A is the geometric area of the 
active electrode (cm2), and CAl

3+ is the concentration of Al ions in the 
electrolyte (mol/cm3). The higher DAl

3+ suggests that the electrode 
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provided relatively strong aluminum ion transfer capability [33,34]. 
The LCA perovskite electrode (DAl

3+ = 1.5 × 10− 18–4.3 × 10− 18 cm2 s− 1) 
demonstrated superior diffusion kinetics compared to the 3D perovskite 
electrode (DAl

3+ = 7.7 × 10− 19–3.4 × 10− 18 cm2 s− 1), implying that the 
LCA perovskite effectively hindered the shuttle effect of polyiodide and 
improved battery performance. Notably, these values are comparable to 
the Al ion diffusion coefficient in sulfide-based materials [33,35]. DAl

3+

for batteries with two electrodes and sulfide-based materials from pre-
vious reports are listed in Table S5. In contrast, the limited alumi-
num-ion transfer in the 3D perovskite control causes unstable and 
low-scan peaks, which also show the degradation of the electro-
chemical reversibility during continuous scanning. 

To clarify the possible reaction mechanism in the LCA perovskite/Al 
battery, various ex-situ measurements, such as XRD, XPS, FTIR spec-
troscopy, Raman spectroscopy, and ESI-MS, were conducted. The XRD 
spectra of the LCA perovskite cathode after the discharge and charge 
processes are shown in Fig. 4a. The main diffraction peaks of the LCA 
perovskite electrode at 14◦ and 28.1◦ correspond to (110) and (220) 
planes, respectively, and the peak at 18.1◦ can be assigned to carbon 
cloth (Fig. S13). Interestingly, at a discharge of 0.4 V, the main peak of 
the LCA perovskite almost completely disappeared, while the new 
diffraction peaks formed at 12.55◦can be ascribed to the formation of 
PbI2 (JCPDS no.73-0591) [36]. Moreover, the additional small peaks at 
10◦ and 30◦ can be assigned to methylamine, and those at 11◦ and 19◦

can be assigned to isobutylamine (Fig. S13). At a charge of 1.2 V, the 
weak signals of methylamine and isobutylamine still existed, but the 
peak PbI2 vanished. Furthermore, peaks of the LCA perovskite cathode 
after the 5th discharge state and the charged state almost disappeared, 
suggesting that the LCA perovskite structure was decomposed and 
became non-crystalline during the further discharge-charging process 
[13,27,28] (Fig. S14). To shed light on the mechanism during the 
discharge-charging process, ex-situ Raman spectroscopy was used to 
examine the formation of non-crystalline compounds during the char-
ge–discharge processes at the 5th cycle as shown in Fig. 4b. In the initial 

state, the two main peaks of the LCA perovskite located at 87 and 
136 cm–1 can be assigned to the stretching of the Pb–I bonds and the 
vibrations of the amine cations, respectively [37,38]. At the discharged 
state of 0.4 V, these two main peaks became negligible, indicating that 
the LCA perovskite structure was consumed, matching the results of 
ex-situ XRD discharge states. Simultaneously, two peaks appeared at 
110 and 143 cm–1, which can be assigned to the symmetric stretching 
mode and asymmetric stretching for I3− [20,25], respectively. As the 
battery charged to 1.2 V, the peak intensity of I3− increases corre-
sponding to the transformation of I− to I3− under the charge state. 
Compared to the discharge state, the opposite reaction occurs in the 
charge state, confirming the I3− /I− redox chemistry observation in this 
system. Notably, in the charge state, a new broad peak at 225 cm–1 can 
be assigned to PbCl3- owing to PbI2, which may react with the Lewis 
acidic chloroaluminate melt [26]. The corresponding reference Raman 
spectra are listed in Table S6. Moreover, ESI-MS was applied to the 
electrolyte for further cycles to further confirm these species, as shown 
in Fig. S15. The negative ESI mass spectra show peaks at m/z = 128 and 
312, corresponding to species I− and PbCl3- , respectively, which are in 
good agreement with the ex-situ Raman results. To further clarify the 
important role of hydrogen-bonding interaction from the amine in the 
perovskite cathode, ex-situ FTIR spectroscopy was carried out at the 5th 
cycle, and the spectra are shown in Fig. 4c and S16. The peak located at 
approximately 3000–3300 cm− 1 is assigned to the stretching vibration 
of the amine. Under the discharge state, the peak of half-width gradually 
increases and a significant blue shift occurres.4 Under the charge state, 
the enlargement of the blue shift increases. Considering the ex-situ XRD 
results, the perovskite cathode was expected to be decomposed during 
the first discharge-charge process and the decomposed product included 
methylamine and isobutylamine [13,27,28]. Considering that two 
amine molecules are polar and I3− is relatively polar. The adsorbent 
composed of these molecules would strongly interact with I3− . These 
phenomena resulted from the formation of hydrogen bonds between the 
amine and I3− , indicating that the LCA perovskite effectively hindered 

Fig. 3. Kinetic studies of the LCA perovskite/Al battery. Cyclic voltammograms curves of (a) LCA Perovskite electrode and (b) 3D perovskite electrode at various scan 
rates. Peak current for (c) LCA Perovskite electrode and (d) 3D perovskite electrode vs. the square root of the scan rates. 
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the shuttle effect of polyiodide and improved the battery performance. 
XPS was used to further analyze the chemical state of the LCA perov-
skites during the charge–discharge process as shown in Fig. 4d to f. 
Fig. 4d shows the Pb-4 f XPS spectra of the LCA perovskites at specific 
states. For the pristine LCA perovskites electrode, Pb-4 f spectra display 
two peaks at ~138.8 (Pb-4 f7/2) and ~143.6 eV (Pb-4 f5/2), which are in 
full agreement with values previously reported [39]. As the battery 
discharged and charged, two main peaks of Pb 4 f peak were observed at 
138.6 (Pb-4 f7/2) and 143.5 eV (Pb-4 f5/2) in these two samples, which 
were attributed to the the PbI2 that may react with the Lewis acidic 
chloroaluminate melt [26], resulting in the formation of PbCl2 or PbCl3- 

[40], matching ex-situ Raman and ESI-MS results. Meanwhile, XPS 
spectra of I-3d were also analyzed at different states and displayed in 
Fig. 4e. The I-3d spectra of the pristine LCA perovskites electrode show 
two peaks at binding energies of 619.5 eV (I − 3d5/2) and 631.0 eV ((I 
− 3d3/2). As the battery was discharged, the I 3d5/2 peak shifts to 
618.3 eV, confirming the formation of AlI4- as the discharged product 

[41–45]. Under the charge state, the I 3d5/2 peak shifts back to 620.0 eV, 
suggesting the oxidation of AlI4- back to I3− , indicating that the process is 
highly reversible [20,25]. Furthermore, the XPS spectra of Al-2p were 
applied at the discharge and charge states as shown in Fig. 4f. Under the 
discharge state, the Al 2p XPS peak at 75.0 eV could be assigned to the Al 
2p binding energy of aluminum halide, further confirming the existence 
of AlI4-. [41,42,44,45]. As the battery charged, the inconspicuous peak of 
Al 2p confirmed that AlI4- was reversibly oxidized to I3− . As shown in 
Figs. S17-S18 and Table S7 for the images of the LCA perovskite cathode 
and the atomic composition, respectively, there were some changes on 
the electrode, but Pb and I were still in the composition after the 5th 
discharge and 5th charge processes. Notably, the compositions of the 
iodine in the charge state were higher than those in the discharge state, 
indicating the formation of I3− , matching the results of ex-situ FTIR, 
Raman, and XPS. SEM images of the Al foil anode for the LCA perovskite 
battery and 3D perovskite battery were also obtained after the cycling 
processes as shown in Figs. S19 and S20, respectively. Clearly, the Al 

Fig. 4. Ex-situ measurements of the LCA perovskite/Al battery. (a) XRD, (b) FTIR, and (c) Raman of LCA Perovskite electrode at different states after 5 cycles. (c) 
XPS Pb 4 f and (d) I 3d spectra of LCA Perovskite electrode at different states after 5 cycles, respectively. Black profile: Pristine LCA perovskite electrode; Green 
profile: 1st discharge to 0.4 V; Pink profile: 1st charge to 1.2 V; Blue profile: 5th discharge to 0.4 V; Red profile: 5th charge to 1.2 V. 
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anode for the LCA perovskite battery showed rugged spots on the surface 
after the cycling processes, which could be attributed to various degrees 
of corrosion caused by the active Al2Cl7− anions in the electrolytes [20]. 
Although the Al anode was polished using emery paper to remove the 
passive layer, some oxygen still existed on the fresh aluminum surface 
(Fig. S19). Note that the Al anode for the 3D perovskite battery was 
covered with dense cycling products (Fig. S20). However, some Pb and I 
signals can be observed on the Al anode surface, suggesting the disso-
lution effect of the 3D perovskite. The LCA perovskite battery effectively 
prohibits the dissolution of lead and iodine, indicating that Pb centers 
remain in the matrix of the isobutylamine molecules during the 
charge-discharge process according to the composition difference on the 
anode surface. This phenomenon is also beneficial to the matrix of iso-
butylamine molecules, providing a strain-absorbing environment to 
avoid the detachment of lead from the electrode during the cycling 
process [12]. 

To further reveal the interaction between amine and I3− , we 
employed first-principle calculations to compare the adsorption energies 
of methylamine and isobutylamine (Fig. 5). The adsorption energy was 
defined as E(ads) = E(total)–(E(surf)+E(I3− )), where E(ads), E(total), E 
(surf), and E(I3− ) are the adsorption energies of I3− on various surfaces, 
total energy of the adsorption state, energy of the surface, and energy of 
the mono I3− molecule, respectively. The more negative the E(ads) is, the 
stronger the adsorption ability of the material is to avoid the shuttle 
effect of polyiodide, leading to good cycling performance. The details of 
the calculation are provided in Tables S8 and S9, and the calculated E 
(ads) values of the different adsorption systems are listed in Table S10. 
The E(ads) of isobutylamine-bound I3− was calculated to be − 9.31 kcal/ 
mol, which is higher than the E(ads) of methylamine-bound I3−

(− 7.52 kcal/mol). The free I3− typically presents a proximal linear 
configuration with a bond angle of 180◦ but I3− undergoes slight struc-
tural distortion upon binding with amine molecules, leading to a 
decrease in the bond angle(∠I–I–I). It can also be observed that the bond 
angle (∠I–I–I) with isobutylamine was calculated to be ~178.8◦, which 
is lower than the bond angle (∠I–I–I) with methylamine (~179.3 ◦) 
(Table S8). This implies the structural distortion of I3− , which suggests a 
strong interaction between isobutylamine and I3− [46], leading to rela-
tively good cycling performance. Combining the ex-situ XRD, XPS, 
Raman, FTIR, SEM-EDS and ESI-MS results, we propose the following 
mechanism for rechargeable LCA perovskite/Al batteries: 

First cycle: 
(C4H9NH3)2(CH3NH3)3Pb4I13 → 2(C4H9NH3I)+ 3(CH3NH3I)+

4PbI2. 
4PbI2 + 2AlCl4- → 4PbCl2 + 2AlI4- 

Subsequent cycles: 
Cathode reaction: 
6[amine]+I3- + 12Al2Cl7- + 12e- ↔ 6[amine]+I-+ 3AlI4- + 21AlCl4- 

[amine]+ = C4H9NH3
+ and CH3NH3

+. 
Anode reaction: 

4Al + 28 AlCl4- ↔ 16Al2Cl7- + 12 e- 

3. Conclusion 

In summary, for the first time, we successfully fabricated thin film 
electrodes of 3D (MAPbI3) and long-chain alkylammonium (iBA)2(-
MA)3Pb4I13) organic–inorganic hybrid perovskite thin films as electrode 
materials for rechargeable Al-ion batteries; the (iBA)2(MA)3Pb4I13 
electrode yielded a specific capacity of 257 mAh g–1 at a current density 
of 0.1 A g− 1 and delivered 108 mAh g–1 after 250 cycles at a current 
density of 0.3 A g− 1 with a retention of as high as 91 %, indicating a long 
cycling stability. Compared with MAPbI3, (iBA)2(MA)3Pb4I13 exhibited 
higher initial capacities, better reversibility, better high-rate capabil-
ities, and higher diffusion coefficient (DAl

3+), demonstrating the vital role 
of isobutylamine (C4H9NH3). The excellent performance can be attrib-
uted to the unique hydrogen-bonding interaction of isobutylamine, 
which effectively hindered the shuttle effect of polyiodide, as confirmed 
by ex-situ FT-IR, Raman, XPS, ESI-MS, and DFT calculations. Further-
more, the matrix of isobutylamine molecules provided a strain- 
absorbing environment to avoid the detachment of lead from the elec-
trode during cycling. These findings shed light on the mechanism of 
multivalent rechargeable batteries with organic-inorganic hybrid 
perovskite materials and will inform the design of novel organic- 
inorganic hybrid perovskite-based batteries with high capacities and 
long cycle lives. 

4. Experimental section 

4.1. Materials 

The raw materials, PbI2, C4H9NH3I (iBAI), CH3NH3I (MAI), AlCl3, 
and 1-ethyl-3-methylimidazolium chloride (EMIC), were commercially 
available from Alfa Aesar. Polytetrafluoroethylene (PTFE) coated car-
bon cloth was purchased from CeTech Co. Ltd. 

4.2. Synthesis of perovskites 

The synthesis of perovskite was performed using a one-step spin- 
coating method reported previously [16]. For the synthesis of 
CH3NH3PbI3, the precursor solutions were prepared by dissolving PbI2 
and MAI at a molar ratio of 1:1 in dimethyl formamide (DMF). For the 
synthesis of (iBA)2(MA)3Pb4I13, the precursor solutions were prepared 
by dissolving PbI2, iBAI, and MAI at a molar ratio of 4:2:3 in dimethyl 
formamide (DMF). Both precursor solutions were stirred overnight at 
room temperature. The PTFE-coated carbon cloth substrates were first 
treated by UV–ozone for 15 min to improve their hydrophilia before the 
spin-coated process. Then, 50 μL of the precursor solution was 
spin-coated on the PTFE-coated carbon cloth at 3000 rpm for 30 s, fol-
lowed by thermal annealing at 100 ◦C for 15 min for full crystallization 

Fig. 5. DFT calculation I3
- absorption energy of (a) lead iodide, (b) methylamine, and (c) isobutylamine.  
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of the samples. The specific areal loading of the active material was 
determined by growing perovskites on 1 × 1 cm2 substrates and 
dividing the mass difference by area, giving approximately 
0.5 mg cm− 2. All the samples were prepared in an Ar-filled glove box 
([O2] < 0.1 ppm, [H2O] < 0.1 ppm). 

4.3. Preparation of EMIC(1-ethyl-3-methylimidazolium chloride)-AlCl3 
electrolyte 

Anhydrous AlCl3 (Alfa Aesar, ≥99 %) was slowly added to 1-ethyl-3- 
methylimidazolium chloride (EMIC, >98 %, Io-Li-Tec) under stirring for 
~0.5 h to form a homogeneous liquid. All the electrolytes were prepared 
in an Ar-filled glove box ([O2] < 0.1 ppm, [H2O] < 0.1 ppm). 

4.4. Material characterization 

The morphologies and microstructures of the samples were investi-
gated using field-emission scanning electron microscopy (FESEM; 
Hitachi FE-SEM SU8010). A micro-Raman spectroscopy instrument 
(LabRAM HR800, Horiba) equipped with a green laser (532 nm) was 
used to identify the phase and examine the quality of the sample. The 
binding energies of Pb, I, and Al were examined by XPS using a PHI 5000 
Versaprobe II. The resolution of the Fourier transform infrared (FTIR) 
spectra is 2 cm− 1 with a scan number of 200. ESI ionization time-of- 
flight mass spectroscopy (ESI-TOF MS) measurements were performed 
by a JMS-T100LP4G (JEOL) mass spectrometer equipped with an ESI 
source. The ESI measurement conditions included a needle voltage of 
2000 kV, an orifice voltage of 1 V at 300 V, a ring lens voltage of 10 V, 
and a spray temperature of 250 ◦C. 

4.5. Electrochemical measurements 

A piece of 1 × 1 cm2 perovskite on a carbon cloth was directly used 
as the cathode, and a piece of 1.5 × 1.5 cm2 Al foil (0.25 mm, 99.99 %, 
Sigma) was used as the anode. In addition, the glass fiber was used as the 
separator (ADVANTEC, GC-50), and the Ni ears were used as the current 
collector with a mixture of anhydrous aluminum chloride and 1-ethyl-3- 
methylimidazolium chloride at a mole ratio of 1.3:1 (1.5 mL for each 
pouch) used as the IL electrolyte. Finally, a 5 × 10 cm2 aluminum 
laminated film pouch cell was used to assemble the Al-ion batteries in an 
Ar-filled glove box ([O2] < 0.1 ppm, [H2O] < 0.1 ppm). Electrochemical 
tests of the Al-ion batteries were carried out on an electrochemical 
workstation (Bio-logic, VPS), and galvanostatic and cycling measure-
ments were conducted using a LAND battery testing system. 

4.6. Computational details 

The geometric structures of monomers and complex compounds 
were optimized with the B3LYP/(6–311 +G**, Lanl2DZ) level (in 
which, 6–311 +g** basic set for C/H/N atoms, and Lanl2DZ basic set for 
I and Pb atoms) using the Gaussian 09 package, and the frequency cal-
culations were carried out at the same level [46–49]. All the structures 
had no imaginary frequency and were proven to be the local minimums 
on the potential energy surface by frequency calculations, indicating 
that structures obtained were stable that can be used in the following 
exploration. Based on the optimized structures, their single-point en-
ergies were calculated using the MP2/(6–311 ++G**, Lanl2DZ) level 
(in which the 6–311 +g** basic set for C/H/N atoms, and Lanl2DZ basic 
set for I and Pb atoms). The adsorption energy of I3− on various surfaces 

was calculated byEads = Etotal −
(

Esurf +EI−3

)
where Eads is the adsorption 

energy of I3− on various surfaces, Etotal is the total energy of the ab-
sorption state, Esurf is the energy of the surface, and EI−3 

is the energy of 
the mono I3− molecule. 
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