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Abstract  
Exploring prospective materials for energy production and storage is one of the biggest 

challenges of the century. Solar energy is one of the most important renewable energy 

resources, due to its wide availability and low environmental impact. Metal halide perovskites 

have emerged as a class of semiconductor materials with unique properties including 

tuneable band gap, high absorption coefficient, broad absorption spectrum, high charge 

carrier mobility and long charge diffusion lengths, which enable a broad range of 

photovoltaic and optoelectronic applications. Since the first embodiment of perovskite solar 

cells showing a power conversion efficiency of 3.8%, the device performance has now been 

boosted up to a certified 22.1% within a few years. In this Perspective, we discuss differing 

forms of perovskite materials produced via various deposition procedures, focusing on their 

energy related applications, and discuss current challenges and possible solutions, with the 

aim of stimulating potential new applications. 

 

Introduction 
Metal halide perovskites, with the general formula of ABX3 (where A is a cation, B a divalent 

metal ion, and X a halide) are a class of semiconductors which have the potential to deliver 

cheaper and more efficient photovoltaics than silicon-based technology. Over the last 5 

years, metal halide perovskites have attracted tremendous research effort, due to their 

unique optical and electronic properties. To date, they have been applied to fields including 

photovoltaics (PVs), light emitting diodes and solar to fuel energy conversion devices. In 

particular, the rapid advancement in PV efficiency has been accompanied by a deeper 

understanding of the fundamental properties of the materials and operational mechanisms of 

devices. Furthermore, recent progress with both nanocrystal and macroscopic single crystal 

growth and characterisation calls for a rationalisation of the different forms of perovskite 

semiconductors, beyond the widely-used polycrystalline thin films.  
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In this Perspective, we discuss exciting recent developments of perovskite materials in 

energy-related applications, and offer our opinion on the future course of the field. In addition, 

we will consider the prospects for perovskites in the broader energy picture: their potential 

roles in production, storage, and usage, and discuss the current challenges and potential 

solutions in these various areas.   

 

Versatile forms of metal halide perovskites  
 

A unique feature of metal halide perovskites, as compared to other traditional 

semiconductors such as crystalline Si and GaAs, is their high crystallinity despite low 

temperature processing (sub 200 °C). This enables processing on a range of substrates, 

and also versatile forms of perovskite materials - ranging from nanocrystals to macroscopic 

single crystals - to be created with ease. In this section, we describe various forms of 

perovskites, followed by a discussion of their fundamental properties and potential 

applications. 

 

Nano-meso-micro structured perovskites A plethora of nano to meso to micro structured 

metal halide perovskites have recently been synthesised. Monodisperse colloidal 

nanocrystals (NCs) based on fully inorganic caesium lead halide perovskites (CsPbX3, X = 

Cl, Br, I or mixture thereof) have been synthesised by reacting Cs-oleate with a Pb(II)-halide 

in octadecene1. The resultant perovskite NCs show remarkably high (up to 90%) 

photoluminescence quantum efficiency (PLQE), narrow emission line-widths (12-42 nm) and 

spectral tunability across the full visible spectrum (410-700 nm) through compositional 

modulations and the quantum confinement (Fig. 1a). As compared to metal chalcogenide-

based quantum dots, perovskite NCs have a simpler chemical synthetic route and do not 

seem to require complex core-shell structures which have been a prerequisite for high PLQE 

from CdSe quantum dots. The achievement of 90% PLQE is similarly astonishing as the 

sudden rise in PV efficiency the photovoltaic field has witnessed.  

Similarly, CsPbBr3 (Fig. 1b) and CsPbI3 nanowires (Fig. 1c) were prepared through a 

catalyst-free solution-phase synthesis2. Surprisingly, CsPbX3 NCs crystallize into cubic 

phase at room temperature while the CsPbX3 nanowires show orthorhombic phase, 

highlighting the importance of synthetic conditions and size and shape of the nanostructures 

on the crystal phase transitions: in the bulk, these materials are not stable in the cubic 

perovskite structure at room temperature in ambient conditions, but convert into a non-

perovskite orthorhombic phase3, less interesting for light emission and PV applications. The 

short-term stabilisation of the CsPbI3 NCs in the cubic phase is very interesting, but requires 
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further modification to deliver entirely structurally stable NCs. Notably, a similar strategy has 

been adopted for the synthesis of MAPbX3 NCs4,5 and MAPbX3 nanorod arrays6 (Fig. 1d).  

Other formats such as platelets7 (Fig. 1e) or microspheres8 (Fig. 1f) have also been 

fabricated, to exploit their novel structure-function properties for light emitting applications. 

We expect the activity in perovskite based colloidal crystals and crystal control on the nano, 

meso and micro scale to emerge into a field in its own right over the next few years; it is 

especially relevant to low-power light emitting technologies.  

 

Polycrystalline thin films Polycrystalline perovskite thin films are the dominant format for 

PV applications. Unlike traditional semiconductors used for thin-film solar cells, perovskite 

thin films can be fabricated with similar properties via various deposition procedures 

including solution processing9-11, physical vapour phase deposition12 or combinations 

thereof13. The solution processing has advantages over vapour phase deposition in terms of 

relying on inexpensive deposition equipment, whilst the latter avoids the usage of often toxic 

solvents and allows the deposition of homogenous thin films with precisely tuneable 

thickness on arbitrary substrates.  

The quality of the thin films, which is higly dependenent on the material purity and fabrication 

method, is of paramount importance for device performance and reproducibility. To date, 

tremendous efforts have been devoted to optimizing the perovskite crystallization and film 

formation in order to obtain highly crystalline and pinhole free perovskite thin films. Several 

review papers discuss the details of the differing growth methods14,15. Recently, perovskite 

thin films with full surface coverage and large polycrystalline domains (Fig 1g) have been 

achieved on large area by doctor-blade coating the precursor inks on hot substrates16, 

resulting in impressive device efficiencies.  

A paradox which has emerged is the rationalisation between observations of non-radiative 

recombination at grain boundaries in polycrystalline thin films17, and remarkably high 

radiative efficiency in perovskite nanocrystals. The prior motivates evolving the perovskite 

thin films towards single crystal domains, whereas the latter indicates that perovskite crystal 

surfaces are not inherently defective, indicating the alternative possibility of developing 

polycrystalline thin films with negligible non-radiative recombination losses.     

 

Macroscopic single crystals Unlike the classical cooling-induced crystallization for growing 

MAPbX3 single crystals which is time-consuming18, a  new strategy so-called “anti-solvent 

vapor-assisted crystallization” that slowly diffuses an antisolvent into the precursor solution 

was recently developed19. This enables the preparation of high-quality single crystals at 

room temperature. The high quality is reflected by low trap-state densities on the order of 

109 to 1010 cm–3, comparable to crystalline silicon grown at high temperature (108 - 1015 cm–
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3), and charge carrier diffusion lengths exceeding 10 micrometers have been estimated, in 

comparison to ~1 micrometer in a polycrystalline film20. 

The methods described above rely on the decreased solubility of the perovskite precursor 

salts in the growth medium. There has recently been an unexpected discovery of an 

apparent "inverse solubility” behaviour for MAPbX3 precursors21,22. As the temperature of the 

solution is increased, large crystals are observed to precipitate from the solution. Upon 

subsequent cooling the crystals re-dissolve. Despite lack of understanding of the mechanism, 

however, this process has been capitalised upon to enable the rapid synthesis of various 

large perovskite crystals (Fig. 1h,i), providing a good platform for a range of optical and 

electrical characterizations22, and broad optoelectronic applications such as photodetectors23 

and radiation energy harvesting24. It is our opinion however, that the greatest benefit of the 

single crystal work will be an added learning and understanding of crystallisation, which will 

be beneficial for reaching optimum properties of the polycrystalline thin films.    

 

 

Applications  
 
The versatility of the material compositions and processing routes, in combination with the 

favourable optical and electrical properties, opens a new avenue for emerging applications 

of metal halide perovskites. In this section, several applications of metal halide perovskites 

including PVs, light-emission and solar energy storage will be discussed with a motivation to 

simulate potential new applications.   

 

Photovoltaics (PVs) As discussed previously14,15, perovskites were originally viewed as a 

curious replacement to dye molecules in mesoscopic sensitized solar cells, due to its high 

absorption coefficient and broad absorption spectrum (Fig. 2a)9. However, it was quickly 

realized that perovskites are unique semiconductor materials differing from dye molecules 

and other organic absorbers, and more akin to the inorganic semiconductors for PV 

applications, such as Si or GaAs. Like these materials, perovskites have long carrier 

diffusion length20 and remarkable performance in planar heterojunction architectures (Fig. 

2b)12, where an intrinsic (i) perovskite solid layer is sandwiched between an n-type electron 

collection layer (typically compact TiO2) and p-type hole collection layer (typically Spiro-

OMeTAD)12. This structure has led to current density-voltage (J-V) curve measured power 

conversion efficiencies (PCE) of up to 19.4% so far25.  

One “inconvenience” with this “n-i-p” structure is that the J-V curves exhibit a large 

hysteresis, which has been widely discussed26,27. It is now apparent that hysteresis 

originates from a coincidence of electronic defects and mobile ionic species28, and is not due 
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to ferroelectricity29. To reduce this hysteresis, a very thin layer of mesoporous TiO2 (around 

150 nm) has been preserved in the highest efficiency devices reported thus far (Fig. 2c)30. 

We believe the active role of this thin mesoporous layer is to offer a higher surface area at 

the contact for making more favourable charge extraction, and to enable electron 

accumulation in the perovskite within this region, which acts to fill the electronic trap sites at 

this interface and inhibit accumulation of negative ionic charge.  

An alternative solution for reducing hysteresis is to exchange the n-type compact TiO2 layer 

with an organic n-type collection layer and develop so-called inverted p-i-n perovskite cell by 

combing an organic p-type collection layer (Fig. 2d)31; it has been shown that cells with 

fullerene organic n-type charge collection layers exhibit negligible hysteresis in their J-V 

curves32. We interpret this to indicate that a large surface defect density is generated at the 

interface between the perovskite and compact TiO2, likely during perovskite crystallisation, 

whereas the organic materials appear not to induce such a high density of defects32. In 

addition to being hysteresis-free, such cells inherit the advantages of organic PVs: low-

temperature, solution processing and ease of tuning the energy level alignment at the 

interfaces. In this architecture a PCE of 19.4% has recently been reported25, showing the 

promise of this device structure. Based on its advantages, we predict that the organic-

contacted structure will surpass the efficiency of the TiO2 based cells over the next few years. 

Multi-junction hybrid solar cells based on silicon or copper indium gallium selenide (CIGS) 

and perovskites are a very promising route to deliver a higher efficiency, cost-effective solar 

technology than that will compete favourably with today’s technologies, and we believe this 

application is likely to be the first commercial appearance of the perovskite solar cells33,34. 

Here however, we will briefly discuss the applications of perovskite solar cells which can go 

beyond that feasible with crystalline silicon.  

Key non-ideal properties of wafer based silicon PV are the requirement for a relatively heavy 

rigid format, and lack of aesthetic versatility, especially considering semi-transparent 

applications. In contrast, perovskite PVs can be processed on a variety of substrates via 

either solution or vapour phase processing, and have already delivered very high efficiency 

on a flexible format. Ultra-light weight perovskite solar cells with a power to weight ratio of 23 

W/g, compared to that of space-rated silicon at ~ 1 W/g, have been recently used  to power 

a model aeroplane (Fig. 3a)35. This is a fun illustration of the future technologies which may 

be enabled by extremely light-weight high-power perovskite PVs; in particular this will be of 

interest for space applications, the air transportation industry and military.  

In addition to flexibility, perovskite PVs can also be fabricated to be semi-transparent (Fig. 

3b)36, colourful (Fig. 3c)37 or even integrated into photovoltachromic devices38 for building 

integrated photovoltaics (BIPVs) applications.  
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Light-emitting devices for reduced energy consumption Efficient solid-state lighting 

based on inorganic (primarily GaN) light-emitting diodes (LEDs) has revolutionised the 

lighting industry and is set to displace all incandescent and fluorescent lighting over the next 

decade. A key driver for the lighting industry is efficient and colour tuneable emitters. An 

ideal light absorber for PVs, like perovskite, should also be an ideal light emitter, where all 

recombination is ultimately radiative according to the Shockley-Quieisser treatment39. Unlike 

the early embodiments of LEDs based on layer-structured perovskites, showing 

electroluminescence only at extremely low temperatures, LEDs based on metal halide 

perovskite thin films such as MAPbI3-xClx (meaning perovskite prepared from Cl-containing 

precursors) or MAPbI3-xBrx, as depicted by Fig. 3d, exhibit strong PL emission and tuneable 

emission spectra at room temperature by varying the composition of the perovskite40. Very 

recently, an impressive external quantum efficiency of 8.53% based on MAPbBr3 has been 

reported, achieved by optimising film morphology and material composition41. Further gains 

may be made by employing the previously discussed perovskite nanocrystals (Fig. 2a), 

leveraging their higher PLQE than the thin-film counterparts. 

The narrow emission spectrum and high PLQE of metal halide perovskites also open up 

possibilities for fabrication of low-cost lasers. Previous prototypes using polycrystalline 

perovskite thin films suffer from a relatively high threshold and low quality factor, possibly 

due to the limited crystallinity and high defect density42. A striking breakthrough was recently 

made by using solution-processed perovskite single-crystal nanowires showing a near 100% 

PLQE with a low threshold, high quality factor and wide spectral tunability (Fig. 3e)43. This 

highlights the importance of controlling the crystallinity and structural defects of the 

perovskite materials in achieving high performance light emitting devices. 

Bearing these considerations in mind, it seems likely that a divergence between the PV and 

light emitting research will be one of scale of the perovskite crystal domains, where isolated 

nanocrystals in a host may prove to be more advantageous for LEDs or lasers, in contrast to 

large crystalline domains in homogeneous thin films for the PV research. In our opinion, 

understanding the origin of non-radiative recombination in PL emission and finding routes to 

reduce such recombination pathways is the major challenge for further boosting the 

performance of light emitting devices. Additionally, developing structurally and thermally 

stable crystals of the appropriate band-gaps also needs realisation.   

 

 

Solar fuels for energy storage Deployment of solar energy usually requires energy storage. 

One option is to convert solar energy into chemical energy through artificial photosynthesis, 

producing so-called “solar fuels”. Typically, solar fuels are obtained by reducing protons into 

hydrogen through water splitting or by reducing carbon dioxide into organic chemicals. A 
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perovskite-based solar-to-hydrogen conversion system has been built by connecting two 

perovskite solar cells in series, providing a high enough voltage to drive water-splitting. This 

achieved a solar to hydrogen conversion efficiency of 12.0% (Fig. 3f)44, close to that 

obtained by GaInP/GaAs tandem cells  (12.4%) but much cheaper45. Sunlight-driven CO2 

reduction was recently achieved46 (Fig. 3g), achieving a  solar-to-CO efficiency of 6.5%. The 

key to the good performance of these conversion systems is the low loss-in-voltage 

achieved by the perovskite solar cells. It becomes realistic to achieve a solar-to-fuel 

efficiency over 20% in the next few years for the production of H2 or organic chemicals by 

combining more efficient perovskite tandem solar cells with more effective catalysts.  

 

Challenges and Opportunities 
 
MAPbX3 semiconducting properties. In addition to the well-known properties of 

perovskites, a unique feature that makes perovskites so good for PV applications relies on 

the fact that the energy of many electronic defects is expected to be close to the continuum 

of states within the bands, hence not detrimental for performance47.  

Despite this, there is still ample room to improve device performance by further reducing the 

densities of defects which are responsible for trap-assisted recombination. The origin of 

these trap related defects is currently unknown, but the densities of defects have substantial 

effect on the charge carrier recombination kinetics and device performance in the regime of 

solar sunlight intensity48. Furthermore, the defects appear to largely reside in the regions 

near the grain boundaries which serve as non-radiative recombination centres17. 

Encouragingly, through chemical passivation post-treatment, those defective regions can be 

somewhat “lit-up” again. Besides better control of crystallisation and passivation of defects, 

making larger crystal grains should be another way to reduce the grain boundaries and 

ensuing defect densities. However, there have not yet been numerous correlations between 

increasing grain size and improved material and device properties49. In addition, it is not 

clear if “grains” as observed in SEM images are single crystal grains or polycrystalline 

beneath the surface16,49. Combined with the observation of high PLQE from nanoscale 

crystals, this leads to an important and currently unanswered question: do we want large 

crystals, or well controlled, and potentially well-passivated small crystals in the ideal 

perovskite thin film? It is our opinion that it will not be necessary to move towards single-

crystal thin films, but optimal thin films may consists of crystalline domains with dimensions 

slightly larger than but on the order of the film thickness, with well controlled and passivated 

grain boundaries and surfaces.    
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Perovskites beyond MAPbX3 One primary challenge of MAPbX3 in PV and other 

applications is the inherent instability of materials toward moisture, air and heat50. A means 

to improve the stability is replacing MA with FA51 or Cs3 or mixture thereof33. Another 

possible route is based on the homologous two-dimensional materials, where sheets of 

perovskite octahedra are separated by layers of larger organics52. Although they have less 

ideal properties for solar cell power generation, the long chain organic cations afford a 

degree of hydrophobicity, and superior moisture stability has been reported53,54. These 

materials should also be very promising for luminescent applications due to their strong 

emission characteristics55. 

 

Toxicity is the other obvious challenge for lead-based perovskites, due to the possibility of 

lead leaching into the environment56. Clearly, a lead-free perovskite material would allay 

public concern. The early embodiments of this are the Sn-based perovskites57,58, showing 

narrower band gaps and higher mobilities than lead-based perovskites, with typical PCEs in 

solar cells of around 6.0%. Perovskite materials based on Ge were also reported recently59,60, 

showing PCEs around 0.2%60. Although Sn- or Ge-based perovskites should be less toxic 

than the lead counterparts, their poor chemical stability due the oxidation of Sn or Ge 

currently restricts their PV applications. If their stability can be enhanced, these materials 

could become useful for real applications. An alternative choice could be mixed (Sn, Pb) or 

(Ge, Pb) perovskites, for example, MASnxPb1-xI3 or MAGexPb1-xI3, where the amount of Pb is 

reduced and the stability is maintained, meanwhile offering new possibility of tuning the 

optical and optoelectrical properties.  

 

Opportunities as energy storage materials Perovskite solar cells devices exhibit current-

voltage hysteresis ascribed to a combination of ionic motion and electronic traps within the 

perovskite. This has been shown to stem from a low activation energy - and thus high ionic 

conductivity - for vacancies or interstitials in the material61. This then leads us to ask, can we 

make use of this solid-state high ionic conductivity in any form of device? The obvious 

candidate is in energy storage: if we can move charged ions or defects around in the 

material, this may be a good way to store charge. Here we briefly consider the two most 

promising embodiments: batteries and supercapacitors. 

 

Perovskites in batteries The most popular batteries in use today are ion batteries, 

predominantly lithium-ion. These comprise an ion-conducting electrolyte connecting two 

lithium-ion-storing electrodes. Lithium ions are driven into the anode by applying bias, 
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intercalating in the material, with the positive charge and compensated by electrons62. Under 

external load, the battery discharges: the lithium ions return to the cathode via the electrolyte 

and a corresponding flow of electrons is driven around the external circuit, powering the load. 

An electrode must be capable of reversibly storing as many ions as possible. In a lithium-ion 

battery63-65, the cathode is generally the limiting electrode, with state-of-the-art storage 

capacities for archetypal cathodes LiCoO2, LiFePO4, and LiMn2O4 being around 150-170 

mAhg-1. Common anodes include graphite64, with a storage capacity of 370 mAhg-1. The 

current challenges are improving electrode stability, capacity and lowering cost. Perovskites, 

may be able to offer both improved capacity and lower cost.  

Much work has been carried out on similar materials for battery anodes and cathodes; 

particularly similar materials are metal-organic frameworks66, which have been used as 

lithium-ion cathodes (75 mAhg-1) and anodes (510 mAhg-1), and the pigment Prussian blue67, 

which has been posited as a cathode for sodium-ion batteries (up to 100 mAhg-1). We show 

the structures of some electrode materials in Fig. 4. We note that many materials have 

similar corner-sharing structures to the ABX3 perovskites, indicating that this structure may 

be suitable for ion storage. Supporting this postulation, there has recently been a first report 

of MAPbX3
 perovskites used as lithium-storing anode materials with storage capacity of  ~ 

330 mAhg-1, which is competitive with the state-of-the-art anodes68. It remains to be seen 

whether the perovskites can play a role here in the performance-limiting cathode too, but the 

lithium storage capability reported is certainly promising.  

We point out that there remains an open question of where the lithium is actually stored via 

intercalation or at the surface. Furthermore, the anode deteriorated quickly, indicating that 

stability may be a challenge. In our opinion, more promise may lie in the layered 2D 

perovskites, which have clearer intercalation paths due to more space in the structure.  

Perovskites in supercapacitors Supercapacitors have a much higher capacity than 

conventional parallel-plate capacitors (up to ~30 Wh/kg) and a faster discharge rate than 

batteries62. They typically consist of two electrodes contacted by an electrolyte, rather than a 

simple dielectric as in a parallel-plate capacitor. The key difference is that ions in the 

electrolyte can move in response to a field. Energy is stored in an electric double layer at the 

surface of the electrode; because it is thin the capacitance is high. The other difference is 

that the electrode surface area is orders of magnitude larger than a flat surface; materials 

such as porous carbon are often used. 
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We postulate that perovskites could effectively replace the electrodes or electrolyte in a 

supercapacitor, taking advantage of the high surface area and good ionic mobility to provide 

high charge storage. Ionic motion within the material itself has been determined to provide 

capacitance of ~1.8 mFcm-2 in a 350 nm thick MAPbI3 film29 in a parallel-plate capacitor 

(electrostatically). If we consider an operating voltage of 1 V, a capacitor of these 

dimensions would store ~2x10-6 Wh/kg, capacitance of 12.6 F/g.  

The capacitance of perovskite-based devices could be much higher that this value in 

supercapacitor consisting of perovskite contacting high surface area carbon. While at this 

stage it is difficult to accurately predict the exact role that perovskite materials could play, it 

seems likely to us that the perovskites could create a new type of supercapacitor, where the 

ionic motion allows them to act similarly to an electrolyte and the high capacitance similar to 

an electrode - we envisage that a perovskite film sandwiched between two high surface area 

electrodes to be a possible iteration (Fig. 4). 

 

Conclusions 
This perspective has endeavoured to highlight the remarkably versatility of the metal halide 

perovskite semiconductor family. Increasingly exciting applications are being realised and 

the perovskites appear poised to excel in many of them. For the dominant application of 

perovskites PVs, we expect that the PCE will continue to progress toward the Shockley-

Quisser limit, by the combination of perovskite crystal orientation, surface and quality control, 

to compete with Si in the near future. Perovskite PVs will also see further applications in the 

solar fuel area, leveraging their high performance and low cost to reach new conversion 

records. We postulate that the rapidly advancing field of perovskites in light emission may 

begin to diverge from PVs in terms of the morphology of the materials used, as this field 

pushes closer towards highly efficient energy-saving LEDs and lasers. Herein, we propose 

perovskite-based energy storage as a potential new and exciting area of research, 

envisaging perovskite batteries and capacitors as efficient and cheap storage devices. We 

can also envisage the promise of the perovskites reaching into other areas not discussed in 

this perspective in the next few years, making perovskites a fantastic family of materials 

surpassing the dominant semiconductors in the market (Si, CdTe or GaAs) for a broad range 

of energy related applications. 
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Figure 1. Versatile forms of metal halide perovskites. a, colloidal solutions of CsPbX3 (X= 

Cl, Br, I) nanocrystals in toluene under UV lamp1 (λ = 365 nm). b, c, scanning electron 

microscopy (SEM) images of CsPbBr3 (b) and CsPbI3 (c) nanowires grown by solution-

phase synthesis2. d, CH3NH3PbI3 nanorod array formed by vapor phase anion exchange of 

CH3NH3PbBr3 nanorod array. The inset shows a photograph of a converted chip6. e, an 

optical image of CH3NH3PbI3 platelets prepared by vapor phase synthesis7. f, SEM image of 

a SiO2 microsphere conformally coated with CH3NH3PbI3 via atomic layer deposition8. g,  a 

SEM image of CH3NH3PbI3 thin film with large polycrystalline domains prepared by doctor-

blade coating on large area16. h, i, shape-controlled single crystals of MAPbBr3 (h) and 

MAPbI3 (i) formed by inverse temperature crystallization22. Figures reproduced with 

permission from: a, ref 1, ACS; b,c, ref 2, ACS; d, ref 6, ACS; e, ref 7, Wiley; f, ref 8, ACS; g, 

ref 16, RSC; h, i, ref 22, Nature Publishing Group.  
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Figure 2. Structural evolution of high-performance perovskite solar cells. Cross-section 

SEM images of perovskite solar cells in a, mesoscopic9, b, planar n-i-p heterojunction12, c, 

planar/mesoscopic hybrid30 and d, inverted p-i-n planar heterojuction structures31 (false 

colours) . Figures reproduced with permission from: a, ref 9, and b, ref 12, Nature Publishing 

Group; c, ref 30, AAAS; d, ref 31, RSC.  
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Figure 3. Versatile applications of metal halide perovskites. a, photograph of an model 

plane powered by perovskite PVs35. b, photograph of a neutral-colored  semitransparent 

perovskite film formed on glass via controlled dewetting36. c, photographs of colourful 

perovskite solar cells incorporating  porous photonic crystal scaffolds37. d, green and red 

perovskite light-emitting diodes from ITO/PEDOT:PSS/CH3NH3PbBr3/F8/Ca/Ag and 

ITO/PEDOT:PSS/CH3NH3PbBr2I/F8/Ca/Ag, respectively40. e, widely tunable lasing emission 

wavelength at room temperature from single-crystal nanowire lasers (inset photograph) of 

mixed lead halide perovskites43. f, schematic diagram of the water-splitting device combining 

the perovskite PVs (FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au) with NiFe layered double 

hydroxides/Ni foam electrodes44. g, schematic diagram of the sunlight-driven CO2 reduction 

device combining perovskite PVs (FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au) with an 

electrochemical cell using oxidized Au and IrO2 as electrodes46. Figures reproduced with 

permission from: a, ref 35, Nature Publishing Group; b, ref 36, ACS; c, ref 37, ACS; d, ref 40, 

and e, ref 43, Nature Publishing Group; f, ref 44, AAAS; g, ref 46, Nature Publishing Group. 
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Figure 4. Future directions and opportunities. Crystal structure of ion battery electrode 

materials: a) layered LiCoO2
65; b) cubic spinel LiMn2O4

65; c) Metal-organic framework 

MIL53(Fe)66; d) Prussian blue analogue67. Perovskite structures: e) 3D MAPbI3 (ref 69); f) 2D 

layered butylammonium lead iodide54. g) hydrothermally synthesised MAPbBr3 used in the 

first report of a perovskite battery anode68. h) and i) possible architectures for a perovskite-

based battery and supercapacitor respectively. The battery is shown in discharging state and 

the capacitor in charged state. Figures reproduced with permission from: a&b, ref 65, RSC; 

c, ref 66, Elsevier B.V.; d, ref 67, RSC; e, ref 69, Nature Publishing Group, f, ref 54, ACS, g, 

ref 68, RSC . 
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