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hts into the key role of
methylammonium iodide in the stability of
perovskite materials†

Negin Sabahi and Hashem Shahroosvand *

The possible mechanisms damaging perovskite solar cells have attracted considerable attention in the

photovoltaic community. This study answers specifically open problems regarding the critical role of

methylammonium iodide (MAI) in investigations as well as stabilizing the perovskite cells. Surprisingly, we

found that when the molar ratio between PbI2 : MAI precursor solution increased from 1 : 5 to 1 : 25, the

stability of perovskite cells dramatically increased over time. The stability of perovskite in the air without

any masking in the average stoichiometry was about five days, while when the amount of MAI precursor

solution increased to 5, the perovskite film was unchanged for about 13 days; eventually, when the value

of MAI precursor solution enhanced to 25, the perovskite film stayed intact for 20 days. The outstanding

XRD results indicated that the intensity of perovskite's Miler indices increased significantly after 24 h, and

the MAI's Miler indices decreased, which means that the amount of MAI was consumed to renew the

perovskite crystal structure. In particular, the results suggested that the charging of MAI using the excess

molar ratio of MAI reconstructs the perovskite material and stabilizes the crystal structure over time.

Therefore, it is crucial that the main preparation procedure of perovskite material is optimized to 1 unit

of Pb and 25 units of MAI in a two-step procedure in the literature.
1. Introduction

Substances with the chemical formula ABX3 and cubic structure
are known as perovskite materials,1 in which A and B can be
inorganic cations with different ion capacities and radii.2 In
general, interesting physical properties such as magnetic
resistance,3 ferroelectricity,1 and superconductivity2 have been
extensively discovered in perovskites. On the other hand,
perovskite has a crystal structure that is sensitive to light, which
has led to a breakthrough in solar energy generation. In this
context, perovskite solar cells (PSCs) have received signicant
attention due to their impressive energy conversion efficiency
(PCE) of up to 25.8% and their easy and low-cost preparation.4,5

In addition to existing advances, the presence of lead in the
center of the perovskite cell as a toxic metal, the stability of the
cell over time, and the efficiency of the structure are among the
things that need improvement.6 The most important things
attempted are the following; 1- replacement with other cations
such as triple cation alternatives,7 2- increasing the particle size
and reducing grain boundaries8,9 using different additives, 3-
ease of movement of electric charge carriers,10–12 4- reducing the
ced Functional Materials, Department of
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tion (ESI) available. See DOI:

20416
effect of hysteresis (current reduction)13 and charge recombi-
nation14 by controlling crystal growth.

In this area, simple, cost-effective, and straightforward ways
to make high-quality perovskite lms are by incorporating
additives that remarkably improve the photovoltaic perfor-
mance through the following strategies.15 First, the modulation
of perovskite lm morphology through the optimization of
colloid size and mediation for nucleation as well phase stabi-
lization.16 Second, adjustment of energy levels from 1.2 to over
3 eV for charge extraction.17 Second, the reduction of non-
radiative recombination and elimination of hysteresis (reduc-
tion of ow). Generally, common additives used for the above
quarries include salts, organic and inorganic molecules, poly-
mers, and nanoparticles.18 However, additives that have been
studied so far are very extensive such as thiocyanates,19 excess
lead iodide,20 methyl ammonium iodide,21 chloride,22

bromide,23 solvents,24 Lewis acids and bases,25 hydrophobic
materials,26 oxygen and silica,27 two-dimensional perovskites,28

and quantum datasets.29 The variety of additives may be related
to the ability to coordinate lead cation (Lewis acid) and iodide
anion (Lewis base) in the perovskite structure.30 It is worth
noting that a deep understanding of the relationship between
the physicochemical properties of the additives and the
improved quality of the perovskite lm is essential for devel-
oping new additive systems,7which are expected to be enhanced
by surface engineering pathways. Few articles have investigated
the effect of methyl ammonium iodide (MAI) in various
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conditions (Table S1†); for instance, N. Adhikari et al. reported
the inuence of increasing the amount of water in a solution of
MAI in isopropyl alcohol (IPA), which increases the grain size.31

I. Levchuk et al. found that MAI impurities such as hypo
phosphorus acid affect perovskite lm quality.32 Additionally, Y.
Cheng et al. conrmed that the loading time of MAI affects the
electrical and conductive properties of perovskite thin lms.33

Based on the observation by K. S. Kim et al., adding excess MAI
to CsPbI2Br lm controls the crystal size of perovskite units.34 K.
Liao et al. reported that the extra-stoichiometric lm of MAI
forms a large-grain perovskite membrane.35 Moreover, A. Kogo,
et al. and F. Sahli et al. indicated that (MAI) post-treatment and
using the vapor transport deposition technique of methyl-
ammonium iodide, respectively, can improve the PCE of
PSCs.36,37 Finally, L. Qiu et al. reported that lm growth can be
controlled with MAI and a green antisolvent sec-butyl alcohol.38

In light of the studies mentioned above, there is no report on
the inuence of MAI on the stability of PSC. Therefore, this
study will investigate the effect of changing the amount of MAI
on the stability, purity, and crystallization of perovskite. In this
regard, the following insights will be addressed; rst, the
presence of excess MAI gradually repairing perovskite crystal
defects that may have occurred during or aer the preparation
of perovskite lm due to the decomposition process. Second,
the excess MAI continues the reaction and forms new perovskite
grains from PbI2 molecules that did not react. Third, the
number of layer depositions of MAI can increase the dark brown
perovskite layer aer the perovskite coating turns yellow.
2. Experimental
2.1. Materials and equipment

All materials are provided by Merck and Sigma Aldrich with
a purity of 99%. Ultraviolet-visible (UV-vis) spectra were regis-
tered in an Ultrospec3100 pro spectrophotometer and UV-vis
NIR, Cary5E, Varian, USA. X-ray diffraction analysis (XRD) was
performed using an XRD Bruker D8 Model: advance made in
Germany, powder X-ray diffractometer using Cu Ka radiation.
The digital photography imaging was recorded by Samsung
M51 mobile phone. Field emission scanning electron micro-
scope (FE-SEM) images were obtained using FESEM
MIRA3TESCAN-XM eld-emission scanning electron micro-
scope. Optical microscope images were obtained by a Micro-
scope BeEL, MPL-15, Made in Italy. X-ray photoelectron spectra
(XPS) were measured by XPS Bes Tec, vacuum: 10−10, anode: Mg,
energy: Ka, 1253.6 eV made in Germany.
Fig. 1 (a) XRD pattern of (PbI2), (MAI), and perovskite thin films with
different ratios of MAI, MAI (1), MAI (2), MAI (3), (b) intensity diagram of
XRD peaks of the perovskite to the PbI2 peak was located at 14.9 and
12.7°, P/PbI2 (blackline), intensity diagram of perovskite peak to MAI
peak at 14.9 and 10.5°, P/MAI (redline).
2.2. Synthesis method

In this project, the perovskite thin lm samples were prepared
by the deposition of PbI2 and thenMAI with the ratio of 1, 5, and
25.

For the rst MAI (1), 460 mg PbI2 was dissolved in 1 mL
dimethylformamide (DMF) and spin-coated on glass in the
glove box, then 6 mg MAI was dissolved in 1 mL of 2-propanol
and spin-coated on prepared PbI2 and placed on a hotplate at
100 °C for 20 s. The color of the deposited layer went from
© 2023 The Author(s). Published by the Royal Society of Chemistry
yellow to dark brown, which indicated the formation of perov-
skite lm.

For the second MAI (2), all steps of MAI (1) were repeated,
except the amount of MAI was increased from 6 mg mL−1 to
30 mg mL−1.

The procedure of the third MAI (3) is the same as MAI (1),
except that the amount of MAI was raised from 6 mg mL−1 to
150 mg mL−1. All steps of preparation of perovskite lm have
been done in a glove box without any encapsulation and
masking. All samples were kept at room temperature in the air
and mild light for testing their stabilities.

3. Results and discussion
3.1. XRD and XPS analyses

First, the crystal structure and purity of the perovskite
compound were identied by XRD analysis in order to conrm
the excess precursor materials in it. The XRD pattern of all
samples is shown in Fig. 1(a). The perovskite lm CH3NH3PbI3
prepared by the spin-coatingmethod (the details will be given in
the Experimental section) indicates the presence of raw mate-
rial (PbI2). The peak of surface of 001 corresponds to PbI2
located at 12.7°, which can be seen in MAI (1). When the MAI
molar ratio is increased to 5 times the initial value, the ratio of
the perovskite peak with Miller index 110, located at 14.9°, to
the PbI2 peak with Miller index 001, located at 12.7°, 5 has been
estimated, which means that the amount of PbI2 has decreased
dramatically and the purity of perovskite has increased
obtained.

When the molar ratio of MAI increased to twenty-ve times
the initial value, the MAI peak corresponding to the surface
(001), (002), and (003) located at 10.5°, 20.4°, and 30.3°,
respectively, dramatically increased.
RSC Adv., 2023, 13, 20408–20416 | 20409
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Fig. 2 XPS survey spectra of the (a) perovskite films MAI (1) and MAI (3), (b) multiplicity 5/2 and 3/2 of 3d orbitals of iodine atoms, (c) 1s orbital of
oxygen atoms, (d) multiplicity 5/2 and 3/2 of 4d orbitals of lead atoms, (e) 1s orbital of carbon atoms, (f) multiplicity 7/2 and 5/2 of 4f orbitals of
lead atoms, (g) 6s orbital of lead atoms.
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Moreover, the intensity of perovskite peak to MAI increased
when the concentration of MAI to PbI2 increased 5 times, while
when the concentration of MAI increased 25 times, the ratio of
perovskite to MAI peak decreased signicantly. These
surprising results indicated that the high-purity perovskite,
which has the lowest MAI and PbI2 peaks, was obtained when
the concentration ratio betweenMAI and PbI2 was ve times the
initial value (MAI/PbI2 = 5).

For a deeper insight into the above observation, X-ray
photoelectron spectroscopy (XPS), a quantitative technique for
measuring the elemental composition of the surface of a mate-
rial, which also determines the binding states of the elements,
was carried out. For instance, Y. Zhong et al. indicated the effect
of phenyl-C61-butyric acid methyl ester (PCBM) as an additive
on the perovskite lm, by which PCBMmolecules would diffuse
into the perovskite lm, which inactivates iodine-related defects
to signicantly reduce iodine ions/vacancies and reduce
internal eld modulation as well as surface barriers.39 A recent
study of element distribution on the surface of different
perovskite layers using XPS survey spectra by Q. Zhou et al.
showed that 2-(4-uorophenyl) ethyl ammonium iodide (FPEAI)
forms a one-dimensional layer on a three-dimensional perov-
skite layer to protect the perovskite lm.40 As shown in
Fig. 2(a)–(g), the XPS spectra of the comparison of perovskites
containing MAI (1) and MAI (3) indicated the isolated six peaks
of lead atoms from 5 to 450 eV. One peak at 9.8 eV of 6s orbitals
and two peaks at 145.9, 150 eV corresponding the 7/2 and 5/2
multiplicity of 4f orbitals, as well two peaks at 421.1 and
409.1 eV of the 5/2 and 3/2 multiplicity of 4d orbitals are clearly
demonstrated, which approved the pattern of perovskite lm.
The presence of the 1s orbital of oxygen and carbon atoms as
well as peaks at 539.9 eV and 292.8 eV were appropriately
conrmed by the reference pattern, too. There was no change in
the intensity and position of all peaks with variable concentra-
tions of MAI compared to perovskite prepared with MAI (1),
20410 | RSC Adv., 2023, 13, 20408–20416
except in the excess MAI (3), where the orbital intensity of
carbon 1s increased signicantly, which can be attributed to
many species of MAI. As observed in Fig. 2(a)–(g), there are no
abnormalities in the perovskite crystal structure, while
surprisingly, charging the MAI on the MAI (3) improves the
stability of the perovskite over a long time, which will be dis-
cussed in the following sections.
3.2. FE-SEM analysis

FE-SEM images of perovskites prepared with different ratios of
MAI, MAI (1) 3a, MAI (2) 3b, and MAI (3) 3c are shown in Fig. 3.
An obvious change is observed with changing the concentration
of MAI on perovskite morphology as follows: when the
concentration of MAI was xed at a concentration of 1 M, the
perovskite grains were in the range of 100 nm, and by increasing
the concentration to 5 M, the grain size reaches 1 mm, and
nally, the concentration of MAI of 25 M appears as needles
with a diameter of 400 nm. Conrming the effect of concen-
tration on morphology, interesting research by Y. Rahaq et al.
using SEM analysis has shown that low concentrations of MAI
reduce the density of nucleation, and consequently, the density
of perovskite formation will be decreased.41
3.3. The optical properties

Since the light absorption range of perovskite as a light
absorber in PSC is of particular importance, the absorption
spectra of three compounds, PbI2, perovskite lm CH3NH3PbI3
(P), and perovskite lm CH3NH3PbI3, aer two weeks were
examined by absorption and diffusion reectance spectroscopy.
As shown in Fig. 4a and d, the absorption wavelengths of PbI2
extended from 380 to 800 nm, which experienced a sharp
decline in the region 500–800 nm, while in the perovskite made
with a molar ratio of 5, MAI (2), the intensity of this region
increased dramatically, which is the main feature of perovskite
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM images of perovskite thin films with different ratios of (MAI), (a1 and a2) MAI (1), (b1 and b2) MAI (2), (c1 and c2) MAI (3).
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lms. The calculated sub-peak area of the highlighted range,
calculated by Origin soware, is about 70.71 for PbI2, while the
sub-peak area of the perovskite signicantly increased to
267.65, showing a 3.8-fold increase, as shown in Fig. 4(b). Then,
when the perovskite lm was maintained in the air for two
weeks, the intensity of light absorption spectra decreased, and
its area fell from 167.52 to 141.44, as shown in Fig. 4(c). In other
words, when perovskite was converted to a yellow perovskite,
the amount of light absorption decreased from 89.2% to 55.8%,
which was also approved by results from diffusion reectance
spectroscopy, as shown in Fig. 4(d)–(f).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Aiming to directly demonstrate the inuence of the molar
ratio of MAI on the excited states of perovskites samples, the
photoluminescence spectroscopy of the lms before and aer
aging of excess MAI was carried out, as shown in Fig. 5, con-
rming an increase in the emission intensity through the high
molar ratio of MAI.
3.4. Stability measurements

Moreover, the stability test of perovskite lm was studied based
on different concentrations (1, 5, 25) M, MAI (1), MAI (2), and
MAI (3) without any masking or encapsulation on the glass
RSC Adv., 2023, 13, 20408–20416 | 20411
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Fig. 4 UV-vis absorption spectra of (a) PbI2, (b) perovskite film CH3NH3PbI3, (c) perovskite film CH3NH3PbI3 after twoweeks, and UV-vis diffusion
spectra of (d) PbI2, (e) perovskite film CH3NH3PbI3, and (f) perovskite film CH3NH3PbI3 after two weeks (Y. P.).

Fig. 5 The optical properties (PL) of the films before and after aging of
excess MAI.

Fig. 6 Stability test of perovskite film prepared with different concentra

20412 | RSC Adv., 2023, 13, 20408–20416
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exposed to the air. As shown in Fig. 6, when the 1 : 1 molar ratio
of MAI : PbI2 is used42 MAI (1), aer about 5–6 days, the perov-
skite lm begins to decompose and turns yellow. In compar-
ison, the same perovskite lm increases the stability of the lm
more than two times when the concentration of MAI increases
from 1 to 5 M. This means that the prepared perovskite lm,
with a ratio of 1 : 5 of PbI2 : MAI, MAI (2), remains stable and
without damage for about 13 days. Finally, with the increase in
the MAI molar ratio to 25 M, MAI (3), the perovskite lm
remains stable, and this stability is xed in the presence of air
and humidity for up to 20 days. These observations indicated
that the higher molar ratio of MAI by 25 M contributes signi-
cantly to the stability of the perovskite lms.

Moreover, photography images by optical microscopy are
shown in Fig. 7. Glass cover with yellow PbI2 creates different
crystal morphology patterns of MAI (1) and MAI (2). It is useful
to note that aer a comparison of about 100 samples, we
proved that the image of a pure perovskite has a needle
tions of MAI, MAI (1), MAI (2), MAI (3).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic illustration of optical microscope images of perovskite thin films with different ratios of MAI (a) MAI (1), (b) PbI2 (c) MAI (2).

Fig. 8 Stability test of perovskite film prepared with MAI (1 M) spin-coated once and twice.

Fig. 10 XRD pattern of PbI2, (P) perovskite, and (P-1 week) decom-
posed perovskite.
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structure, as indicated in Fig. 7c, introducing a facile tool to
demonstrate the provided perovskite by benchmark optical
microscopy.

As shown in Fig. 8, if MAI was spin-coated on the PbI2 twice,
the stability of the perovskite lm increased compared to once.

In particular, when perovskite lm decomposes to yellow
perovskite and PbI2, reversibly by adding excess MAI to the
surface by spin-coating, the perovskite lm is formed again. The
evidence presented in Fig. 9 conrms that the excess MAI could
efficiently inuence generating perovskite continuously, which
enhances the stability of perovskite lm (Fig. 10).

To illustrate the changes in the perovskite lm aer 24 h, let
us look at the images taken with the optical microscope, as
shown in Fig. 11. If PbI2 lm is covered by MAI (1 M) to
perovskite, MAI (1), Fig. 11(a1), aer 24 h, the morphology of
lms changes to that shown in Fig. 11(a2), appearing as yellow
islands, which indicates the beginning of perovskite decom-
position. While by using excess MAI to cover the perovskite MAI
(25 M), MAI (3), aer the same time, the density of perovskite
grains was extended, converting from Fig. 11(b1) and (b2).

To study the effect of MAI concentration on the stability of
perovskite lm, a further survey of the perovskite prepared with
Fig. 9 Schematic illustration of optical microscope image reversibility
of perovskite destruction reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
MAI (25 M), MAI (3) by XRD measurements was done. Fig. 12
shows the XRD pattern of MAI (3) and 24 h later. Surprisingly,
aer 24 h, the peak height of the main perovskite surface 110
located at 14.9° increased, indicating the growth of perovskite
grains, which means that perovskite crystallite did not decom-
pose and increased the quality of the prepared perovskite layer.
Moreover, the intensity of MAI's peak centered at 20.4° reduced
aer 24 h compared to that in the beginning, which indicated
that the excess MAI signicantly inuenced the quality of
crystallinity of perovskite.

Finally, the process of forming a perovskite lm is not
completely uniform and always some vacancies for cations and
anions as well as PbI2 that have not entered the crystallization
process of perovskite exist. As shown schematically in Fig. 13,
RSC Adv., 2023, 13, 20408–20416 | 20413
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Fig. 11 Optical microscope image of perovskite thin films with different ratios of (MAI), (a1) MAI (1) fresh, (a2) MAI (1) after 24 h, (b1) MAI (3) fresh,
(b2) MAI (3) after 24 h.

Fig. 12 XRD pattern of MAI (3) fresh and 24 h later.

Fig. 13 Schematic mechanism of (a and b) the effect of excess MAI on
the compensation of perovskite crystal defects and (c) converting the
remaining PbI2 to perovskite crystals.

20414 | RSC Adv., 2023, 13, 20408–20416 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 2
:2

0:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01304a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 2
:2

0:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the mechanism of the increasing amount of the density of
perovskite crystals seems to be due to the presence of excess
MAI to retrieve perovskite crystal defects (a and b) through
reaction with the remaining PbI2 to re-crystallization of perov-
skite lm (c).

4. Conclusion

In summary, we found that the high molar ratio of the MAI
component compared to PbI2 can efficiently improve the
stability and crystallinity of the perovskite structure. The
proposed mechanism shows that methylammonium is
charging the perovskite structure aer the decomposition of
perovskite to PbI2 over time, leading to perovskite stability,
which is a disadvantage in the perovskite eld. Indeed, excess
MAI with a 25 : 1 ratio to PbI2 precursor gradually contributes to
the restriction of perovskite lm, which is conrmed by XRD
and XPS analyses. In particular, it is found that high purity and
crystallinity of perovskite could be obtained via the optimized
molar ratio of 1 : 5 of PbI2 to MAI. This new evidence opens new
ways of understanding perovskite decomposition and nding
a simple way to address this huge challenge in PSC.
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Y. H. Lee, P. Gao, M. K. Nazeeruddin, S. M. Zakeeruddin,
U. Rothlisberger and M. Graetzel, Nat. Commun., 2016, 7,
10334.

14 W.-Q. Wu, Z. Yang, P. N. Rudd, Y. Shao, X. Dai, H. Wei,
J. Zhao, Y. Fang, Q. Wang and Y. Liu, Sci. Adv., 2019, 5, 8925.

15 S. Liu, Y. Guan, Y. Sheng, Y. Hu, Y. Rong, A. Mei and H. Han,
Adv. Energy Mater., 2020, 10, 1902492.

16 X. Deng, Z. Cao, Y. Yuan, M. O. L. Chee, L. Xie, A. Wang,
Y. Xiang, T. Li, P. Dong and L. Ding, Coord. Chem. Rev.,
2020, 420, 213408.

17 J. Xie, Z. Zhou, H. Qiao, M. Chen, L. Wang, S. Yang, Y. Hou
and H. Yang, J. Energy Chem., 2021, 56, 179.

18 M. Vasilopoulou, A. Fakharuddin, A. G. Coutsolelos,
P. Falaras, P. Argitis, A. R. bin Mohd Yusoff and
M. K. Nazeeruddin, Chem. Soc. Rev., 2020, 49, 4496.

19 E. Jokar, H.-S. Chuang, C.-H. Kuan, H.-P. Wu, C.-H. Hou,
J.-J. Shyue and E. Wei-Guang Diau, J. Phys. Chem. Lett.,
2021, 12, 10106.

20 H. Yu, T. Liu, C. Li, B. Yuan, J. Jia and B. Cao, Appl. Surf. Sci.,
2021, 567, 150778.

21 Y. Wang and R. Hou, J. Phys.: Conf. Ser., 2021, 2109, 012007.
22 J. Jin, H. Li, C. Chen, B. Zhang, L. Xu, B. Dong, H. Song and

Q. Dai, ACS Appl. Mater. Interfaces, 2017, 9, 42875.
23 K. Jung, W.-S. Chae, J. W. Choi, K. C. Kim and M.-J. Lee, J.

Energy Chem., 2021, 59, 755.
24 Y. Yu, C. Wang, C. R. Grice, N. Shrestha, D. Zhao, W. Liao,

L. Guan, R. A. Awni, W. Meng and A. J. Cimaroli, ACS
Energy Lett., 2017, 2, 1177.

25 F. Zhang and K. Zhu, Adv. Energy Mater., 2020, 10, 1902579.
26 Z. Wu, S. R. Raga, E. J. Juarez-Perez, X. Yao, Y. Jiang,

L. K. Ono, Z. Ning, H. Tian and Y. Qi, Adv. Mater., 2018,
30, 1703670.

27 H. Lei, P. Dai, X. Wang, Z. Pan, Y. Guo, H. Shen, J. Chen,
J. Xie, B. Zhang and S. Zhang, Adv. Mater. Interfaces, 2020,
7, 1901716.

28 W. Fu, J. Wang, L. Zuo, K. Gao, F. Liu, D. S. Ginger and
A. K.-Y. Jen, ACS Energy Lett., 2018, 3, 2086.

29 B. Zhao, Y. Lian, L. Cui, G. Divitini, G. Kusch, E. Ruggeri,
F. Auras, W. Li, D. Yang and B. Zhu, Nat. Electron., 2020, 3,
704.

30 M. Kim, G.-H. Kim, T. K. Lee, I. W. Choi, H. W. Choi, Y. Jo,
Y. J. Yoon, J. W. Kim, J. Lee and D. Huh, Joule, 2019, 3, 2179.

31 N. Adhikari, A. Dubey, E. A. Gaml, B. Vaagensmith,
K. M. Reza, S. A. A. Mabrouk, S. Gu, J. Zai, X. Qian and
Q. Qiao, Nanoscale, 2016, 8, 2693.

32 I. Levchuk, Y. Hou, M. Gruber, M. Brandl, P. Herre, X. Tang,
F. Hoegl, M. Batentschuk, A. Osvet and R. Hock, Adv. Mater.
Interfaces, 2016, 3, 1600593.

33 Y. Cheng, H.-W. Li, J. Zhang, Q.-D. Yang, T. Liu, Z. Guan,
J. Qing, C.-S. Lee and S.-W. Tsang, J. Mater. Chem. A, 2016,
4, 561.
RSC Adv., 2023, 13, 20408–20416 | 20415

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01304a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 2
:2

0:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
34 K. S. Kim, I. S. Jin, S. H. Park, S. J. Lim and J. W. Jung, ACS
Appl. Mater. Interfaces, 2020, 12, 36228.

35 K. Liao, J.-A. Yang, C. Li, T. Li and F. Hao, ACS Appl. Mater.
Interfaces, 2019, 11, 39882.

36 A. Kogo, T. Miyadera and M. Chikamatsu, ACS Appl. Mater.
Interfaces, 2019, 11, 38683.

37 F. Sahli, N. Miaz, N. Salsi, C. Bucher, A. Schafflutzel,
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