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Template synthesis of methylammonium lead iodide
in the matrix of anodic titanium dioxide via the direct
conversion of electrodeposited elemental lead
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A new processing techniqueisproposed for composites based
on the hybrid organic—inorganic perovskite MeNH;Pbl ; and
anodic titania nanotube arrays, which includes a direct gas-
phase conversion of metal lead nanorods electrodeposited
inside the pores of anodic titanium dioxide. This technique
may be useful for a design of solar cells and optoelectronics
applications.

MeNH,Pbl,

MeNH,Pbl,/TiO,

Pb + 3MeNH;,l - MeNH;Pbl, + 2MeNH, + H,

Nowadays, solar cells based on hybrid organic-inorganic perovskites
attract increasing attention dueto their high efficiency and poten-
tialy low production costs.>2 In atypical perovskite solar cell, a
light-absorber film is deposited between the hole- and electron-
transporting layers (HTL and ETL, respectively). The greatest
power conversion efficiency of perovskite solar cell is currently
achieved using a mesoporous array of TiO, nanoparticles as the
ETL containing perovskiteinfiltrated into its pores.3 Thistype of
architecture alowsoneto control the crystallization of perovskite
and leads to the more efficient charge carrier separation with
almost no recombination of carriers.* A large area of TiO, nano-
structures, such as nanorods®’ or anodic titania nanotubes,®-12
with improved conductivity is considered as an aternative to
mesoporous TiO,. In this case, arrays of one-dimensional pores
of anodic titania can isolate the infiltrated light absorber from
the environment and enhance the stability of entire device.1314In
al known reports on anodic TiO, ETL, titanium dioxide pore
filling with perovskite was performed using solution approaches.
These methods of pore filling are associated with a number
of difficulties in achieving complete filling of TiO, pores and
maximizing the perovskite/TiO, contact area to provide better
charge carriers transport between the layers.

Here, we propose a new approach for uniform filling of TiO,
pores with perovskite. The method consists of the optimized
electrodeposition of metallic lead into the pores of anodic
titania with the subsequent vapor phase conversion of lead into
MeNH;Pbl ;. Dense pore filling was achieved via expanding the
volume of lead transformed into perovskite since the molar
volume increases by the factor of 8 during the Pb - MeNH3Pbl 5
direct conversion.’® A technically similar approach was used to
obtain an array of MeNH3Pbl; and MeNH;Snl; nanorods in the
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matrix of anodic Al, 04416 although aluminum oxide cannot act
asan ETL in the perovskite solar cells. In addition, the reported
method is not applicable for the synthesis of composites of other
metal s based on anodic titanium dioxide due to usual nonuniform
electrodeposition of metals in the pores of conducting anodic
TiO, films. 1718

In this work, the anodic TiO, nanotube arrays were obtained
by a potentiostatic anodization of titanium fails in three steps.t At
the second step, the anodic TiO, nanotube array of 500 nm thickness
and 70 nm pore diameter was formed [Figure 1(b)], while the
third step was necessary for either formation of an additional
TiO, barrier layer between Ti foil and anodic TiO, nanotubes or
defect healing.!® The electrodeposition of lead* was revealed to

T Thetitanium foils (BT-1 00, purity of 99.6-99.9%, thickness of 50 um)
were anodized in a two-electrode cell using an Agilent N8740A direct
current source (U = 0-150V, | = 0-22 A). At the first step, the titanium
foil was pre-anodized with the following TiO, layer removal by 1060 s
sonication in H,0, (30%) and washing with distilled water. The anodizing
was carried out in ethylene glycol solution of NH,F (0.25 wt%) and H,O
(2 wt%) at 60 V for 60 min. Then the second anodic oxidation of the
titanium foil was performed in the ethylene glycol solution of NH,F
(10 g dm=3) and H,0O (10 vol%) at 60V for 75 s. A third anodizing step
was performed in ethylene glycol solution of H;PO, (3 wt%) at 20V for
10 min. The resulting films were annealed at 450°C for 1.5 h to form
crystalline TiO, (anatase).

* The deposition of lead into the pores of anodic TiO, films was carried
out using acommercial electrolyte based on methanesulfonic acid [from
Scientific and Production Enterprise (SEM.M), Russig) in the two-electrode
cell in acyclicimpulse galvanostatic regime. Each cycle included a cathodic
impulse (I = 100 mA cm) of durationz; and arelaxation period (I =0A)
of duration 7,. A multichannel potentiostat—galvanostat Biologic SAS
MPG-2 was used both as a current source and recorder.
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Figure 1 (&) A cross-section scheme of the obtained anodic TiO, film, (b) SEM of the obtained film (top view), and (c) SEM image of two stacked pieces
of detached porous titania film demonstrating its uniform cross-section (side view); (d) a cross-section scheme of the obtained anodic TiO, film with its pores
filled with metallic lead, (€) SEM of the obtained film (top view), and (f) XRD pattern of the film; (g) a cross-section scheme of the obtained anodic TiO,
film with its pores filled with MeNH;Pbl ; and a capping layer of perovskite, (h) SEM of the obtained film, and (i) XRD pattern of this film.

be irreproducible without the third anodizing stage due to the
presence of microcracks in the thin anodic TiO, films. Defects,
such asmicrocracks, provide an accessfor the electrolytedirectly
to the titanium metal substrate, which results in the deposition
of metallic lead in the cracks and growth of alead film between
the Ti and TiO, layers. A peeling effect of anodic TiO, film was
also observed in this scenario. The most rapid and uniform filling
of TiO, poreswith lead was achieved usingz,; =0.25and7,=7s
(Figure S1, see Online Supplementary Materials). The use of
74 = 0.5 sresultsin non-uniform pore filling and the presence of
lead over the film surface, whereast, < 0.1 swith7,> 7 sleads
to excessivedissol ution of electrodeposited |ead and significantly
increases the preparation time. Figure 1(e) shows SEM images
of anodic TiO, film, wherein the pores were filled with metallic
lead at the following electrodeposition parameters. 7, = 0.25 and
7, =7 s, number of cyclesn = 3. The X-ray diffraction pattern of
the resulting film [Figure 1(f)] reveds the presence of metallic
Pb, TiO, (anatase) and Ti (substrate material) phases.

Since the maximum number of photoinduced charge carriersis
generated in the region of the light absorber film adjacent to the
illuminated surface in the functioning solar cell, it is necessary to
placethe porous ETL withitsporesinfiltrated with the perovskite
on the ‘window’ side for the both most rapid extraction of charge
carriers and prevention of their recombination. According to
this, the most crucia task is to obtain anodic TiO,/MeNH;Pbl;
composites on transparent conductive substrates, where light
exposes the perovskite film through alayer of porous TiO,, which
is impossible in the case of anodic titania film obtained onto a
metal foil.

The anodizing of thin titanium films deposited on glass coated
with fluorine doped tin oxide (FTO) was used to create anodic
TiO, films on transparent conductive substrates.® The Pb el ectro-
deposition was carried out according to the procedure described
above.

For the effective operation of a perovskite solar cell, it is
necessary to eliminate short-circuiting paths between HTL and
ETL layers. Consequently, a continuous capping layer of perovskite
on the titania is required in addition to filling the pores with
perovskite. In this study, lead electrodeposition conditions were
optimized to fill the TiO, pores and completely cover its surface
with perovskite during Pb to MeNH;Pbl; conversion (Figure S2,
see Online Supplementary Materials).m SEM photograph of the film
surface after the completed conversion [Figure 1(h)] shows that
MeNH3Pbl; completely covers the anodic TiO, film. According to

§ A 60 nm TiO, barrier layer was deposited on the FTO surface prior to
the deposition of the metallic Ti and its anodic oxidation to prevent the
peeling off the anodic TiO, film during its formation and lead electro-
deposition stages. A solution of titanium isopropoxide (175 wl) in absolute
ethanol (2 ml) with the addition of HCI (1 ul) was spin coated onto the
FTO substrate (5000 rpm, 30 s). Then the film was annealed for 30 min
at 45 °C followed by DC magnetron sputtering of titanium (300 nm).
Anodization was performed in the glycerol-based electrolyte (70 g dm=3
NH,4F, 2.5 vol% H,0) at 20 V for 10 min.*® The resulting films were
annealed at 450°C for 1 h.

' The conversion of metallic lead into MeNHPbl; was carried out by the
reaction of lead with gaseous methylammonium iodide. Pb/TiO, substrates
and MeNH;l powder were placed in a flask and held at 175°C for 1 h
with constant vacuum pumping (residual pressure of ~20 mbar).
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Figure 2 SEM of the obtained glass’FTO/barrier TiO,/anodic TiO,/MeNH;Pbl 5/
capping MeNH;Pbl; composite: (a) top view with micron-sized perovskite
grains, the inset shows its cross-section [(1) is a part of the continuous
perovskite layer, (2) is titania nanotube array, and (3) is perovskite rod
filling of the nanotube contrasted in the BSE mode]; (b) architecture of the
sandwiched structure [(2) is glass, (2) is FTO conducting layer, (3) is titania
barrier layer, (4) is anodic titania nanotube/perovskite nanocomposite, and
(5) is upper layer of the perovskite grown from titania nanotubes initialy filled

with lead].

the XRD data[Figure 1(i)], acomplete lead conversion occurred.
The presence of Pbl, might be attributed to a partial degradation
of the film under the moist air during storage.

In the case of Pb/anodic TiO, films obtained on transparent
conductive substrates (FTO), the conversion of metallic lead was
performed under the same conditions to afford glass/FTO/barrier
TiO,/anodic TiO,/MeNH3Pbl s/capping MeNH3Pbl; composites
(Figure 2).

The processing methods used in this work (anodic oxidation,
electrodeposition, and annealing in the reaction medium) are poten-
tially scalable and open up a way for the creation of large-area
solar modules. A proof of concept was demonstrated here by
assembling and testing Ti/TiO,/MeNH3Pbl4/Spiro-OMeTAD/
carbon nanotube samples. Figure 3 shows preliminary results of
measurement for such titania—carbon nanotube solar cell elements
and thus reveals typical photovoltaic features of perovskite solar
cells with reasonable open circuit voltage (V,.), short cut current
(Ig), fill factor (FF), and still technically low effectiveness (1%).

Obviously, the application of idea of controllable template
synthesis of thin continuous layers of hybrid perovskites using
anodic titaniananotube arrays, for sure, makes sense (see Figure 3),
suggesting that these solar cells of new type can be successfully
assembled and also demonstrates operation parameters common
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Figure 3 Photovoltaic (V vs. |) characteristics of the test sample of solar cell
architecture Ti/anodic TiO,/MeNH;Pbl 5/ Spiro-OMeTAD/SWCNT measured
with Keithley 2400 and AM 1.5 (Newport) certified setup. The thickness of
anodic titania nanotube array template in the element is about 1 pm.

for the most of samples prepared using raw, non-optimized
techniques. We strongly believe that a further progress in the
adjustment and optimization of component layer thicknesses,
interfaces, application of novel n-doped materials?® or perovskite
composition adjustment?! will lead to much better parameters
and, therefore, to an application niche of the suggested approach.

To conclude, the new potentially scalable technique has been
developed for the synthesis of sandwiched structures based on
the trangparent conductive substrates and TiO, nanotube array ETL
filled in the controllable manner with hybrid perovskite and the
capping perovskite layer of required thicknessfor future application
in perovskite solar cells.

This work was supported by the Ministry of Education and
Scienceof the Russian Federation (agreement no. 14.613.21.0053
and project no. RFMEFI61316X0053).
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Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2018.09.011.
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