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1. Introduction

Carbohydrate-powered solar cells: how starches
give perovskite extra energy

Chinnatip Harnmanasvate, (2@ Rico Meitzner, €2° Yuxin Liu, (¢
Nopporn Rujisamphan, (2 ¢ Eva Unger (2 ° and Rongrong Cheacharoen () *3¢
Perovskite solar cells (PSCs) have emerged as promising low-cost photovoltaics, combining high efficiency
with solution-processable and scalable fabrication. Realizing stable PSCs via ambient-condition processing
is critical for practical, large-area manufacturing. Natural additives offer a sustainable means to direct
perovskite crystallization and improve film quality; however, the relationship between their molecular
structure and perovskite nucleation, defect passivation, and stability—especially under high-humidity
conditions—remains underexplored. Here, we systematically investigate the impact of starch structures,
focusing on the ratio of linear amylose to branched amylopectin, on perovskite formation at 50% relative
humidity. We demonstrate that amylose-rich starch templates the growth of highly oriented, compact
perovskite films with significantly suppressed defect densities. This molecular templating enhances the
optoelectronic quality of the perovskite absorber, resulting in a 15% improvement in the power conversion
efficiency of all-solution-processed carbon-based PSCs. Moreover, devices incorporating amylose exhibit
markedly improved operational stability, with suppressed burn-in and a doubled Tgq lifetime under ISOS-L-
1 testing. These results reveal the crucial role of natural polymer structures in modulating crystallization
pathways and defect chemistry under real-world conditions. Our findings establish a design principle for
sustainable, ambient condition-processable PSC fabrication and provide a blueprint for eco-friendly
additive engineering in hybrid optoelectronic materials.

challenging due to the sensitivity of perovskite materials to
moisture, resulting in defective perovskite films.” This issue

Hybrid metal-halide perovskite solar cells (PSCs) have emerged
as a next-generation energy technology to supply the escalating
global energy demand.' However, the fabrication of most high-
efficiency PSCs still relies on expensive environmental control
chambers and vacuum systems, which are huge barriers for
scaling-up and commercializing PSCs.>* Minimizing the usage
of complex and energy-intensive processes by enabling fabrica-
tion in an ambient environment with some level of humidity
and employing solution-processable carbon top-electrodes offer
pathways to scalable and cost-effective PSC production.* None-
theless, depositing high-quality perovskite films in ambient air is
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can accelerate ion migration and non-radiative recombination,
which limit the efficiency and stability of PSCs."® Therefore,
optimizing perovskite inks by incorporating additives that mod-
ulate the formation of high-quality PSK layers under ambient
conditions—regardless of fluctuation in humidity levels—is of
high interest.

Additive engineering of perovskite precursors is a cost-efficient
and less-complex strategy for achieving high-quality perovskite
absorbers under ambient conditions.””® Various materials, for
example, organic molecules, ionic liquids, salts, polymers, etc.,”'°
have been introduced as additives to regulate the formation
process of perovskite in ambient air by mitigating perovskite-
moisture interactions, thereby enhancing perovskite film
morphology.'*™* However, small-molecule additives (i.e., organic
molecules, liquid ions, and salts) exhibit a high diffusion coeffi-
cient and volatility degree, which could affect the stability of PSCs
under real-world operating conditions."*' Therefore, polymeric
materials present a compelling alternative as additives, offering
the dual functionality of templating perovskite growth and form-
ing stable immobilized networks at grain boundaries. This dual
role not only enhances the film quality but also helps mitigate the
pathway of environmental-induced degradation.'® Nonetheless,
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most polymer additives are derived from petrochemical sources,
raising environmental concerns like ecosystem disruption, pollu-
tion, and high carbon emissions. In contrast, natural polymers
offer lower cost, less toxicity,"”” and nearly nine times smaller
carbon footprint,'®'® positioning them as attractive candidates
for PSC fabrication under ambient conditions.

Natural polymers—such as polysaccharides, polypeptides,
and polynucleotides—are promising green additives for per-
ovskite precursors due to their long covalent chains with
enriched functional groups such as hydroxyl (-OH), amino
(-NH,), and carboxyl (-COOH), which are beneficial for crystal
growth and defect passivation.’®>* Additionally, these natural
materials exhibit diverse molecular structures, such as linear
and branched structures, which could influence the formation
kinetics of perovskite.>® So far, there has been a lack of studies
on the structure-property relationships of natural polymers
with regard to linear or branching structures; we therefore
decided to use starches with different contents of amylose (a
linear-helical chain) and amylopectin (a helical chain with
branching)>* as a vehicle to study these relationships. Starches
also contain numerous hydroxyl (-OH) groups®* along their
polymeric chains, which are advantageous for templating the
perovskite growth and defect passivation.'>*> Despite their
chemical functionalities, the application of starch-based addi-
tives in high-humidity perovskite processing has not been
widely studied, presenting an opportunity to enhance the
sustainability of PSC production under ambient conditions.

In this study, we investigate how the structure of polysac-
charides influences perovskite growth under a tropical climate
with high humidity and high temperature (50 + 10%RH, 30 +
5 °C) by comparing two Thai starches: sticky rice (completely
branched amylopectin) and mung bean (a roughly equal mix-
ture of linear amylose and amylopectin). For the first time, we
unveil the impact of amylose, a linear polysaccharide, on the
perovskite formation pathway by a combination of in situ photo-
luminescence (in situ PL) and Fourier-transform infrared spectro-
scopy (FTIR). Moreover, we observe the impact of perovskite
growth assisted by linear amylose on the quality of perovskite
absorbers by scanning electron microscopy (SEM) together with
X-ray diffraction (XRD). To further explore the influence of
amylose on the optoelectronic properties of perovskite thin
films, we conduct space-charge-limited current (SCLC) and PL
spectroscopy. Lastly, we investigate the effect of starch modifica-
tion on the performance and operational stability (ISOS-L1) of
fully solution-processed carbon-based solar cells.

2. Experimental section
2.1 Materials

Formamidinium iodide (>99.99%, FAI) and lead(n) iodide
(99.99%, Pbl,) were purchased from GreatCell and TCI, respec-
tively. Lead(u) bromide (>98%, PbBr,), cesium iodide (99.999%,
Csl), lithium bis(trifluoromethanesulfonyl)imide (99.99%, Li-
TSFI), nickel nitrate hexahydrate (>98.5%), ethylenediamine
(>99.5%), ethylene glycol (anhydrous >99.8%), chlorobenzene
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(anhydrous >99.8%, CB), N,N-dimethylformamide (anhydrous
99.8%, DMF), and dimethyl sulfoxide (anhydrous >99.9%, DMSO)
were obtained from Sigma-Aldrich. N2,N2,N2' N2/ .N7.N7,N7' N7'-
Octakis(4-methoxyphenyl)-9,9’-spirobi[9H-fluorene}-2,2,7,7’-tetramine
(99.86%, Spiro-OMeTAD) and [6,6] phenyl-C61-butyric acid methyl
ester (PCBM) were supplied by Advance Election Technology.
Colloidal-SnO, (15 wt% in H,0), 4-tert-butylpyridine (>98%, 4-
tBP) and acetonitrile (>99.5% (GC), AceN) were provided by Alfa-
Aesar, Advance Election Technology, Ossila and TCI, respectively.
Sticky-rice and mung bean starch additives were purchased from
Thai local companies, Bangkok Inter Food Co., Ltd and Sitthinan
Co., Ltd, respectively.

2.2 Solution preparation

A 15 wt% colloidal-SnO, solution was diluted in de-ionized
water down to 3.75 wt% and then sonicated for 1 h in an
ultrasonic bath. 1.5 M Csg 17FA g3Pb(I.g3BT¢.17)3 (CSFA) perovs-
kite precursor was prepared by dissolving FAI, Csl, PbBr, and
PbI, powders in DMF : DMSO with a ratio of 4:1. Additionally,
starches, including, sticky rice and mung bean starches, were
added to the perovskite precursor at an optimized 0.25 mg
mL~" concentration, as shown in Fig. S1, by stirring at 70 °C for
3 h. Before the perovskite deposition process, all precursors
were filtered through a 0.22 pm polytetrafluoroethylene (PTFE)
filter. Nickel nitrate hexahydrate was dissolved in ethylenedia-
mine and ethylene glycol at 1 M concentration, and then
filtered through a 0.22 um PTFE filter.>® The Spiro-OMeTAD
solution was prepared following our previous work.”” PCBM
solution was prepared by dissolving PCBM powder in chlor-
obenzene at 20 mg mL™' concentration. Perovskite, Spiro-
OMEeTAD, nickel oxide and PCBM solutions were prepared in
a nitrogen-filled glovebox.

2.3 Perovskite solar cell fabrication process

FTO-coated glass substrates were sequentially cleaned using
Alconox, DI water, acetone and isopropanol by ultrasonication
for 15 min. Afterward, the substrates were cleaned by UV-O;
treatment for 15 min. Then, 100 uL of the colloidal-SnO,
solution was dropped on a UV-O; treated substrate at 3000
rpm for 30 s, and this step was repeated before annealing at
150 °C for 1 h. Then, the SnO,-coated substrates were treated
with UV-O; for 15 mins. Subsequently, 50 pL of the perovskite
precursors were dropped on the substrates, then spun at 1000
rpm for 14 s before ramping up to 6000 rpm for 10 s. During the
second spinning process, N, gas, which was set at 6 bar
pressure, was blown on the wet perovskite film at 1.5 cm height
and then immediately moved to anneal on a 150 °C hot-plate
for 10 min. Next, the substrates were transferred to a nitrogen-
filled glovebox (<0.1 ppm H,0, <0.1 ppm O,) for hole trans-
port layer (HTL) deposition. For conventional devices, 40 pL of
the Spiro-OMeTAD layer was dropped on the perovskite films,
then spun cast at 3000 rpm for 20 s. After HTL deposition, all
substrates were stored overnight under a <10%RH atmo-
sphere. A carbon electrode was prepared by blading commer-
cial carbon paste on graphite foil with 80 pm thickness before
soaking in ethanol for 2 h. Afterward, the electrode was pressed
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on the devices with 0.6 MPa and at 50 °C for 180 s. The SnO,,
perovskite and electrode layers were deposited and processed
in ambient air at 50 & 10% RH and 30 £ 5 °C.

2.4 Electron and hole only device preparation

FTO substrates were cleaned and prepared following the steps
in the perovskite solar cell fabrication process. For an electron

(a)

Amylopectin
(Branched Polysaccharide)

Sticky Rice
CH 2OH (0% Amylose Content)
O,
OH
OH OH :
Mung Bean
OH (57% Amylose Content

Glucose Monomer

NN\

Amylose
(Linear Polysaccharide)

AN

1.220E404 800

1.107E+04

9840

750
8610
—_ —
IS 7380 £
c c
£ £
= 6150 5 700
) =)
c c
@ 920 @
e g
© 3% @
= = 650

2460

1230

0.000 600

(b)

S S
o 98 o 98
o o
(= c
S T
= =
& &
2 97 8 97
o o
= =

View Article Online

Research Article

only device, colloidal-SnO, was coated on the FTO substrate
before depositing the perovskite layer. Then, PCBM was depos-
ited on the perovskite layer by spin-coating at 1000 rpm for
30 s*® before storage in a <10%RH desiccator overnight. For a
hole only device, NiO, was deposited on the FTO substrates
following the previous work;>® then, the perovskite layer was
deposited. Consequently, Spiro-OMeTAD was coated on top of
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Fig. 1

(a) Schematic representation of the structures of amylose and amylopectin, including the amylose content in sticky rice and mung bean starches.

(b) Expanded FTIR fingerprint region for —OH of Pbl,—DMSO (black), starchn—DMSO (red), and starch—Pbl,—DMSO (blue) solutions. The dotted lines
denoted corresponding peak positions, color-coded to match each spectrum. In situ PL of starch-treated precursors during spin-coating. PL heatmap
with integrated PL peak center and normalized intensity evolution of control (c) and (f), sticky rice-modified (d) and (g), and mung bean-modified (e) and

(h) perovskite precursors (quenching begins at 0 s).
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the perovskite using the same process as that of the PSC
fabrication before storage in a <10%RH desiccator. The carbon
top-electrode was pressed on electron and hole only devices
under the same conditions as those of perovskite solar cells.
PCBM and Spiro-OMeTAD were deposited in a nitrogen-filled
glovebox.

2.5 Characterization

A field emission scanning electron microscope (FE-SEM, JEOL
JSM-7001F) was operated at 15 kV beam intensity to observe the
morphology of the perovskite film. To study the phase for-
mation of the perovskite in the 10-50° range of 20, a Rigaku
Smartlab SE with a Cu Ka X-ray source was used. Steady-state
photoluminescence (STPL) and time-resolved photolumines-
cence (TRPL) spectra were obtained with a 403 nm excitation
laser using a spectrofluorometer from Horiba DeltraFlex and
Pico Quant FluoTime 300. Fourier-transform infrared spectro-
scopy (FTIR, Thermo Scientific Nicolet iZ10) was performed on
PbI, solution to observe starch-Pbl, interactions. Formation of
a starch barrier was observed using a transmission electron
microscope (TEM, JEOL JEM-2100) at 160 kV beam intensity. An
ultraviolet-visible spectrophotometer (UV-vis, Agilent 8453) was
utilized to evaluate the amylose content of starch additives and
the absorption range of perovskite films. Power conversion
efficiency (PCE) and space-charge limiting current (SCLC),
and maximum power point tracking (MPPT) with a perturb
and observe (P&O) algorithm of the perovskite solar cells were
measured using a Keithley 2400 source meter. PCE and P&O
MPPT were measured on 0.12 cm? of the devices under AM1.5G
illumination with 1000 W m~2 from a Xe short-arc lamp solar
simulator (Enlitech SS-X50), calibrated using a silicon-based
calibration cell (InfinityPV, CalCell). External quantum effi-
ciency (EQE, Enlitech QE-R) was measured on the devices to
determine the integrated current of the solar cells.

3. Results and discussion

To investigate how the polymeric structure of starch additives
influences perovskite formation, we examine two types of
starches: sticky rice starch (0 + 2% amylose, predominantly
branched-helical amylopectin) and mung bean starch (57 & 2%
amylose, a mixture of linear and branched helices), as shown in
Fig. 1a and Fig. S2. The FTIR spectra in Fig. 1b and Fig. S3 show
that sticky rice and mung bean dissolved in DMSO exhibit
distinct single and two characteristic peaks, respectively. Upon
incorporation of both the starch additives into the PbI,-DMSO
systems, the FTIR characteristic peaks of hydroxyl (-OH)
stretching vibrations shift from 3444.24 cm™' to 3436.05
em ! for sticky rice starch and from 3446.17 cm ™" to 3437.98
ecm ! for mung bean starch, associated with the ~OH groups
along branched amylopectin chains.’® In the case of mung
bean starch, an additional peak shift from 3481.85 cm ' to
3474.62 cm™ ' is also noticed, which likely corresponds to the
stretching vibration of the -OH sites along the linear amylose
chain.*" These spectral shifts of the ~OH stretching peaks imply
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coordination between the -OH sites along starch chains and
the Pb>" centers in Pbl,.**> Such interactions explain the for-
mation of starch-PbI,-DMSO complexes within the perovskite
precursor solutions, which could influence the subsequent
perovskite crystallization process.'®

In situ PL measurements were conducted during the spin
coating process to examine the influence of these complexes on
the perovskite formation process.** According to Fig. 1c and f,
for the reference ink without starch additives, the perovskite
starts forming at approximately 10 s after quenching, evident in
a fast evolution of the PL signal both in terms of the emission
peak position and integrated intensity. After 47.2 seconds, the
PL intensity starts to decrease, which is attributed to the fast
aggregation of perovskite clusters. This rapid nucleation and
aggregation could result in the formation of poor-quality per-
ovskite films.** The addition of sticky rice and mung bean
starches to the perovskite precursors delays the evolution of PL
signals, as shown in Fig. 1d, e and g, h, implying slower
nucleation and aggregation of the perovskite clusters. This
retarded growth of perovskite by the starches could lead to
the formation of higher-quality perovskite films.>”»*>

The starch additives not only delay perovskite formation but
also assist perovskite growth along their polymeric chains,
which could enable the formation of high-quality absorbers
in an ambient environment with high humidity. As shown in
top-view scanning electron microscopy (SEM) images (Fig. 2a-
¢), both sticky rice and mung bean additives increase the
average grain size of perovskite from 354 nm to 530 nm and
659 nm (Fig. S4), respectively. Moreover, the thickness of the
perovskite films increased from 401 nm up to 535 nm and
567 nm by sticky rice and mung bean additives, respectively, as
shown in the cross-sectional SEM images. An increase in the
linear-amylose content in the starch additive not only enhances
the grain size and thickness of the films but also minimizes
vertical boundaries (Fig. 2¢), thereby reducing defect sites in
perovskite absorbers.” According to the XRD spectra in Fig. 2d,
both starch additives significantly enhance the intensity of
perovskite characteristic peaks in the {110} plane family, indi-
cating that amylose and amylopectin template the growth of
perovskite along the [110] direction. The mung bean starch
with a higher linear-amylose content can serve as a molecular
scaffold (Fig. 2e), more effectively than branched amylopectin,
which leads to highly oriented perovskite along the [110]
direction (Fig. S5). This enhancement of preferred orientation
can promote carrier transportation across the perovskite film
thickness.*®

Further investigation using a transmission electron micro-
scope (TEM) reveals nanometer-thick starch layers surrounding
perovskite grains, shown in Fig. 3a, which possibly are net-
works of starch induced by heat during fabrication. These
starch layers are believed to passivate accumulated defects at
grain boundaries.’” To confirm this hypothesis, X-ray photo-
electron spectroscopy (XPS) was performed on perovskite films
with and without the additives to investigate the interaction
between the starch additives and the perovskite. As shown in
Fig. S6, there are shifts in the Pb 4f and I 3d core levels in the
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spectra of perovskite films on FTO substrates, fabricated from perovskite precursors without and with starch additives. (e) Schematic of perovskite growth

kinetics assisted by amylopectin and amylose.

case of perovskite with the incorporation of the starch addi-
tives, which are attributed to the chemical interactions between
the hydroxyl groups along starch chains and defect sites within
the perovskite films (i.e., undercoordinated Pb®>" and iodine
vacancies).>®*° These interactions highlight the ability of the
starch additives to passivate defects, improving the optoelec-
tronic quality of perovskite absorbers fabricated under ambient
conditions.

To investigate the influence of improved perovskite film
morphology by the starch additives on the optoelectronic
quality, we performed photoluminescence (PL) spectroscopy
and space-charge-limited current (SCLC) measurements.*” As
shown in Fig. 3b, the high-linear amylose starch modified-
perovskite film (mung bean) radiatively luminesces the stron-
gest from the steady-state photoluminescence (STPL) measure-
ment. Additionally, mung bean-modified perovskite films
exhibit longer average charge carrier lifetimes of 346.50 ns,
compared to 226.59 ns for the control and 276.50 ns for the
sticky rice-modified films, as fitted from the time-resolved photo-
luminescence (TRPL) spectra (Fig. 3c) by bi-exponential decay.
These observed improvements in STPL and carrier lifetimes
signify a superior reduction in non-radiative recombination by
linear amylose, likely due to more effective defect passivation.*”*°
Space-charge-limited current (SCLC) measurement (Fig. 3d and e)
was further performed to quantify electron (n..) and hole trap
(nen) densities in perovskite films using eqn (1).

2eg)
=— Ve 1
ny e TFL> 4y

where &, & ¢, d, and Vip, are vacuum permittivity, relative
permittivity (62.23 for CsFA-based perovskite),"" elementary
charge, perovskite film thickness, and trap-filled limit voltage,
respectively. Table 1 shows that sticky rice and mung bean
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additives dramatically reduce the number of electron trap density
from 8.30 x 10" ecm™ to 4.72 x 10" and 4.67 x 10"° cm ™,
respectively. In the same way, hole trap density is also decreased
from 3.02 x 10" em ™ to 1.71 x 10" and 1.53 x 10"> cm ™ in the
case of sticky rice and mung bean additives, respectively. These
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Fig. 3 (a) TEM images of the perovskite grains covered by starch layers.
The (b) STPL and (c) TRPL spectra of the perovskite film fabricated under
ambient conditions on FTO substrates without and with sticky rice and
mung bean additives. The dark J-V curve of (d) electron-only and (e) hole-
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Table 1 Calculated electron and hole trap density from SCLC
measurement

Electron-only device Hole-only device

Conditions VirrL Nee (cm™?) VirrL nep (em™?)
Control 0.624 8.30 x 10" 0.227 3.02 x 10"
Sticky rice 0.597 4.72 x 10" 0.217 1.71 x 10"
Mung bean 0.605 4.67 x 10" 0.198 1.53 x 10"

results confirm the hypothesis that linear amylose most effec-
tively passivates perovskite defects, which could be beneficial for
device performance improvement compared to starch additives
with branched amylopectin.

We explore the impact of starch additives on the perfor-
mance of all-solution-processed PSCs with an FTO/col-SnO,/
ambient condition-fabricated perovskite/spiro-OMeTAD/car-
bon architecture. Starch additives help improve reproducibility,
observed by narrower distributions of power conversion effi-
ciency (PCE), shown in Fig. 4a. Additionally, Fig. 4b shows that
the best performance of ambient fabricated perovskite with
carbon electrode PSCs increases from 14.05% up to 14.99%
(sticky rice) and 16.17% (mung bean). This enhancement in
performance is attributed to increases in the open-circuit
voltage (V,), fill-factor (FF), and short-circuit current density
(Jsc), as summarized in Fig. S7 and Table S1. The average V. of
starch-modified PSCs improves from 1.013 V to 1.033 V (sticky
rice) and 1.035 V (mung bean). Additionally, the average FF of
sticky rice- and mung bean-modified PSCs also increases from
56.14% up to 63.89 and 63.93%, respectively. These improvements
are consistent with the reduction of non-radiative recombination,
due to defect suppression in perovskite layers." Furthermore,
improvement of average J,. from 18.42 mA cm > to 19.91 and
19.92 mA cm ? by sticky rice and mung bean modification,
respectively, agrees with the EQE results, shown in Fig. 4c. This
is attributed to stronger light absorption in the visible range (Fig.
S8) by the thicker perovskite absorber and enhanced carrier
mobility from significant suppression of trap densities.*

To investigate the effect of starch additives on the durability
of perovskites, ambient-fabricated films are aged under extreme
storage conditions, including moisture (25-35 °C/60-80%RH,
ISOS-D-1) and moisture-heat (85 °C/60-80%RH, ISOS-D-2).**
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Fig. 5 Evolution of XRD profiles of the perovskite films without and with
the starch additives aging under (a) moisture (25-35 °C/60-80%RH) and
(b) moisture-heat (85 °C/60-80%RH) conditions for 240 hours.

The XRD spectra in Fig. 5a and b show that starch-modified
perovskite films maintain higher intensity of the perovskite
characteristic peaks and low intensity of non-perovskite phases
(i.e., Pbl,) after 240 hours of testing, compared to the control
film. The enhanced stability stems from high-quality perovskite
films with enlarged grains, increased compactness, and reduced
defect density, resulting from the incorporation of starch
additives.** A comparison of the XRD results from both starch
additives reveals that mung bean-modified perovskite exhibits
superior stabilities, as evidenced by the slower evolution of the
Pbl,/(110) and (110)/(110)inisia1 peak ratios in Fig. S9. This is
attributed to linear-amylose in mung bean starch, which pro-
motes film morphology and tightly wraps perovskite grains,
more effectively passivating accumulated defects.

To assess the operational stability of starch-modified PSCs,
we track the performance evolution of carbon-based PSCs
without encapsulation at the maximum-power point using a
perturb and observe (P&O) algorithm under 50-60% RH/25 °C/1
Sun-AM1.5G (ISOS-L-1).** Additionally, we develop a model (see
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Fig. 4 (a) Performance statistics from 27 devices and (b) the best J-V curves in the reverse-scanned direction of PSCs with FTO/col-SnO,/perovskite/
spiro—OMeTAD/carbon structure without and with different starch additives. (c) The EQE spectra of representative PSCs without and with sticky rice and

mung bean additives.
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SI Note S1) for fitting the ageing curves to determine their
lifetimes and better understand the degradation behavior of
each device. As illustrated in Fig. 6 and Fig. S10, the devices
with starch-modified perovskite absorbers show a very different
ageing dynamics compared to the control device. The perfor-
mance evolution of the control PSC exhibits a bi-exponential
decay with initial burn-in, which is likely from ion-migration in
the defective perovskite absorber.”” In contrast, the starch-
modified devices do not have burn-in but only slight linear
degradation followed by a catastrophic failure, as shown in Fig.
S11. This is likely caused by the moisture ingress over time.
With proper packaging, starch-modified PSCs could potentially
achieve longer operational lifetimes;*® however, this aspect is
beyond the scope of this study. On comparing the lifetimes of
both starch-modified devices, shown in Table S2, it can be
observed that the mung bean-treated PSC has the highest
lifetime, corresponding to higher-quality film morphology
(Fig. 2a—c) and superior defect passivation (Fig. 3d and e). This
result highlights the importance of linear amylose in templat-
ing the growth of highly oriented perovskites together with
grain wrapping, which is advantageous to achieve fully
solution-processed PSCs fabricated under ambient conditions
with enhanced performance and stability.

4. Conclusion

In summary, this work highlights the critical role of a poly-
saccharide molecular structure in templating perovskite crystal-
lization, defect passivation, and device performance under
high-humidity conditions (50% RH). We show that mung bean
starch (57% linear amylose) facilitates the growth of highly
oriented and larger perovskite grains with fewer vertical grain
boundaries compared to sticky rice starch (100% branched
amylopectin). The linear amylose chains interact chemically
and physically with the perovskite defects, reduce trap densities
by half, and suppress non-radiative recombination. These
effects translate to a significant improvement in all-solution-
processed carbon-based PSCs under high humidity conditions,
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boosting the efficiency from 14.05% to 16.17%. Remarkably,
the linear-amylose-modified perovskite also mitigates burn-in
degradation and doubles the operational lifetime of unencap-
sulated devices under ISOS-L-1 testing under 50-60%RH con-
ditions. Ultimately, this study shows that selecting natural
materials with suitable structures is key to promoting perovs-
kite growth and passivating defects, which enable low-cost and
sustainable PSC fabrication under ambient conditions.
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