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Closing the loop: recycling of MAPbI,; perovskite solar cells
[Friedrich-Alexander-University Erlangen-Nuremberg (FAU) and Helmholtz Institute Erlangen-Nirnberg for Renewable Energies (HI ERN), Germany]
Z. Wu, M. Sytnyk, J. Zhang, G. Babayeva, C. Kupfer, J. Hu, S. Arnold, J. Hauch, C. Bra
2024/05/21

Energy Environ. Sci. 2024, 17, 4248. DOI:10.1039/d4ee01071j

Small cells |
Large pseudo-module

v

Column

Chromatography
Chlorobenzene

Spiro
(Y: 66%)
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- Crystallization
cell route
MAPDI, o module route
(Y.' 87%) m
Vil < reuse

Vil g potential reuse

V - virgin material added

Y: recycling yield

+ fresh Sn0O,

Vil
(Y: 100%) 1TO/SnO,

Fig. 2 Schematic diagram of closed-loop recycling of perovskite solar devices. (I) Immersion of small cells or a large pseudo-module in chlorobenzene.
() Immersion of cell/module without spiro-OMeTAD in y-butyrolactone (GBL). (lll) Extraction of ITO/SnO;. (V) Filtration of Au. (V) Purification of
collected spiro-OMeTAD via column chromatography. (V1) Purification of collected MAPbIz via anti-solvent crystallization, with ethyl acetate (EA) as the
anti-solvent. (VIl) Deposition of fresh SnO; on recovered ITO/SnO.. (VI Cell fabrication using recycled materials. The cell route signals materials derived
from cells, while the module route indicates materials derived from modules.
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Table 2 Mass and valuc inventory scaled for a peravskite module with 1 m? area based on our fabrication sequence with an active arca of 70%. Usage
number was adapted from Lit; ™ itis assumed that 3 mlL 2.5% SnO, is required (3 mL is the overall volume far the solvent of peravskite solution in ref. 47)
The pricing was derived fram our laboratory’s procuremeant data {the source of the materials can be found in the ESI), with the exchange rate of 1 euro
equivalent to 1,08 dollars, with an exception of the price of H;0™ and the price of Au (market price on June 10, 2023) NMP: N-methyl-2-pyrrolidone

Subtotal Total cost Subtotal Total mass
Tayer Malerial Usage™"" Price ($][P]  cost(§) [Cy] per layer ($) [Cy] Densiy (g mT™") mass (g) [M,] per layer (g)
ITO glass ITO glass 1m* 243.74 244.30 — 5000 H084.57
Deionized water 33 mL 0.0004 0.997 32.90
Acetone 33 mL 0.28 0.7844 25.89
Isopropanol 33 mL 0.28 0.7812 p
500, 500, (15%) 058 ¢ 0.10 017 1.153 2.81
Dcionized water . 0.00002 0.997 1.25
Lsopropanol 0.072 0.7812 0.94
MAPDI; MAL 70 g 105 762 — 014 4.56
Pbl, 339100 g 1,83 — 1.38
DMF 126.13/250 mL 1.21 1.028 247
NMP 169.25/250 mL 0,11 0.9113 0.57
Spiro-OMeTAD  Spiro-OMeTAD 64.24 79.01 — 077 1347
TATRST 0.097 g 0.97 — 010
FK 209 Colm) TESL 0.092 g 5.63 — 009
Acclonilrile 0.495 mIL 030 0.786 0.39
Chlorobenzene 10,7 mL 137.98/250 mL 5.91 1106 1183
tBP 0.284 g 17248125 g 1.96 — 0.28
Au Au Lo3g 6301y 10402 104,02 - 1.65 1.65

Table 3 Crernical censumption and costs during the recycling process scaled for a perovskite madule with 1 m? area based an our fabrication
sequence with an active area of 70%. The solvent consumnption for MAPbI; and spiro-OMeTAD was determined by their respective solubility, about
500 mg ml ' MAPRI; in GBL,™ and 367 mg mL ' spiro-OMeTAD in chlorobenzens.” A 10% material loss during device fabrication is assumed. Fach
gram of material requires 20 g silica and 200 ml eluent during celumn chromatography. The amount of ethyl acetate should be about 3 times greater
than that of GBL (as described in the ESI). The pricing was derived from our labaratory's procurement data (the source of the materials can be found in the
ESI], with the exchange rate of 1 euro equivalent to 108 dollars, with an excaption of the price of H>0.* We are utilizing the yield data collected in our
experiments for the 1 m” madule

Target material  Material on stack  Chemical Usage  Virgin material price (8] Subtotal cost (S) Total cost [$) [Gx] vield [¥]
500, + ITO glass  0.078 ¢ + 5 kg Ethanol 33 mL 0.37 0.54 100%
SN0, (15%) 058 g BR.29/500 g 010

Deionized water 1.25 mL 0.00002
Isopropanal 1.25 mL 0.072

MAPDBL; 1.368 ¢ GBL 305 g 0.23 1.22 87%
Ethyl acerare 8.2 mL 0.99

Spire-OMeTAD 0.697 ¢ Chlorobenzene 1.9 mlL 103 5.93 66%
silica gel 48 116
Dichloromethane 133 mlL 341
Lthyl acerate 7 mL 0.33
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Organic solvent free Pbl, recycling from perovskite solar cells
using hot water [Univ. Appl. Sci. Arts Northwestern Switzerland]
F. Schmidt, M. Amrein, S. Hedwig, M. Kober-Czerny, A. Paracchino,
V. Holappa, R. Suhonen, A. Schaffer, E. C. Constable, H. J. Snaith,
M. Lenz, J. Hazardous Mater. 2023, 447, 130829.
DOI:10.1016/j.jhazmat.2023.130829 2023/01/18
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Indium and silver recovery from perovskite thin film solar cell waste
by means of nanofiltration

[Univ. Appl. Sci. Arts Northwestern Switzerland]

M. Amrein, K. Rohrer, D. Hengevoss, H. Jin, H. J. Snaith, M. Thomann,
F. Nuesch, M. Lenz,

ACS Sustainable Resource Management.
DOI:10.1021/acssusresmgt.5c00109 2025/05/16

- = = = = e ey

’ N oy \
End-of-life | Water 1 Acid extraction LbL membrane
solarcell | extraction : 1 filtration
I 1 (= B A&
1 1 ® .o Y
-t _l&4 — ¥ — — @\J
mi!ling ~

e -

Indium extraction: 85%
Silver extraction: 90%

|

\_ Pbl; (99% purity)

e s e et U Y = = = = e e e = =

e

Indium retention: 95%1
Silver retention: 0% |

Bioinspired “cage traps” for closed-loop lead management of
perovskite solar cells under real-world contamination
assessment [Zhengzhou Univ. (884 X), China]

H. Luo, P. Li, J. Ma, X. Li, H. Zhu, Y. Cheng, Q. Li, Q. Xu, Y. Zhang,
Y. Song, Nature Commun. 2023, 14, 4730.
DOI:10.1038/s41467-023-40421-8 2023/08/07
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Facile recovery of lead in discarded perovskite solar cells via
ultrasonic water leaching [Huazhong Univ. Sci. Tech. (FEfFfHK:
%), China] G. Hu, Z. Li, Q. Zou, S. Zhou, S. Liang, L. Huang, H.
Duan, J. Hu, H. Hou, L. Xu, C. Chen, J. Tang, J. Yang,

Environ. Sci. Technol. Lett. DOI:10.1021/acs.estlett.4c00735
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Organic solvent free Pbl, recycling from perovskite solar cells using hot water

F. Schmidt, M. Amrein, S. Hedwig, M. Kober-Czerny, A. Paracchino, V. Holappa, R. Suhonen, A. Schéaffer, E. C. Constable,
H. J. Snaith, M. Lenz,

J. Hazardous Mater. 2023, 447, 130829. DOI:10.1016/j.jhazmat.2023.130829
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Direct measurement of the exciton binding energy -
and effective masses for charge carriers in N — S oo
{ ~
. . . . . . / ~ s
organic-inorganic tri-halide perovskites : S metal ! P—
' d . 1+ shallow or ,'
Atsuhiko Miyata'’, Anatolie Mitiogiu'’, Paulina Plochocka', Oliver Portugall’, Jacob Tse-Wei Wang?, ! midgap / ¢ intra-band
Samuel D, Stranks?, Henry J. Snaith? and Robin J. Nicholas** darisial I' states ,' ' states
*“ = — ’ ! !
Solar cefis based on the organic-inorganic tri-halide perovskite family of materials have shown significant progress recently, \ / ’ d
offering the prospect of low-cost solar enargy from devices that are very skmpla to process, Fund tal to under ding the \ J X(34.5 ! !
operation of these devices ks the exciton binding cnergy, which has prowved both difficult to measure directly and controversial. X ' (34.5p) o ‘—1\
We demonstrate that by using very high magnetic fields It Is possible to make an accurate and direct spactroscoplc \ 0 — T ~
measureme nt of the cxciton blndlng energy, whk.hwcﬂvdl be only 16 meV at low temperatures, over three times smaller A S ommmm——" ~ Pb(()ﬁ)
than has been previously In the ro ture phase we show that the binding energy falls to even smaller . / N s O\ : 3 >
values of only a few millielectronvolts, whxh plal = thair excellont de evice performance as being due to spontancous free- | SE— - -
carrier generation following light bswptlon Additionaslly, we determine the excitonic reduced effective mass to be 0.104m, \ / S \
(where m, is the electron mass), significantly smaller than previously estimated experimentally but in good agreement with /
recent calculations. Our work provides crucial information about the photophysics of these materials, which will In turn allow VB \ J VB
improved optoclectronic device operation and better understanding of their electronic properties.
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SCIEMCE ADVANCES | RESEARCH ARTICLE

APPLIED SCIEMCES AND ENGINEERING

Tailoring solvent coordination for high-speed,
room-temperature blading of perovskite
photovoltaic films

Yehao Deng', Charles H. Van Brackle', Xuezeng Dai', lingjing Zhao?,
Bo Chen', Jinsong Huang "+

The efficiencies of small-pixel perovikite photoveltaics have increased to above 24%, while most reported
fabrication methods cannot be transferred to scalable manufacturing process, Here, we report a method of
fast blading large-area perovekite films at an unprecedented speed of 99 mmss under ambient conditions by
tailoring solvent conrdination capability, Combing velatile noncoordinating selvents to PR and low-volatile,
conrdinating solvents achieves both fast drying and large perovikite grains at roorm temperature. The repro-
ducible fabrication vields a certified madule efficiency of 16.4%, with an aperture area of §3.7 am®. This method
can be applied for various perovskite compaositions. The perovskite modules alsa show a small temperature
coefficient of —0.13%,/°C and nearly fully recoverable efficiency after 58 cycles of shading, much better than
commearcial silicon and thin-film solar modules.

Science Advances 2019, 5, eaax7537.
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ARTICLE R Gowech 1z spccien
Roll-to-roll gravure-printed flexible perovskite solar
cells using eco-friendly antisolvent bathing with

wide processing window

Young Yun Kimg | Tae-You Yang'<, Rikka Subonen’®, Antti Kcnpp.—-nen-‘, Kyeongil H‘/.'.:.rva-‘,

Nam Joong Jeon® ' & Jangwon Seo@ '™*

Drven oy recent Improvemants n efficiency anc stabiity of perowsate solar calls (P

upscairg ol PSCs has come Lo be reparded g the nezl slep, Specilicaly, o high-throughpul,

low-cost rol-to-roll (RZR) provesses would D a brescthirough to realioe the commercial
zation of PSCs, weh watorm farmation of peacursar wet flm and complete conversian o

prrovskite shase via R2R-cornpatible processes necesssty o scoomobsn this goel. Hersin, we

damcnsirate the pilct-scale, fully R2R manulacturing of ol the layers for dectrodes in

PSCS Tart-hutyt sleonal (BUOH) S intackiced as a0 acodaendy antisolvent with 3 wide
processing window. Hghly crystalling, uniform formamidinium (FA)-based perowshite dor-
maticn v Bu0H EA bathing waz confrmad by achieving high power corwerzion efficiencies
(PCES) of 235% lor glass-hased spn-coated PSCs and 1973 for gravere-peinted fexibie
PS5Cs As an extended work, RZR grawure-prntng anc tBuOH:EA bathing resultad in the
highest PCE
FA-peronskil

eported for ROR-promssed PSCS 16 736 for PSCs with R2R-pracessed SnD,/

= and 138% for Mdly RZR-roduoad FSCs
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Thermal Stability of K-Doped Organometal Halide Perovskite for s s
Photovoltaic Materials

Motoshi Nakamura, Issei Takenaka, Takashi Mabuchi, Chie Nishiyama, Keishi Tada, Takeru Bessho,
and Hiroshi Segawa*™

ABSTRACT: Organometal halide perovskites (OHPs) have garnered considerable 1.2

attention as materials for next-generation solar cells. Although the power ; - Lifetime prediction in N, at 85
conversion efficiencies of solar cells with OHPs are comparable to those of the *E' '

existing solar cells, their durability must be improved for practical use based ona 2 o8 |

deep understanding of their basic properties. During the last decade, various §

methods, such as composition control, alkali metal doping, and surface passivation, ":; 06 T

were used to increase the durability of OHPs. In this study, the effects of K-doping E 04 LT :;::frfqioﬁpb“nﬂbBrma)&

on the thermal stability of mixed OHPs are investigated. The activation energies of g A MAPbosBror)

the mixed OHPs with and without K-doping are found to be 128.4 + 52 and 92.9 £ 02 | e TR

+ 9.8 kJ/mol, respectively. Furthermore, the Johnson—Mehl—Avrami model is & 0o -I.-Ir"?‘?‘lpbllf N
adopted to the in situ X-ray diffraction measurement data, the results of which T 10 100 1000 10000
indicate that K-doped OHPs can be stabilized to such an extent that they do not Time (hours)

decompose after 10,000 h of heating at 85 °C.
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Device type -

p-i-n perovskite solar cell

Manufacturer :

The University of Tokyo

RCAST. Segawa-lab

Sample Mo. : 10-2

Repeat Times. : 1

Forward Reverse
Isc 4642 4.620 [mA]
Voo 1.202 1.204 I\
Pmax 4.763 4 827 [mw]
Ipmax 4.452 4.511 [mA]
\ pmax 1.070 1.070 I\
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Japan association for the promotion of Perovskite Solar Cells (JPSC)
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Japan Electrical Safety & Environment Technology Laboratories
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