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The stability issue induced by surface defects in perovskite films remains one of the key constraints in
facilitating the commercial adoption of perovskite solar cells (PSCs). Developing reliable passivation strat-
egies based on inexpensive multifunctional passivation materials is expected to solve the above problems.
Here, gelatin-derived carbon nanosheets (G-DC) prepared by a self-doping template method are devel-
oped to strengthen the surface of perovskite films, thus enhancing the heat resistance of PSCs. This two-
dimensional passivation material has an ultra-thin layered structure and contains abundant heteroatoms
such as N and O, which can effectively reduce surface defects and mitigate the impact of residual lead
iodide in perovskite films. The excellent interfacial compatibility of G-DC promotes more efficient carrier
extraction at the rear interface of PSCs, greatly reducing non-radiative recombination. Thanks to these,
the optimal device with G-DC modification achieves a power conversion efficiency of up to 21.65%,
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which is higher than the 20.32% of the control device. Furthermore, thermally induced organic com-
ponent loss and ion migration of the modified PSCs are significantly suppressed due to the interactions
between G-DC and the perovskite. Finally, the G-DC-modified devices retain 87% of the initial efficiency
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1. Introduction

After more than ten years of rapid development, the power
conversion efficiency (PCE) of metal halide perovskite solar
cells (PSCs) has advanced by leaps and bounds, which makes
them highly competitive devices in the energy conversion
industry."”* The interface between perovskite films and hole
transport layers (HTLs), as an important region for carrier
extraction and transport in regular n-i-p PSCs, plays an impor-
tant role in enhancing the moisture and heat resistance of per-
ovskite films and inhibiting ion migration.>* However, the
ionic nature of perovskite materials and the commonly used
low-temperature solution preparation methods for perovskite
films result in multitudinous defects at the surface and inter-
faces of the perovskite in devices. These sites have undoubt-
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after aging under an inert atmosphere at 85 °C for 720 h.

edly become non-radiative charge recombination centres and
affect the device performance, and on the other hand, they
provide a pathway for the invasion of water and oxygen into
the perovskite layers, impairing the long-term stability of the
device.>”” In addition, non-stoichiometric PbI, (usually exces-
sive) in perovskite precursor solutions has proven to be a feas-
ible method to improve the quality of perovskite films;
however, excess Pbl, remaining on the surface of the perovs-
kite decomposes into metallic lead and iodine vapor under
continuous light and heat conditions, accelerating the
decomposition of perovskite films.*° In response to these pro-
blems, interfacial engineering has been developed and has
proven to be an effective strategy to improve the performance
and stability of PSCs by passivating interfacial defects, modu-
lating lead ions, and acting as a protective layer for perovskite
films."™"?

In recent years, organic ammonium salts,'* Lewis acid-base
molecules,"> multifunctional polymers,'® ionic liquids,"” and
two-dimensional (2D) carbon materials’* have been used as
interfacial materials, which achieve defect passivation and
interfacial modification through the interactions between
functional groups contained in themselves and defect sites.
However, many small molecules are prone to decomposition
under the conditions of device preparation and operation or
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cannot sustain the passivation effect for a long time.
Compared to these materials, 2D carbon materials are charac-
terized by high thermal conductivity, chemical inertness and
exceptional electrical conductivity, which make them excellent
candidate for interfacial materials. Unfortunately, the current
application of 2D carbon materials in PSCs is mainly based on
natural crystalline graphite,"®'® which requires complex pro-
cessing to achieve the functionalization of the passivation
materials. In addition, the high preparation cost is also not
conducive to the commercial development of these devices.
Biomass-derived carbon materials effectively compensate for
the aforementioned shortcomings and can achieve functionali-
zation through simple self-doping.”® These advantages have
enabled them to be well applied as electrodes for PSCs,*"*?
not only improving device stability but also simplifying the
device structure.”®>* However, due to difficulties in mor-
phology and dimension control, there are few reports on their
application in other functional or interfacial layers. Therefore,
obtaining interfacially compatible multifunctional 2D carbon
materials is of great significance for expanding the scope of
use of biomass-based carbon materials. Meanwhile, it is
expected to yield highly efficient and stable PSCs based on
biomass-derived interfacial passivation materials.

In this study, based on the long-range ordered self-assem-
bly strategy of renewable biomass on the surface of 2D layered
crystal templates, gelatin-derived 2D carbon materials (G-DC)
were successfully obtained. The thickness of G-DC was only
5 nm, and the self-doping ratio of N and O heteroatoms
reached 9.16% and 13.73%, respectively, which ensures the
interaction and compatibility between the interfaces in
devices. Interface engineering based on G-DC could regulate
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excessive Pbl, on the surface of perovskite films, thus improv-
ing the crystal quality and defect density of the photoactive
layer. The interfacial connection strengthened by G-DC modifi-
cation effectively improved the extraction and transport of car-
riers at the interface and suppressed the occurrence of recom-
bination behaviours. The PSCs with G-DC modification
achieve a champion PCE of 21.65%, higher than that of the
control device (20.32%). The interfacial modification based on
G-DC has also significantly improved the humidity and
thermal stability of the devices.

2. Results and discussion

To control the morphology of carbon materials and achieve
interfacial compatibility in devices, the self-doping template
method was chosen to prepare biomass-derived carbon. As
shown in Fig. 1a and b, G-DC was composed of regular flakes,
and the overall 2D lamellar structure was presented in the
scanning electron microscope (SEM) images. Meanwhile, the
thickness of G-DC was further characterized using an atomic
force microscope (AFM, Fig. 1c and f), which showed that the
apparent thickness of G-DC was about 5 nm. The regular mor-
phology and ultra-thin thickness of G-DC are conducive to its
use as an interfacial material to achieve good interfacial
contact when modifying the interfaces of perovskite/HTLs.
Under high-magnification transmission electron microscopy
(Fig. S11), G-DC exhibited a complete layered structure and dis-
tinct lattice fringes. The Raman spectrum characterization
result of G-DC shows two bands located at about 1350 cm™"
and 1580 cm™", corresponding to the D and G bands, respect-
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Fig. 1 (a and b) SEM images of G-DC. (c) AFM image of G-DC and (f) related height distribution map. (d and e) High-resolution XPS spectra of C 1s

and N 1s of G-DC.
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ively (Fig. S21). The D band is usually associated with the
vibration of defective carbon, while the G band represents the
sp® vibration of graphitic carbon. The relatively low intensity
ratio of D and G bands (Ip/Ig = 0.94) indicated that G-DC had a
high degree of graphitization, which is beneficial for charge
transport.”>>” The elemental composition of G-DC and the
bonding state between heteroatoms were analysed by X-ray
photoelectron spectroscopy (XPS). Fig. S31 shows that G-DC
contained B, C, N, and O elements, and the proportion of N
and O elements reached 9.16% and 13.73%, respectively. The
high content of heteroatoms comes from biomass self-doping,
without the need for additional doping reagents. A small
amount of B element was introduced by the template agent
during the preparation process, which can be removed by
simple water reflux and can be economically reused.”® A split-
peak fitting of the C 1s spectrum (Fig. 1d) revealed that the
oxygen-containing functional groups in G-DC were the con-
siderable component. Since C=0 and O-C=O groups are
prone to interact with the perovskite through hydrogen
bonding and lead-oxygen coordination bonding, G-DC is
expected to enhance the interactions between the perovskite
and carbon materials when used as a modifier of perovskite/
HTL interfaces, thus improving the interfacial quality.>® In
addition, a split-peak fitting of the N 1s spectrum (Fig. 1e) of
G-DC yielded characteristic peaks attributed to pyridinic nitro-
gen, C-N-B, pyrrolic nitrogen, graphitic nitrogen, and nitrogen
oxide. Both pyridinic nitrogen and pyrrolic nitrogen contain
lone pairs of electrons, which are capable of providing
unbonded electrons to the uncoordinated Pb>* for defect pas-
sivation. In brief, this ultra-thin carbon nanosheet rich in
heteroatoms exhibits excellent potential as an interfacial passi-
vation material.

The presence of Pbl, and dangling bonds on the surface of
perovskite films has adverse effects on the stable operation of
PSCs. To improve the quality of perovskite films and inhibit
interfacial recombination, an isopropanol solution of G-DC
with a concentration of 0.1 mg mL™" was spin-coated on the
surface of perovskite films, and the surface defects were
expected to be eliminated by thermal annealing-induced
chemical reactions. Fig. 2a and b show the SEM images of the
control and the perovskite films treated with G-DC. Although
both the perovskite films showed typical perovskite crystal fea-
tures, it was noteworthy that the perovskite films modified
with G-DC showed a significant reduction in bright patchy
spots (indexed to Pbl,) at the grain boundaries® and a slight
increase in the perovskite grain size, which may be attributed
to the Ostwald ripening effect.'” Furthermore, with the help of
interactions between heteroatoms in G-DC and the perovskite,
the grains would obtain more robust termination.*® The
effects of G-DC modification on the crystallinity of the perovs-
kite films were further evaluated by X-ray diffraction (XRD). As
shown in Fig. 2¢, the diffraction peak at 12.7° attributed to
Pbl, was reduced for the G-DC modified perovskite film com-
pared with that of the control, which is in accordance with the
results of SEM images. Meanwhile, the (001) and (002) diffrac-
tion peak intensities of the G-DC-treated perovskite film were
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Fig. 2 SEM images of (a) the control and (b) modified perovskite films.
(c) XRD patterns and (d) Tauc plots of the perovskite films with and
without G-DC modification.

enhanced, and the full width at half maximum (FWHM) was
smaller (Fig. S47), indicating that G-DC improved the crystal-
line quality of the perovskite film. The modified film showed a
slight increase in the light absorption intensity, while having
almost no effect on the optical bandgap before and after G-DC
modification (Fig. 2d). These characterization results indicate
that G-DC modification can optimize the surface of perovskite
films, potentially reducing surface defects without affecting
optical absorption and film crystallinity.

Considering that SEM characterization cannot visually
observe the modified layer, we further characterized the per-
ovskite films before and after G-DC modification using Fourier
Transform infrared (FTIR) spectroscopy. As shown in Fig. 3a,
the perovskite with G-DC modification exhibited a unique aro-
matic ring stretching vibration peak in carbon materials,
which proved the existence of the G-DC modification layer on
the surface of perovskite films. The oxygen-containing func-
tional groups and other heteroatom groups containing lone
pair electrons in G-DC have a potential role with Lewis acid-
type uncoordinated Pb** defects at the surface of the perovs-
kite. Therefore, the interactions between G-DC and lead ions
on the surface of the perovskite films were investigated using
XPS (Fig. 3b). The Pb 4f characteristic peaks of the perovskite
films were slightly shifted after modification by G-DC, proving
the existence of the interaction, which contributes to the passi-
vation of the surface defects. The trap state density was further
evaluated using the space charge limited current (SCLC)
method.?*! Hole-only devices with the structure of FTO/PEDOT:
PSS/perovskite/Spiro-OMeTAD/Au were fabricated to collect the
current-voltage curve of the devices in the dark. The trap
filling limit voltages (Vi) of control and modified devices
were 0.58 V and 0.47 V, respectively, and the trap state den-
sities were calculated to be 1.18 x 10" em™® and 9.57 x 10"
em™ (Fig. 3c and d). This shows that G-DC can effectively
reduce the defect state density at the interface of perovskite/

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) FTIR spectra of G-DC and perovskite before and after G-DC modification. (b) XPS spectra of Pb 4f of perovskite films before and after
G-DC modification. /-V curves of hole-limited devices (c) without and (d) with G-DC modification in the dark. (e) Steady-state PL spectra and (f)

TRPL spectra of perovskite films coated with or without the HTLs.

HTLs, which is conducive to suppressing the occurrence of
non-radiative recombination and enhancing the carrier utiliz-
ation. To further investigate the effect of G-DC on the carrier
recombination behaviors at the interface of perovskite/HTLs,
steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) measurements were performed. As can
be observed from Fig. 3e, after coating with the HTL, the per-
ovskite film exhibited obvious fluorescence quenching behav-
ior. Compared with the control perovskite film, the G-DC-
modified perovskite film could more effectively quench PL.
The fluorescence quenching behavior was attributed to the
rapid extraction of photogenerated holes by the HTLs under
the irradiation of excitation light. The fluorescence lifetime of
the modified perovskite film covered with a hole transport
layer was 58.98 ns, which was lower than the 64.51 ns of the
reference film. The above results indicate that the G-DC-modi-
fied perovskite films could promote the rapid extraction and
transport of photogenerated charges and inhibit defect-
induced nonradiative recombination, which is conducive to
the realization of highly efficient PSCs.

In order to investigate the effects of G-DC on the photovol-
taic performance of PSCs, devices based on the FTO/SnO,/
PCBM/perovskite/G-DC/HTLs/Ag structure were prepared and
evaluated for their photovoltaic performance. Fig. 4a and b
show the structural schematic diagram and cross-sectional
SEM image of the device with and without G-DC modification.
The tight connection of the functional layers indicated that
the introduction of the G-DC interfacial layer did not affect the
interfacial contact between the perovskite and HTLs. Devices

This journal is © The Royal Society of Chemistry 2025

based on different concentrations of G-DC modification were
prepared and the PCE statistical distribution analysis was per-
formed to determine the optimal concentration of the G-DC-
modified devices (Fig. S5f). The results showed that the
devices presented optimal efficiency when the concentration
was 0.1 mg mL™", and the J-V curves are presented in Fig. 4c.
High-concentration modification is prone to causing G-DC
curling and aggregation on the surface of perovskite films,
which is not conducive to good contact between interfaces and
thus suppresses the transport of charge carriers (Fig. S6 and
S7%). The champion device modified with G-DC gave rise to a
PCE of 21.65%, with an open-circuit voltage (Voc) of 1.161V, a
high fill factor (FF) of 79.4%, and a short-circuit photocurrent
density (Jsc) of 23.49 mA cm™. In contrast, the control PSCs
only exhibited an inferior PCE of 20.32%, with a V¢ of 1.128
V, an FF of 77.3%, and a Jsc of 23.31 mA cm™> (Fig. 4c and
Table S11). The enhancement of device photovoltaic perform-
ance by the introduction of G-DC is mainly attributed to its
modulation of excess lead iodide on the surface of perovskite
films and the passivation of defects, which improves the crys-
tallinity of the perovskite film and reduces the non-radiative
recombination at the interfaces. To further evaluate the charge
recombination behaviors, dark j-V curves were plotted. As
shown in Fig. S8, the ideality factor (m) of the PSCs with
G-DC modification is smaller than that of the control device,
indicating suppressed nonradiative recombination.*** To
evaluate the reproducibility of the G-DC modification strategy,
20 control devices and 20 modified devices with the optimal
concentration of G-DC were prepared, respectively. Fig. SOt
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Fig. 4 (a) Structure diagram and cross-sectional SEM image of the G-DC-maodified device. (b) Cross-sectional SEM image of the control device (the
scale is 300 nm). (c) The optimal J-V curves and (f) J-V curves under different scanning directions of the PSCs with and without G-DC modification.
(d) Stabilized output efficiency measurements of the PSCs with and without G-DC modification. (e) IPCE spectra and integrated current of different
devices. (g) The calculated electron life from OCVD curves. (h) EIS diagram of the devices with and without G-DC modification.

shows that the G-DC modified devices exhibited superior
reproducibility and the average PCE of the modified devices
increased from 19.96% to 21.18% compared to the control
devices. The improvement of device performance mainly
comes from the increase of Vo and FF, benefiting from inter-
facial optimization. Stabilized output efficiency and IPCE tests
were performed on the devices before and after modification
to verify the accuracy of the J-V curves and to examine the util-
ization of light throughout the visible region of the devices
(Fig. 4d and e). The devices can operate stably under AM 1.5G
simulated sunlight before and after G-DC modification. The
integrated current values obtained from the IPCE curves
coincided with the results of the J-V curves, but the G-DC
modified device showed better photoresponse in the long-
wavelength region. Defect sites present in the device could
hinder carrier extraction and lead to the accumulation of car-
riers at the interfaces, which results in carrier extraction imbal-
ance and severe photocurrent hysteresis.>® Fig. 4f presents the

8208 | Dalton Trans., 2025, 54, 8204-8213

hysteresis phenomenon of the devices before and after the
G-DC modification, and the device photovoltaic parameters
obtained from the devices under forward and reverse scanning
conditions are listed in Table S2.f The hysteresis factors (HI)
of devices were calculated according to the equation: HI =
(PCEreverse — PCEsorward)/PCEreverse- It was found that the HI of
the G-DC modified device was 1.65%, compared to 3.43% of
the control device. The decrease in the hysteresis factor of the
device was mainly attributed to the passivation of the defects
at the interface of the perovskite/HTLs, which reduced the trap
states of the captured carriers and facilitated the extraction
and transport of the carriers. To further investigate the carrier
dynamics of the device before and after modification, open-
circuit voltage decay (OCVD) measurements were performed
(Fig. 4g). The results revealed that the modified device had a
longer electron life. The electrochemical impedance spec-
troscopy (EIS) measurement also supported this result. Fig. 4h
shows that the charge transfer impedance (R,) of the modified

This journal is © The Royal Society of Chemistry 2025
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device is 1584 Q and the charge recombination resistance
(Rrec) is 46410 Q. In contrast, the two values of the control
device are 2274 Q and 43 710 Q, respectively. Combined with
the increase in R.. of the EIS, these results indicate that the
non-radiative charge recombination is suppressed, which is
mainly due to the improved carrier utilization through the
G-DC modification.

To investigate the effects of G-DC modification on device
stability, we first analyzed the aging of perovskite films under
different conditions. After G-DC modification, the water
contact angle of the perovskite film slightly increased, which
also contributed to the improvement of the film’s humidity
stability (Fig. 5a and S10f). After aging for 720 h in the sur-
rounding environment (25 °C, RH = 30-40%), the film with
G-DC modification could better maintain the crystal structure
of the perovskite and suppress the decomposition of the film.
The surface strengthening of the perovskite film is also ben-
eficial for improving the thermal stability of the film.
Meanwhile, it is worth noting that the quality of perovskite
films aged at 85 °C for 720 h under a nitrogen atmosphere was
superior to those aged under humid conditions, regardless of
whether they had been modified with G-DC. In order to
further investigate the stability of PSCs before and after G-DC
modification, the devices were subjected to aging treatment
under the same conditions as the perovskite films to monitor
the evolution of device efficiency over time. As shown in
Fig. 5b and c, the modified PSCs showed significant improve-
ment in device performance after humidity or thermal aging,
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but the performance improvement of thermally aged devices
was even higher. The presence of HTLs and metal electrodes
plays a role in protecting the perovskite films, but the degra-
dation process related to thermal aging is not limited to the
decomposition of the perovskite. Therefore, in situ FTIR
technology was first used to investigate the effect of G-DC on
the perovskite during thermal aging (Fig. 5d and e). The per-
ovskite powders scraped off from the substrates were detected
under a nitrogen flow, while being heated from room tempera-
ture to 300 °C and then maintained at this temperature. The
results showed that the organic components related to FA"
were continuously lost during the heating process and even-
tually stabilized.*®*” Given that the decomposition tempera-
ture of the perovskite is generally greater than 300 °C, the
organic components lost mainly come from the surface of the
grains and residual FAI in the film. The modified perovskite
powder showed a longer organic component loss time, indicat-
ing that the surface strengthening strategy of G-DC can
improve the structural stability of the perovskite. Furthermore,
the migration of iodine ions during the aging process was eval-
uated by XPS measurements. Fig. 5f shows that the number of
iodide ions migrating to the Ag electrode was significantly
reduced after G-DC modification, indicating that the introduc-
tion of G-DC was also beneficial for suppressing thermally
induced ion migration. As a result, the interfacial modification
strategy based on G-DC significantly improved the humidity
and thermal stability of PSCs by strengthening the surface of
the perovskite.
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Fig. 5 (a) XRD spectra of the perovskite films after humidity and thermal aging for 720 h. (b and c) Normalized PCE curves of the devices under

humidity and thermal aging. In situ FTIR spectra of the perovskite: (d) without and (e) with G-DC modification. (f) | 3d XPS spectra of Ag electrode

surfaces of aged devices.
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3. Conclusions

In summary, biomass-derived ultra-thin carbon nanosheets
prepared by a self-doping template method have been proven
to strengthen the surface of perovskite films, thus enhancing
the efficiency and stability of PSCs. The N and O heteroatoms
containing lone-pair electrons in G-DC could form Lewis acid-
base adducts by providing unbonded electrons to uncoordi-
nated Pb>*, which effectively reduces defects and improves
carrier utilization. In addition, the modulation of residual PblI,
in the films using G-DC can improve the crystalline quality of
perovskite films, while suppressing the loss of FA-based
organic components during thermal aging. Thanks to the
surface strengthening of perovskite films and interfacial modi-
fication by G-DC, the optimized devices obtained a PCE of
21.65% with improved thermal stability.

4. Experimental section
4.1. Materials

The materials and solvents used in the experiments were pur-
chased from commercial sources and used without further
purification. Tin oxide (SnO,, 15% in H,O colloidal dis-
persion), lead iodide (Pbl,, 99.99%), lead bromide (PbBr,,
99.9%), cesium iodide (CsI, 99.999%), methylammonium
bromide (MABr, 99.9%), 4-tert-butylpyridine (+BP, 99%),
2,2',7,7"-tetrakis[N,N-di(4-methoxyphenylJamino]-9,9'-spirobi-
fluorene (Spiro-OMeTAD, 99.86%) and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM, 99.9%) were purchased from
Advanced Election Technology Co., Ltd. Formamidinium
iodide (FAI, 99.9%) and lithium bis(trifluoromethyl sulfonyl)
imide salt (Li-TFSI, 99%) were purchased from Xi’an Yuri Solar
Co., Ltd. Boric acid (>99.5%) and gelatin were purchased from
Aladdin. Ammonium hydroxide solution (NH;-H,O, 28-30%
NH; basis), N,N-dimethylformamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO, 99.9%), 2-propanol (IPA, 99.5%) and chloro-
benzene (CB, 99.8%) were purchased from Sigma-Aldrich.

4.2. Synthesis of G-DC

Gelatin-derived carbon materials were prepared based on the
long-term ordered self-assembly strategy of renewable biomass
molecules on a two-dimensional template.*® The specific
preparation process is as follows: 4 g of boric acid was dis-
solved in 50 mL of deionized water at 80 °C. 0.4 g of gelatin
was added under stirring until the water was almost comple-
tely evaporated. The mixed solid was dried for 12 h in an oven
at 80 °C, followed by annealing at 900 °C for 1 h with a ramp
rate of 5 °C min~" under a nitrogen atmosphere, yielding a
black, shaggy product. After refluxing for 1.5 h, the boric acid
template was removed by filtration and could be reused.
Finally, G-DC was obtained by drying.

4.3. Fabrication of PSCs

The etched FTO glass substrates were ultrasonically cleaned
for about 20 min using deionized water, acetone, and isopro-

8210 | Dalton Trans., 2025, 54, 8204-8213

View Article Online

Dalton Transactions

panol sequentially. Pre-treatment of FTO substrates with UV
ozone equipment was performed before spin-coating SnO,
electron transport layers. SnO,-NH;3;-H,O solution was
obtained by diluting 1 mL of tin oxide colloid with 1 mL of de-
ionized water and 1 mL of NH;-H,O and stirring for 2 h at
room temperature.*® Then, the SnO,-NH;-H,O solution was
spin-coated on the FTO substrates at 3000 rpm for 30 s and
annealed at 180 °C for 30 min in air. The resulting substrates
were then treated with UV ozone for 15 min and transferred
into an N, glove box. PCBM (5 mg mL~" in chlorobenzene) was
spin-coated on the SnO,/FTO substrates at 3000 rpm for 30 s
and annealed at 70 °C for 10 min. Subsequently, FAI
(0.1719 g), MABr (0.0223 g), PbBr, (0.0734 g), and Pbl,
(0.5071 g) were dissolved in 1 mL of mixed solvent
(DMF : DMSO = 4:1) and then 56 pL of CsI solution (1.5 M in
DMSO) was added to prepare the perovskite precursor solu-
tion. 50 pL of the perovskite precursor solution was dripped
onto the SnO, film with a two-step spin-coating procedure
(1000 rpm and 6000 rpm for 10 s and 20 s, respectively).
Chlorobenzene as an anti-solvent was quickly dripped onto the
surface 5 s before the end of the step. The obtained perovskite
intermediate films were annealed at 100 °C for 60 min. The
isopropanol solution of G-DC with a concentration of 0.1 mg
mL~" was spin-coated on the perovskite for partial devices at
4000 rpm for 30 s and annealed at 70 °C for 5 min. Then,
72.3 mg of Spiro-OMeTAD, 17.5 pL of Li-TFSI solution (520 mg
in 1 mL acetonitrile), and 28.8 pL of ¢-BP were dissolved in
1 mL of chlorobenzene to form the hole transport solution.
20 pL of Spiro-OMeTAD solution was spin-coated on the per-
ovskite film at 4000 rpm for 20 s to form the hole transport
layer. Finally, a 100 nm Ag electrode was deposited by thermal
evaporation under vacuum as the back contact.

4.4. Characterization

Scanning electron microscopy (SEM, ZEISS Sigma 300) and
transmission electron microscopy (TEM, Tecnai G2 F20) were
used to characterize the morphology of all samples. The thick-
ness of G-DC was analyzed by atomic force microscopy (AFM,
Dimension ICON). Raman spectroscopy (Bruker VERTEX 80v)
and X-ray diffraction (XRD, Bruker D8 Advance) with Cu Ka
radiation were used to study the composition and structure of
the samples. The surface elements, valence states, and chemi-
cal bond information of the samples were examined by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
250Xi). Ultraviolet-visible absorption spectroscopy (UV-vis) was
performed using a UV spectrophotometer (UV-1800CPC). An
Edinburgh Instrument FLS1000 was used to measure the
steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL). Fourier transform infrared spectroscopy
(FTIR) was conducted using a Thermo Fisher Nicolet iS10.
Under the conditions of a simulated light intensity of 100 mW
ecm™? and a scan rate of 100 mV s, the current density-
voltage (J-V) curves of PSCs were recorded using a Keithley
2400 electrochemical workstation, and an effective area of
0.06 cm® was determined using an aperture mask. In the
reverse dark J-V curves, the ideality factor (m) is obtained
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according to the slope extracted from the diffusion-dominated
current region. The equation is described as follows:
e (kld InJ

e dv
efficiency (IPCE) was determined using a Newport IPCE
measurement system.

>. The incident photon-to-electron conversion
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