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Abstract
Hole conductor-free, fully printable mesoscopic perovskite solar cells with carbon electrode (PM-PSCs)
have a good commercialization prospect because of low-cost production and high power conversion
e�ciency (PCE). Currently, the problem of improving the stability of perovskite solar cells (PSCs) is very
important for commercialization. Interfacial engineering using polymers is an effective method to
improve the e�ciency and stability of PSCs. We prepared PM-PSCs by treatment with the toluene solution
containing PS on the carbon electrode of the PM-PSCs, which would improve the charge transfer and
greatly suppressed charge recombination in polystyrene (PS)-treated PM-PSCs, and also could greatly
prevent degradation of perovskite into PbI2. The PS-treated PM-PSCs showed higher stability to light and
moisture than the control, and the PCE was improved from 11.31% (control) to 14.03%.

1 Introduction
The development and use of clean and renewable energy resources is important to solve the energy
production by fossil fuels, the environmental pollution resulting from them, global warming problems and
to meet future energy needs. In 2002, the solar energy absorbed by the earth’s surface for an hour was
more than the energy consumed by the whole world for a year [1]. Because of this, if the solar energy can
be converted into electricity using low-cost and high e�ciency solar cells, it will be possible to protect the
ecological environment and obtain the energy we need effectively.

Among all the PV technologies, perovskite solar cells (PSCs) are one of the hot spots in solar cells
research due to their low cost and high power conversion e�ciency (PCE) [2][3]. The PCE of PSCs has
grown rapidly in the last decade, reaching 25.2% power conversion e�ciency [4]. This rapid increase of
PCE in PSCs compared to silicon solar cells is mainly related to the excellent photoelectric properties of
metal halide perovskites and the low charge carrier recombination [5–9]. Although the PCE of PSCs is
improving rapidly, several challenges remain until commercialization. At present, there is a focus on the
stability [10–13], hysteresis [14–16], lead-free perovskite [17–19], cost-effective and scalable fabrication
processes for PSCs [20–24].

In general, the grain boundaries and surfaces of perovskite �lms are low in crystallinity, incomplete
coordination of atoms, and large surface area can lead to easy degradation by moisture and heat. In
order to improve the stability of PSCs, e�cient interfacial modi�cation and encapsulation are necessary
to passivate the perovskite crystal surface and to prevent the degradation of perovskite by external
stresses without negatively affecting the photoelectric properties of perovskite. Polymers are effective
materials that can improve the PCE and stability of PSCs due to their good mechanical properties, low
cost, etc. For example, polymers such as polymethylmethacrylate [25][26], ethyl cellulose [27],
polyethylene glycol [28], and polyethylene imine [29] have been used to improve the stability of PSCs.
Recently, Saraf et al. reported a polystyrene (PS) incorporation into CH3NH3PbI3 precursor for stable PSCs
even after a continuous irradiation of 1sun intensity for 1000h [30]. Poly(3,4-ethylene
dioxithiophene:polystyrene sulfate) (PEDOT:PSS), an organic semiconductor that functions as hole
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transporter in PSCs, contains a PS polymer, which is considered an excellent material that not only forms
a mechanically robust hole transporter layer, but also reduces the use of conjugated polymers to increase
stability [31]. This hydrophobic PS can greatly improve the stability of perovskite solar cells by preventing
the corrosion of perovskite without reducing the photoelectric properties of perovskite.

The structure of PM-PSCs consists of a porous three-layer structure composed of TiO2 layer, ZrO2 layer
and carbon layer, so the surface area of perovskite can be relatively large and many surface defects can
be present due to the formation of perovskite crystals by penetrating the perovskite precursor solution
from the carbon layer. The hydrophobic carbon electrode, of course, enhances the corrosion resistance to
moisture and light, but the many existing surface defects and the micropores present inside the
polycrystalline �lm are hazardous elements that can promote moisture and heat corrosion. However, to
our knowledge, there are few studies on the use of polymers to improve the e�ciency and stability of PM-
PSCs. Furthermore, Furthermore, the application of PS for PSCs with hole conductor has been carried out
[30][31][35], but no studies have been conducted on PM-PSCS.

In the present study, we �rst penetrated the perovskite precursor through the carbon counter electrode and
crystallized, and subsequently treated with the toluene solution containing PS on it to complete PM-PSCs
and improve its PCE and photostability. Electrochemical impedance spectroscopy (EIS) showed that the
charge transfer resistance of 1wt% PS treated PM-PSCs was effectively reduced and the charge
recombination resistance of PM-PSCs was greatly improved, resulting in an improved shirt-circuit current
density (Jsc), open-circuit voltage (Voc), �ll factor (FF), and PCE, respectively. In photostability test of
maximum power-point tracking under 100h continuous illumination of 1sun intensity at 25℃ and 60% of
humidity, the PCE of PS-treated PM-PSCs without encapsulation was retained 90% of the initial PCE.

2 Experimental Section

2.1 Materials
All the chemicals were directly used without any further puri�cation: Lead iodide (PbI2, 99.999%, Sigma-
Aldrich), lead cloride (PbCl2, 99.999%, Sigma-Aldrich), methylammonium iodide(MAI, 99%, Jingge,
Wuhan), N,N-dimethylformamide (DMF, analytical, Aladdin), polystyrene (PS, Mw-180000, Sigma-Aldrich),
titanium-butoxide(99.0%, Aladdin). The other chemical reagents were of analytical grade.

2.2 Device Fabrication
PM-PSCs were prepared by coating TiO2 compact layer on �uorine doped tin oxide (FTO) and
subsequently screen-printing the TiO2, ZrO2 and carbon layers, and then penetrating the perovskite
precursor solution from the carbon layer, as shown in Fig. 1a. FTO substrates were laser etched to form
two separate electrodes, ultrasonic rinses with detergents, distilled water, and ethanol three times. After
drying, the cleaned FTO substrates were immersed in 0.2 M TiCl4 aqueous solution, kept at 70°C for 1 h,
washed with deionized water, and were sintered at 500℃ for 30 min to form compact TiO2 layers.
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ZrO2 and carbon pastes except of TiO2 paste were prepared using our previous method [32]. TiO2 paste
was prepared as following: 5 mL of titanium-butoxide was placed in 100 mL of distilled water and stirred
at 1000 rpm for 30 min, followed by adding dropwise of hydrogen peroxide(35%) at a molar ratio of 20/1
(hydrogen peroxide/titanium-butoxide). After overnight stirring, it was hydrothermallized at 200°C for 12 h
and vacuum dried at 40°C to obtain TiO2 powder. Then TiO2 powder, terpineol and ethyl cellulose were
mixed at a mass ratio of 1/5/0.5 and ball-milled for 6h to prepare TiO2 paste. ZrO2 paste was prepared by
mixing 1.5g of ZrO2 (size: 20nm), 0.35g of ethyl cellulose and 60µL of acetylacetone with 20 mL of
terpineol. Carbon paste was prepared by mixing 3g of graphite (size: 15nm), 1g of carbon black (size: 30
nm) and 1g of ethyl cellulose with 10 mL of terpineol. TiO2 paste was screen-printed on the TiO2 compact
layer and sintered at 500℃ for 30 min to form a mesoporous TiO2 �lm (thickness: 0.5 ). The
mesoporous TiO2 �lm substrate was immersed in 40 mM TiCl4 aqueous solution at 70°C for 30 min,
removed and washed with deionized water and dried. Then, ZrO2 and carbon pastes were screen-printed
and sintered at 500 and 400°C for 30min, respectively, to form ZrO2 layers (thickness : 1 ) and carbon
layers (thickness : 10 ).

The perovskite precursor solution was prepared by dissolving MAI, PbI2, and PbCl2 in DMF at a molar
ratio 4:3:1. We used toluene as the solvent of PS solution as it did not degrade perovskite [33]. The PS
solution was prepared by adding PS into toluene (0-1.5wt%) and stirring at 40℃ and 500 rpm for 12 h.
10µL of the perovskite precursor solution heated at 70℃ was dropped on the carbon counter electrode of
the solar cell prepared above, spin-coated at 3000rpm for 20s, and then heated at 100℃ for 40 min.
Then, 0.1 mL of PS solution was subsequently dropped on a perovskite-coated carbon electrode, spin-
coated at 3000 rpm for 10 s and then dried at 40°C for 10 min. The control device was prepared by
treating toluene without PS as above. In the following section, the PM-PSC treated with constant PS
concentration (x wt%) were denoted as PM-PSCs/PS-x.

The samples for the optical absorption, morphology and crystallinity of PS-treated perovskite �lms were
prepared under the same conditions of spin-coating on the glass/ZrO2 structures without carbon layer,
which were labeled as PS-x.

All device fabrication processes were performed under atmospheric conditions.

2.3 Characteristics
The optical absorption and crystal state of perovskite �lms were measured using UV-Visible absorption
spectroscopy (DU 730) and x-ray diffraction spectroscopy (XRD, Cu Ka, 40 kV, Smartlab ) respectively.
Crystal size and surface morphology were investigated using scanning electron microscopy (SEM, JS-
6610A). The charge transfer and charge recombination characteristics in PM-PSCs/PS-x were
investigated by obtaining an electrochemical impedance spectra (EIS) using an electrochemical
measurement system (CHI604E). EIS were recorded in frequency domain 0.1–105 Hz, under the simulated
AM1.5G illumination and the open circuit condition. The conductivity evaluation of the PS treated carbon
layer was performed as follows. The middle part of the FTO substrate with a size of 1 cm x 1 cm wasLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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separated by 5 mm in width, coated the carbon layer on it, penetrated the perovskite precursor solution,
crystallized, and subsequently treated PS solution on it. Using an electrochemical analyzer (Chi604E), the
conductivity of the carbon layer was estimated by measuring a linear-sweep voltammetry from − 0.5 V to
0.5 V. Current density-voltage curves were recorded using CHI604E by reversible scanning at a scanning
rate of 100mV/s under the simulated AM1.5G illumination. All the photoelectric characteristics were
measured at an active area of 0.1 cm2.

3 Results And Discussion
The structure and energy levels of PM-PSCs are shown in Fig. 1. The TiO2 compact layer acts as an
electron-collection and hole-blocking layer, and the TiO2 layer acts as an electron-transport layer, the ZrO2

layer as a space layer separating the carbon layer and the TiO2 layer. The appropriate arrangement of
energy levels of TiO2, CH3NH3PbI3 − x, and carbon layers enables the separation and transport of photo-
induced electrons and holes e�ciently [32].

To investigate the effect of PS on the photoelectric conversion characteristics of PM-PSCs, different
concentrations of PS solution were applied to PM-PSCs and PCE were measured. The photocurrent-
voltage characteristics (J-V) under the simulated AM1.5G illumination (100mW/cm2) are shown in Fig. 2.
As shown in Fig. 2, the short-circuit current density (Jsc), open-circuit voltage (Voc), and �ll-factor (FF) of
PM-PSCs/PS-0.5, PM-PSCs/PS-1 and PM-PSCs/PS-1.5 tended to be increased than PM-PSCs/PS-0. Jscs
of PM-PSCs/PS-0.5, PM-PSCs/PS-1, and PM-PSCs/PS-1.5 were not signi�cantly different, but differences
were observed in Voc and FF, and the Voc and FF of PM-PSCs/PS-1 were the highest among them. The
improvement of PCE in PM-PSCs/PS-1 is may be due to the reduced charge recombination and facilitated
charge transfer at the interfaces of PM-PSCs [31]. However, in the case of high PS concentration, charge
transfer at the interfaces such as perovskite/carbon and perovskite/TiO2 interfaces can be suppressed
due to the insulating properties of PS. As a result, the photoelectric characteristics of PM-PSCs/PS-1.5
can be lower than PM-PSCs/PS-1.

Figure 3 shows the statistical results of Jsc, Voc, FF, and PCE of PM-PSCs/PS-0 and PM-PSCs/PS-1,
while the detailed parameters are collected in Table 1. As shown in Fig. 3 and Table 1, the average values
of Jsc, Voc, FF, and PCEs in PM-PSCs/PS-1 improved from 22.31(PM-PSCs/PS-0) to 22.72mA/cm2,
0.9(PM-PSCs/PS-0) to 0.95 V, 0.6 (PM-PSCs/PS-0) to 0.65 and 11.31 (PM-PSCs/PS-0) to 14.03%,
respectively.
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Table 1
Photovoltaic characteristic of PM-PSCs prepared by treatment with different

concentration of PS solution
Devices Jsc (mA/cm2) Voc (V) FF PCE (%)

PM-PSC/PS-0 22.31±0.35 0.89 ± 0.02 0.57 ± 0.02 11.31 ± 0.35

PM-PSC/PS-0.5 22.65±0.33 0.90 ± 0.01 0.60 ± 0.01 12.23 ± 0.37

PM-PSC/PS-1 22.72±0.27 0.95±0.01 0.65 ± 0.01 14.03 ± 0.41

PM-PSC/PS-1.5 22.69±0.34 0.92 ± 0.01 0.62 ± 0.01 12.94 ± 0.39

We performed measurements under forward(F) and reverse(R) scanning conditions using PM-PSCs/PS-1
and PM-PSCs/PS-0 to investigate the effect of PS on current-voltage hysteresis (Fig. 4). The hysteresis
index (HI=(PCEreverse-PCEforward)/PCEforward) of the PM-PSCs/PS-0 and PM-PSCs/PS-1 were 2.6% and
3.4%, respectively. The HI of PM-PSCs/PS-1 was not signi�cantly different from the PM-PSCs/PS-0,
which is believed to be due to the high dependence of current-voltage hysteresis of PM-PSCs with the
TiO2 compact layer acting as electron-collector layer [34]. In our case, the PS treatment did not affect the
current-voltage hysteresis characteristics, because the preparation conditions of TiO2 compact layers in
all devices were identical.

We performed UV-Vis spectroscopy to investigate the effect of PS treatment on the optical absorption
spectrum of perovskite �lm (Fig. 5). As shown in Fig. 5, the optical absorption in the PS-0.5 and PS-1
wavelength range from 350 to 760 nm increased compared to PS-0, but the optical absorption in the
PS1.5 decreased. As shown in Fig. 1s (supporting Information), considering that there is no change in the
XRD intensity of the PS-treated perovskite and control �lms and that the optical absorption peak position
at 745 nm wavelength in Fig. 5 does not change, it can be seen that PS treatment does not affect the
composition of perovskite and does not affect the molar absorption coe�cient of perovskite �lm [35].

We performed SEM measurements to further investigate the crystalline state of PS-1 with good optical
absorption properties. Top-view SEM images of the perovskite �lms treated with different concentration
of PS were shown in Fig. 6a-d. As shown in Fig. 6c, the perovskite agglomerates of PS-1 were obviously
larger than the other samples, and in Fig. 6d it is clear that the perovskite agglomerates were separated.
In the PS-1.5 case, it is thought that the perovskite agglomerates can be separated from each other
because the perovskite crystals are more strongly condensed by the contraction force caused by the
polymerization of large amounts of PS. In the previous work reported that PS formed carbonium ions by
interaction with PbI2 with lewis acidity in perovskite precursors, and the cross-linking of macromolecular
techniques by these carbonium ions resulted in slow crystallization of perovskite resulting in slow
crystallization of perovskite [30]. In our case, the treatment mode of PS is different, but with the same
mechanism as above, the agglomerate size of perovskite can be increased by PS. The UV-Vis spectra
measured in the present study are shown to have a signi�cant effect on the optical transmission of
perovskite �lms due to the responded light scattering and light re�ection effects. Finally, it can be seenLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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that the optical transmission pathway increases in the perovskite �lm of PS-1, which improves the optical
absorption. However, PS-1.5 can be seen to decrease the roughness of the �lm and consequently
decrease the light scattering effect due to the large amount of PS. As a result, the perovskite
agglomerates in PS-1 become larger and the optical absorption can be increased as shown in Fig. 5.

We performed conductivity of the carbon layers and electrochemical impedance spectra ( EIS )
measurements to investigate in detail the effect of PS on charge transfer and recombination in the PM-
PSCs. To investigate the effect of PS on the conductivity, we measured linear sweep voltammetry of the
carbon layers (Fig. 7a). The conductivity of PS or perovskite covered carbon layes improved than pure
carbon layer, but no difference of the conductivity of the perovskite covered carbon layers with and
without PS. Through this result we found that PS did not affect the conductivity of the carbon layer.

EIS measurements were also performed under light irradiation of 1sun intensity and open circuit
condition. The Nyquist curves and equivalent circuit model of PS treated PM-PSCs are shown in Fig. 7b
and Fig. 7c respectively. As shown in Fig. 7b, two semicircles in high-frequency and low-frequency bands
are clearly generated. The intersection point of the �rst high-frequency semicircle with real axis re�ects
the series resistance (Rs), and the high-frequency semicircle and the low-frequency semicircle re�ects the
charge transfer resistance (Rct) and charge recombination resistance (Rrec) in the PSCs, respectively [37].
We calculated Rs, Rct, and Rrec using a simple equivalent circuit model (see inset in Fig. 7b). The results
are shown in Table 2. The Rs of PM-PSCs/PS-1 and PM-PSCs/PS-0 was 33.7 and 34.1 Ω, respectively,
but the Rct (8.9 Ω) of PM-PSCs/PS-1 was less than PM-PSCs/PS-0 (12.9 Ω), whereas the Rrec (59.3 Ω) of
PM-PSCs/PS-1 was higher than PM-PSCs/PS-0 (22.1 Ω). The corresponding Bode plots of the PM-PSCs
with PS were shown in Fig. 2s (supporting Information), and the intensities of the peaks in the high-
frequency and low-frequency regions were signi�cantly difference with PS concentration. In the PM-
PSCs/PS-1, the lowest peak intensity in the high-frequency region and the highest peak intensity in the
low-frequency region were shown. As a result, we can see that hole extraction at the perovskite/carbon
interface of PM-PSCs/PS-1 is effectively promoted and the charge recombination at the interfaces is
greatly reduced. In detail, because of the perovskite layer formation by low-temperature solution process,
various defects may exist on the perovskite bulk and surface [38][39]. These defects can act as trap-
assisted recombination centers (Shockley-Read-Hall) and these defects allow free charge carriers to
undergo non-radiative recombination [40][41]. These recombination centers would yield shorter the carrier
lifetime. Therefore the decrease in charge transfer resistance in PM-PSCs/PS-1 and the increase in charge
recombination resistance may be attributed to the passivation of the charge trap positions on the
perovskite crystal surface and the better contact with perovskite and carbon layers by PS. Because
perovskite material in PM-PSCs acts simultaneously as a photoabsorber and charge (electron and hole)
transport, it is important to promote hole extraction and prevent charge recombination by favoring
contact between perovskite with carbon layers. In PM-PSCs/PS-1, PS is expected to increase the size of
perovskite agglomeration and improve the contact with the carbon layer, resulting in reduced charge
transfer resistance and increased charge recombination resistance. As the charge transfer resistance
decreases, charge injection is improved to increase Jsc, and the charge recombination resistance
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increases, the leakage current decreases, resulting in improved Voc and FF. The charge transfer resistance
also affects Voc and FF because it acts as a series resistance during charge transport [42]. Finally, the
Nyquist results are in good agreement with the results of Fig. 2.

Table 2
Electrical resistance parameters obtained from
EIS data were measured under light irradiation

of 1sun intensity and open circuit condition
Devices Rs(Ω) Rct(Ω) Rrec(Ω)

PM-PSC/PS-0 34.1 12.9 22.1

PM-PSC/PS-1 33.7 8.9 59.3

We performed XRD spectra of perovskite �lms coated on glass incubated for 10 days at 60% relative
humidity to investigate the effect of PS on the degradation of perovskite crystals by humidity (Fig. 8). As
shown in Fig. 8, the PS treated perovskite �lm showed no diffraction peak corresponding to the (001)
crystal face of PbI2. As shown in Fig. S3, the water contact angles on the carbon electrode with and
without perovskite were increased by PS, especially, the contact angle on the carbon electrode with
perovskite was increased from 79.12° to 87.01° by PS treatment. As can be ssen in the Fig. S3(a, b), the
contact angle on the carbon electrode with perovskite was smaller than that without perovskite and it
would be associated with the residual perovskite in the carbon layer, which would react with water. It can
be seen that PS is coated on the surface of perovskite crystals and the wettability of H2O on the
perovskite grains was reduced to prevent the degradation of perovskite into PbI2 by moisture[35].

We performed photostability test of maximum power-point tracking under 100h continuous illumination
of 1sun intensity at 60% of relative humidity about the PS treated PM-PSCs without sealing. The results
are shown in Fig. 9. The photostability test was carried out at keeping the substrate temperature of 25°C.
As shown in Fig. 9, Jsc, Voc, FF, and PCE after 100 h of operation in PM-PSCs/PS-0 maintained 77, 88, 92
and 63% of the initial values, respectively. However, in PM-PSCs/PS-1, Jsc, Voc, and FF maintained 94, 97
and 99% of the initial values, respectively, after 100 h of operation, while PCE was maintained at a higher
level compared to PM-PSCs/PS-0, with 90% of the initial values. Through this result, we can see that PS
effectively prevents the corrosion of perovskite even under operating conditions. Improvement of this
photostability is because hydrophobic PS is coated on the perovskite crystal surface to effectively
prevent humidity penetration and consequently greatly inhibit humidity-induced photodegradation.

4 Conclusion
The effect of PS on the e�ciency and stability of PM-PSCs prepared by treatment on the carbon layer
was investigated. The effect of PS on the e�ciency and stability of PM-PSCs prepared by treatment on
the carbon electrode was investigated. PS can change the agglomeration size of perovskite crystals and
increase the optical transmission length. The PS treatment did not have a signi�cant effect on the
conductivity of the carbon layer, facilitating charge transfer at the PM-PSCs interfaces, and reducingLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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charge recombination, thereby improving the photoelectric conversion e�ciency. In addition, as PS was
coated on the perovskite crystal surface and increased the corrosion stability against moisture, the PM-
PSCs without sealing maintained 90% of the initial e�ciency even after 100h operation under light
conditions of 1sun intensity. PS is an effective material that can improve the performance and stability of
PM-PSCs.
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Figure 1

a Schematic structure of the PM-PSCs. b Energy level diagram of PM-PSCs
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Figure 2

J-V curves of PM-PSCs prepared by treatment with different concentration of PS solution
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Figure 3

Statistical comparisons of photovoltaic characteristics in PM-PSCs/PS-0 and PM-PSCs/PS-1
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Figure 4

Current - voltage hysteresis of PM-PSCs/PS-1 and PM-PSCs/PS-0
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Figure 5

Optical absorption spectrum of perovskite �lm on the PS concentration
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Figure 6

SEM images of the perovskite �lm surfaces treated with different concentration of PS a: PS-0, b: PS-0.5,
c: PS-1, d: PS-1.5
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Figure 7

a Linear sweep voltammetry plot. b Nyquist curves of the PM-PSCs/PS-1 and PM-PSCs/PS-0 over the
frequency range of 0.1 Hz to 105 Hz under simulated AM 1.5G(100mW/cm2). c equivalent circuit model
1: pure FTO; 2: detached FTO/carbon; 3: detached FTO/carbon/PS; 4: detached FTO/carbon/perovskite;
5: detached FTO/carbon/perovskite/PS

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 19/20

Figure 8

XRD spectra of perovskite �lms coated on glass incubated for 10 days at 60% relative humidity
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Figure 9

photostability test of maximum power-point tracking under 100h continuous illumination of 1sun
intensity at 60% of relative humidity about the PS treated PM-PSCs without sealing
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