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High performance perovskite-sensitized nanoporous titanium
dioxide photoanodes by in situ method for use in perovskite solar

cells

Yaoming Xiao*, Gaoyi Han', Yanping Li, Miaoyu Li and Yunzhen Chang

Perovskite-sensitized nanoporous TiO, photoanode with several micrometers of the thickness,
was firstly prepared by an in situ technique. The excellent contacting between the TiO, and
perovskite could be beneficial to the separation and transmission of the electron and hole, the
sufficient filling and abundant CH3;NH3Pbl; could enhance the absorption and utilization of
sunlight, finally obtaining an efficient perovskite solar cell. 10.03% of the cell efficiency was
acquired without adding hole transporting material into the device.

Keywords: in situ method, perovskite, titanium dioxide, photoanode, solar cell

Introduction

In 1991, M. Gritzel and his co-worker reported a novel dye-sensitized solar cell (DSC) that
rapidly attracted extensive attention due to its low cost, environmental friendliness, and relatively

high energy conversion efficiency.'” And in 2014, 13% of the DSC efficiency was received
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based on a porphyrin sensitizer and cobalt (II/III) redox electrolyte.3 Recently, a new class of
hybrid organic-inorganic perovskite compounds (CH3;NH3;PbX3, X = I, Br, and Cl) replace the
traditional dye (N719) as light harvesters for solar cells due to their direct band gap, wide

light-absorption, and high carrier mobility.*"

The perovskite solar cell (PSC) shows an
impressive high open circuit voltage and realizes an all-solid-state solar cell by replacing the
liquid electrolyte with a hole transporting material (HTM) for the production and stability of the
photovoltaic device.'""?

There are two major technologies for the preparation of PSCs. On the one hand,

5,7,13-17 4 . . .. .
o or two-step ' solution process was used to prepare the perovskite sensitizer in the

one-step
TiO; film. As a result, two-step method could obtain higher performance PSC than that of the
one-step method due to its more controllable perovskite sensitizer of size. Recently, Xiao et al.
report on an interdiffusion method to fabricate pin-hole free perovskite films using a low
temperature solution process, and a high efficiency of 15.4% was achieved for the devices under
one sun illumination.'® However, the mesoporous TiO, photoanode with hundreds of nanometers
of the thickness, is an important factor for the solution process to match with the preparation of
perovskites, and the perovskite is hard to fill into the TiO, film.'*'® On the other hand, in 2013,
Prof. Snaith reported an efficiency of 15.4% perovskite solar cells by vapour deposition.” This
method could win smaller and more homogeneous CH3:NH3Pbl; film. However, the CH;:NH;Pbl;
film was only formed on the surface of the TiO, with a planar structure, the thickness of the TiO,
film should be thinner than the electron diffusion length of the CH;NH;Pbl; to realize the
separation of the electron and hole. The planar structure could lead to a waste of the intrinsic and

high surface area of the TiO, nanoparticles.

Therefore, here we report on an in situ preparation of perovskite-sensitized nanoporous TiO,
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photoanode with several micrometers of the thickness for the PSC. Firstly, a lead compound
(such as lead iodide, lead acetate, lead nitrate, and lead oxide) is homo-dispersed into the TiO,
colloid, and then spin-coated on the dense blocking TiO, layer, after sintering, TiO,&PbO
composite film is obtained. Secondly, the TiO,&PbO composite film is dipped in a HI acid
solution, after full reaction and drying, the TiO,&Pbl, composite film is achieved. Finally, the
Ti0,&Pbl, composite film is soaked in a solution of CH3NHj3lI and rinsed with isopropyl alcohol,
after drying, the perovskite-sensitized nanoporous TiO, photoanode (TiO,&CH3;NH;Pbl;
composite film) is gained by the in situ method. Comparing to the pervious results, the in situ
method allows a better contacting between the TiO, and perovskite, which is beneficial to the
separation and transmission of the electron and hole, reducing the demand of the TiO, thickness;
better filling of the perovskite into the TiO, film, which can enhance the absorption of sunlight;
and thicker photoanode to use the advantage on the surface area of the TiO, nanoparticles and to
absorb more sunlight to possess a higher photovoltaic performance. Furthermore, a
supplementary perovskite on the in situ photoanode by the two-step method could further
enhance the photovoltaic performance of the PSC. Figure 1 shows a schematic diagram of
preparation processes for the three kinds of PSCs prepared by two-step, in situ, and in situ with

two-step methods, respectively.

Experimental

Materials
Acetone, isopropyl alcohol, methanol, ether, hydroiodic acid (45 wt.% in water),
methylamine (30% in methanol), lead iodide (Pbl,), N,N-dimethylformamide (DMF), tetrabutyl

titanate, and Triton X-100 were purchased from Shanghai Chemical Agent Ltd., China (Analysis
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purity grade). The above agents were used without further purification. The CH3;NHsI was
prepared by reacting 20 mL hydroiodic acid (45 wt.% in water) and 20 mL methylamine (30% in
methanol) in a 250 ml round-bottomed flask at 0 °C for 2 h with stirring. Then the resulting
solution was evaporated at 50 °C for 1 h. The precipitate was washed three times with diethyl
ether, dried at 60 °C under a vacuum oven for 24 h, and used without further purification.
Two-step preparation of the photoanode

The two-step preparation of the photoanode was carried out according to the reported
procedure.4 A layer of dense blocking TiO, (bl-TiO;) was coated onto a FTO substrate by
spin-coating of 3 mM tetrabutyl titanate in isopropyl alcohol with a small quantity of Triton
X-100 at 500 r.p.m. for 10 s then at 6,000 r.p.m. for 30 s, then heat-treated at 450 °C for 30 min.
The nanoporous TiO, (np-TiO,) film was spin-coated on the bl-TiO, substrate under the same
coating parameters using the TiO, colloid, which was prepared according to our previous

19-21
reports. ’

The film was calcined again at 450 °C for 30 min, thereby the TiO; film was gained.
Then spin-coating a Pbl, solution in DMF (462 mg-mL_l) on the TiO, film. After drying, the
film was dipped in a solution of CH3NHj3I in isopropyl alcohol (10 mg-mL'l) for 20 s and rinsed
with isopropyl alcohol. After drying, the TiO,&CH3;NH;Pbl; composite film by the two-step
method was gained.
In situ preparation of the photoanode

Pbl, solution in DMF was added to the aforementioned TiO, colloid with an atomic ratio of
Pb : Ti =1 : 2. After stirring, The mixed colloid was spin-coated on the aforementioned bl-TiO,
substrate under the same coating parameters, then heat-treated at 450 °C for 30 min. After cool to

room temperature, the TiO,&PbO composite film was dipped in a HI solution (0.5 mol-L™") to

form TiO,&Pbl, composite film. After drying, the TiO,&Pbl, composite film was dipped in a

Page 4 of 24



Page 5 of 24

Journal of Materials Chemistry A

solution of CH3;NH;I in isopropyl alcohol (10 mg-mL™") for 20 s and rinsed with isopropyl
alcohol. After drying, the TiO,&CH;NH;3Pbl; composite film by the in situ method was obtained.

In situ with two-step photoanode was prepared as fellow: the Pbl, solution in DMF was
spin-coated on the aforementioned TiO,&Pbl, composite film, after drying, the film was dipped
in a solution of CH3NHj3I in isopropyl alcohol (10 mg-mL'l) for 20 s and rinsed with isopropyl
alcohol. After drying, the TiO,&CH3;NH3Pbl; composite film by the in situ with two-step method
was achieved.
Solar cell fabrication

Gold (80 nm) was sputtered on top of the TiO,&CH;NH;3Pbl; composite film to form the
back contact by using a magnetron sputtering equipment (ETD-2000M, Beijing Elaborate
Technology Development Ltd., China) to fabricate the PSC. The PSCs based on
Ti10,&CH;3NH;3Pbl; composite films by two-step, in situ, and in situ with two-step methods, were
described as PSC-a, PSC-b, and PSC-c, respectively.
Characterizations and measurements

The surface morphologies of the photoanodes were observed using a scanning electron
microscopy (SEM, JEOL-JSM-6701F) operating at 10 kV. The phase identification of the
product was conducted with powder X-ray diffraction (XRD, BRUKER D8-ADVANCE), by
which the product powder was compacted on the plastic substrate attached to the XRD, and the
powder was collected together from the FTO glass and following a grinding process. Ultraviolet
to visible (UV-Vis) reflectance and absorbance spectra of the samples were performed with an
Agilent 8453 UV-Vis diode array spectrophotometer.

The electrochemical impedance spectroscopy (EIS) of the PSC was performed using a

CHI660D (Shanghai Chenhua Device Company, China) electrochemical measurement system at
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a constant temperature of 20 °C in ambient atmosphere under illumination by a solar simulator
(CEL-S500, Beijing Ceaulight Science and Technology Ltd., China), and the impedance data
covered a frequency range of 1-10° Hz with 5 mV of amplitude and zero bias potential. The
resultant impedance spectra were simulated using the Z-view software. The incident
monochromatic photon-to-current conversion efficiency (IPCE) curves were measured with a
solar cell QE/IPCE measurement system (Solar Cell Scan 100, Beijing Zolix Instruments Co.
Ltd., China). The photocurrent density-voltage (J-V) characteristic of the PSC was carried out
using a computer-controlled CHI660D in ambient atmosphere. The incident light intensity was
set under 100 mW-cm™ (AM 1.5), and a black mask (0.50 sz) was used on top of the device to

control the active cell area for the light irradiation.

Results and discussion

The phase identification of the products during the in situ preparation process was conducted
with the powder X-ray diffraction (XRD). Figure 2 (1) demonstrates the XRD pattern of the
Ti0,&PbO composite film. Characteristic diffraction peak at 20 of 25.3° for titania anatase (101)
crystal face is observed, and all sharp peaks can be indexed as titania anatase (Joint Committee
on Powder Diffraction Standards (JCPDS) card no. 21-1272). Whereas, the characteristic
diffraction patterns at 28.5, 31.8, 36.1, 50.9, and 56.7 ° are from the PbO (corresponding to the
data in JCPDS card no. 78-1666), which was converted from the starting material of Pbl, after
the sintering process. After the HI treatment, the PbO component in the TiO,&PbO composite
film was re-generated to Pbl,. The crystalline phase of Pbl, can be observed at 12.6, 25.7, 34.0,
39.5, and 52.3 °, which are identified to be the (001), (002), (102), (003), and (004) diffraction

signals, respectively, according to the JCPDS card no. 73-1750. However, the TiO, component
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was retained. After soaking in the CH3NHj3l solution, the Pbl, was changed to CH3;:NH;Pbl;.
Strong diffraction peaks are observed at approximately 14.2, 20.0, 23.6, 24.6, 28.5, 31.9, 35.0,
40.6, and 43.2°, respectively corresponding to the reflections from (110), (112), (211), (202),
(220), (310), (312), (224), and (314) crystal planes of the tetragonal perovskite structure.”? And
the characteristic diffraction peaks of the TiO, are weakened due to the TiO, was covered with
the CH;3;NH;Pbls. The XRD patterns indicate that the perovskite sensitized TiO;
(TiO,&CH3NH;3Pbl; composite film) was successfully prepared onto the surface of FTO glass
substrate. Inset of Figure 2 is the real photographs of the three products, the color was changed
from white to yellow and finally to black.

In order to make a comparison, two-step method was selected to prepare the photoanode
according to the reported procedure.4 Figure 3 a-1, a-2, and a-3 show the top-view and
cross-sectional SEM images of the photoanode prepared by the two-step method. It can be found
that the CH3NH;Pbl; film was only formed on the surface of the nanoporous TiO,, it was hard to
fill into the nanoporous TiO, film, and the thickness of the TiO, film was about 5.2 pm. The
CH;NH;Pbl; has a diffusion length of 129 + 41 nm for electrons,lo which requests that the
thickness of the TiO; films should be thinner than the electron diffusion length. Therefore the 5.2
pum thickness of the TiO, film would hinder the electron transporting from the CH3;NH;Pbl; film
to the FTO glass, which could remarkably reduce the PSC performance. Decreasing the
thickness of the TiO, film is an important method to accord with the electron diffusion length of
the CH3NH;Pbl;. However, the advantage on the surface area of the TiO, nanoparticles can not
be fully utilized. Figure 3 b-1, b-2, and b-3 show the top-view and cross-sectional SEM images
of the photoanode based on the in situ method. The nanoporous TiO, film was well filled and

contacted with the CH3NH3Pbl;, which is beneficial to the separation and transmission of the
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electron and hole, resulting in a very thick TiO, film could work in the PSC. The thickness of the
TiO, film was about 6.0 pm, which could use the advantage on the surface area of the TiO,
nanoparticles, leading to a high sunlight absorption and a high photovoltaic performance.
However, there are some TiO, nanoparticles reveal out of the surface of the TiO; film, which
will directly contact with the Au electrode by the subsequent solar cell fabrication, resulting in an
unwished increase of the electron recombination. For this consideration, introduction of the
CH;NH;PbI; film on the surface of the TiO; film, would further influence the performance of the
PSC. The CH3;NH3Pbl; was well-contacted with the TiO, and well-filled into the photoanode,
and also well-covered on the surface of the TiO; film (Figure 3 c-1, c-2, and c-3), which was
prepared by the in situ method firstly and then two-step method.

Figure 4 compares the UV-Vis reflectance and absorption spectra of the photoanodes by
two-step, in situ, and in situ with two-step methods, respectively. From the Figure 4 (a), the
reflectance of the two-step sample is the highest, the lower one is the in situ sample, and the
smallest one is the sample by the in situ with two-step method. One possible explanation is that
more CH3NH;Pbl; was filled into the photoanode to absorb more sunlight, and the CH;NH;Pbl;
on the TiO; surface could further absorb sunlight. Therefore, the photoanode by the in situ with
two-step method shows a lowest reflectance. And the other reason is that the nanoporous TiO,
film has a strong optic scattering effect, which leads to the low reflectance. The lower reflectance
means that less light is reflected off the space and more light is utilized. UV-Vis absorption
spectra further confirms the conclusions of the UV-Vis reflectance. The photoanode by the in
situ with two-step method presents the highest UV-Vis absorption among the three photoanodes.

Gold (80 nm) was sputtered on top of the perovskite-sensitized nanoporous TiO, photoanode

to form the back contact by using a magnetron sputtering equipment to fabricate the PSC. It
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should be noted that the hole transporting material was absent in these PSCs. Electrochemical
impedance spectroscopy (EIS) for the PSC was used to characterize the internal resistance and
charge transfer kinetics of the solar cell,” as shown in Figure 5. The EIS was performed under
illumination with an incident light intensity of 100 mW-cm™ (AM 1.5) by a solar simulator, and
the impedance data covered a frequency range of 1-10° Hz with 5 mV of amplitude and zero bias
potential. The equivalent circuit of this model (inset of Figure 5 a) has been already
reported.zl’%25 The intercept of the real axis at high frequency is the ohmic series resistance (Rs)
including the sheet resistance of the TiO, photoanode and the CH3:NH;Pbl; resistance. The first
semicircle at high frequency refers to the R; for the charge-transfer resistance at the
Au/CH;3NH;PbI; interface, while the second semicircle at middle frequency refers to the R, for

the charge-transfer resistance at the CH3;NH;Pbl;/TiO, interface !+

The constant phase
elements (C; and C,) are frequently used as substitutes for the capacitors in an equivalent circuit
to fit the impedance behavior of the electrical double layer more accurately while the double
layer does not behave as an ideal capacitor.zl’%25

The results of the impedance data are shown in Table 1. The Rs, R;, and R; values of the
PSC-c under AM 1.5 illumination are 9.59, 1.25, and 9.74 Q-cmZ, respectively, which are the
lowest values among the three kinds of devices, owing to the high carrier mobility of the
CH;NH3Pbl; was well contacted and filled up in the TiO, film, and the well contacting between
the TiO, and perovskite leaded to a beneficial to the separation and transmission of the electron
and hole. The lower resistances could result in a more effective and rapid transporting ability for
the electron and hole under illumination, which would further improve the performance of the

PSC especially the fill factor. In addition, a larger C, of the PSC-c corresponds to its larger

surface area of the photoanode, which can enhance the photovoltaic properties especially the
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photocurrent. Based on the EIS model, the effective electron lifetime for recombination (z,) in
the photoanode can be calculated from the minimum angular frequency (@.») value by the
following equation: 7, = 1 / @y, where the w,,;, values come from the impedance semicircle at
middle frequencies in the Bode spectrum. The 7, value for the device of PSC-a has a highest
value of 17.78 ms, this is due to the lowest carrier mobility in the TiO, photoanode. While the 7,
values for the PSC-b and PSC-c are 6.83 and 4.66 ms, this may be owing to the high carrier
mobility of the CH3:NH;Pbl; in the TiO; for the reduced effective electron lifetime. The lower 7,
value could increase the electron recombination, resulting in a depressed cell performance.Z1’26'28
However, the photon-generated electrons from the excited perovskite CH3;NH;3;Pbl; can be
quickly separated and transfered to the conductive band of semiconductor TiO; in the level of
femtosecond, therefore the 4.66 ms can provide enough time for the carrier tralnsport.zl’29

The incident monochromatic photon-to-current conversion efficiency (IPCE) of the three
kinds of PSCs were characterized and are shown in Figure 6 a, which reflects the light response
of the PSC and is directly related to the short-circuit current density (Js¢). All the PSCs show a
wide light response from 350 nm to higher than 750 nm, with the maximum at ca. 500 nm. The
IPCE over 650 nm is lower then what has been reported in many literatures, this might be owing
to the micrometers thickness of the TiO, film by the in situ method, which is much thicker than
the hundreds of nanometers of TiO, layer by conventional solution processes or vapour
deposition. The IPCE of the PSC-c is the highest one among the three kinds of PSCs, due to that
more CH3NH;Pbl; was filled into the TiO, to absorb and utilize more sunlight, the well contact
between the TiO, and perovskite resulted in a quick and efficient separation and transmission of

the electron and hole, and the CH;NHsPbl; on the TiO, surface could further enhance the

sunlight absorption and decrease the electron recombination. These results were in agreement

10
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with the UV-Vis absorption spectra, EIS tests, and following J-V measurements.

The photovoltaic properties of PSCs were measured under full sunlight illumination (100
mW-cm ™, AM1.5 G), which were retested many times without obvious change, and the results
were summarized in Table 2. The device parameters show smaller deviation then what has been
reported in the literature,”® this might be due to that more uniform perovskite loading in the
thicker TiO, film compared to that of prepared by conventional solution processes or vapour
deposition. As can be seen in Figure 6 b, the PSC-a produces a cell efficiency of 3.35%, owing
to the thickness of the TiO, film (5.2 um) is much thicker than the electron diffusion length of
the CH3NH;Pbl; (about 130 nm), which hindered the electron transporting from the CH3NH3Pbl;
film to the FTO glass, and then remarkably reduced the PSC performance. It is obvious that the
photovoltaic performances of the PSC-b became much better while the preparation method was
switched from two-step mode to in situ mode. As can be found in Figure 6 b, the Jgc,
open-circuit voltage (Voc), and fill factor (FF) values of the PSC-b are observably increased due
to the CH3;NH3Pbl; well contacted and filled into the nanoporous TiO, film, leading to the
decreased values of the Rs, R;, and R2.31’32 The photovoltaic performance the PSC-c is further
enhanced by employing an additional CH3;NH3Pbl; film on the top of the in situ photoanode,
attributing to the CH3NH3Pbl; on the TiO; surface could further improve the sunlight absorption
and decrease the electron recombination. As a result, the PSC-c demonstrates a highest Js¢ value
of 17.56 mA-cm™, Voc of 0.84 V, FF of 0.68, and supplies a cell efficiency of 10.03%, even

though the hole transporting material is absent in the PSC.

Conclusions

In summary, an in situ method was firstly employed to prepare perovskite-sensitized

11
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nanoporous TiO, photoanode for the PSC. Because of the excellent contacting between the TiO,
and perovskite, and sufficient filling of the perovskite into the TiO, film, the as-prepared
photoanode could be much thicker than that of prepared by conventional solution processes or
vapour deposition. These results could observably enhance the absorption of sunlight due to
taking full advantage of the high surface area of the TiO, nanoparticles, and much more
CH;3NH3Pbl; to absorb sunlight. Moreover, the excellent contacting between the TiO, and
perovskite could be beneficial to the separation and transmission of the electron and hole,
obtaining an efficient perovskite solar cell. Furthermore, a supplementary perovskite on the in
situ photoanode by the two-step method could further enhance the photovoltaic performance of
the PSC, 10.03% of the cell efficiency was acquired. Studying on devices with variable thickness
of TiO,, changing the organometallic three halide perovskite to mixed halide perovskite, and
adding hole transporting material into the device, may be informative to further increase the cell

efficiency based on the in situ method.
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Figure and Table Captions

Table 1 EIS results of the PSC-a, PSC-b, and PSC-c, respectively.

Table 2 The photovoltaic performance of the PSC-a, PSC-b, and PSC-c, respectively.

Figure 1 Schematic diagram of preparation processes for the three kinds of PSCs prepared by two-step, in situ,
and in situ with two-step methods, respectively.

Figure 2 XRD patterns of the products in the in situ preparation process; Inset is the real photographs of the
three products.

Figure 3 Top-view SEM images of the photoanodes by (a-1) two-step, (b-1) in situ, and (c-1) in situ with
two-step methods, respectively; Cross-sectional SEM images of the photoanodes by (a-2, a-3) two-step, (b-2,
b-3) in situ, and (c-2, c¢-3) in situ with two-step methods, respectively.

Figure 4 UV-Vis (a) Reflectance and (b) Adsorption spectra of the photoanodes by two-step, in situ, and in situ
with two-step methods, respectively.

Figure 5 (a) Nyquist plots and (b) Bode phase plots of the PSC-a, PSC-b, and PSC-c, respectively; Inset (a) is
the equivalent circuit of the PSC.

Figure 6 (a) IPCE and (b) Photocurrent density-voltage characteristics of the PSC-a, PSC-b, and PSC-c,

respectively.
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Table 1 EIS results of the PSC-a, PSC-b, and PSC-c, respectively.

PSC Rs R, R; C; C; Omin T
(Q-cm?) (Q-cm?) (Q-cm?) (mF-em?)  (mF-em™?)  (Hz) (ms)
(a) 15.28 2.15 13.67 0.65 0.78 56.23  17.78
(b) 10.87 1.49 9.96 0.76 0.87 146.5 6.83
(c) 9.59 1.25 9.74 0.79 0.93 2148  4.66
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Table 2 The photovoltaic performance of the PSC-a, PSC-b, and PSC-c, respectively.

PSC Jsc (mA-cm?) Voc (V) FF 1 (%)
(a) 9.25 + 0.04 0.74+0.02  0.49+0.02 3.35+0.03
(b) 1522+0.05  0.83+0.03 0.64+0.02  8.08+0.04

(c) 17.56 £ 0.06 0.84 +0.03 0.68+0.03 10.03+0.06
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Figure 1 Schematic diagram of preparation processes for the three kinds of PSCs prepared by two-step, in
situ, and in situ with two-step methods, respectively.
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Figure 2 XRD patterns of the products in the in situ preparation process; Inset is the real photographs of the
three products.
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Figure 3 Top-view SEM images of the photoanodes by (a-1) two-step, (b-1) in situ, and (c-1) in situ with
two-step methods, respectively; Cross-sectional SEM images of the photoanodes by (a-2, a-3) two-step, (b-
2, b-3) in situ, and (c-2, ¢c-3) in situ with two-step methods, respectively.
364x291mm (96 x 96 DPI)
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Figure 4 UV-Vis (a) Reflectance and (b) Adsorption spectra of the photoanodes by two-step, in situ, and in
situ with two-step methods, respectively.
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Figure 5 (a) Nyquist plots and (b) Bode phase plots of the PSC-a, PSC-b, and PSC-c, respectively; Inset (a)
is the equivalent circuit of the PSC.
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Figure 6 (@) IPCE and (b) Photocurrent density-voltage characteristics of the PSC-a, PSC-b, and PSC-c,
respectively.
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Graphic Abstract

High performance perovskite-sensitized nanoporous titanium dioxide photoanodes by in situ
method for use in perovskite solar cells

Yaoming Xiao', Gaoyi Han', Yanping Li, Miaoyu Li and Yunzhen Chang

Perovskite-sensitized nanoporous TiO, photoanode is firstly prepared by an in situ technique. The excellent
contacting between the TiO, and perovskite could be beneficial to the separation and transmission of the electron
and hole, the sufficient filling and abundant CH;NH;Pbl; can enhance the absorption and utilization of sunlight,
finally obtaining an efficient perovskite solar cell.

Keywords: in situ method, perovskite, titanium dioxide, photoanode, solar cell
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