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Abstract An attempt has been made to fabricate methyl am-
monium tin chloride (CH3;NH3SnCly) perovskite-sensitized
TiO, nanostructure photoanode solar cell with hole transport
material (HTM) spiro-MeOTAD and graphite-coated counter
electrode (CE). The TiO, nanoparticles (TNPs), TiO,
nanoleaves (TNLs), and TNLs with MgO core/shell
photoanodes were prepared to fabricate perovskite-sensitized
solar cells (PSSCs). The prepared samples were characterized
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The
photovoltaic characteristics of the PSSCs, photocurrent densi-
ty (Jio), open-circuit voltage (V,.), fill factor (FF), and power
conversion efficiency (PCE) were determined under illumina-
tion of AM 1.5 G. Electrochemical impedance spectroscopy
(EIS) analysis was carried out to study the charge transport
and lifetime of charge carriers at the photoanode—sensitizer—
electrolyte interface of the PSSCs. The PSSC made with
CH;3;NH;SnCl; perovskite-sensitized TNL-MgO core/shell
photoanode and spiro-MeOTAD HTM shows an impressive
photovoltaic performance, with J,. = 17.24 mA/cm?,
Voe = 800 mV, FF = 73 %, and PCE = 9.98 % under
100 mW/cm? light intensity. The advent of such simple
solution-processed mesoscopic heterojunction solar cells
paves the way to realize low-cost and high-efficiency solar
cells. By the aid of electrochemical impedance spectroscopy,
it is revealed that the core/shell structure can increase an
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interfacial resistance of the photoanode—CH;NH;SnCl; inter-
face and retard an electron recombination process in the
photoanode—sensitizer—HTM interface.
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Introduction

Perovskite solar cells based on organometallic halides repre-
sent an emerging photovoltaic technology. A highly efficient
solar cell material should absorb light over a wide spectral
range, generate charges with high efficiency, and transport
these photogenerated charges to the electrodes with minimum
losses. Several groups have reported power conversion effi-
ciencies from 10 to 15 % for solution-processed organometal-
lic halide perovskite-based solar cells in the past 2 years [1-3].
An organometallic perovskite with balanced long-range carri-
er diffusion lengths [4-6] and low cost has attracted great
attention as a new class of light harvesters for solid-state hy-
brid solar cells in recent years [7]. Perovskites are unique as an
active layer in photovoltaic (PV) modules, owing to their abil-
ity to deliver high open-circuit voltages, under full sun illumi-
nation, leading to light harvesting from a broad spectrum of
incident solar radiation. In particular, the recent emergence of
organic—inorganic halide perovskite-based solar cells prom-
ises to deliver one of the lowest-cost technologies that is ca-
pable of converting sunlight to electricity at the highest effi-
ciencies [1, 8—10]. Good progress has been made in revealing
the hybrid metallic halide perovskite to deliver impressive
power conversion efficiency in solar cells. Synthetic perov-
skites have been identified as possible inexpensive base ma-
terials for high-efficiency commercial photovoltaic [11], and
they showed a conversion efficiency of up to 15 % [3]. A
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group of methyl ammonium tin and lead halides is of interest
for use in solar cells [12]. Among organic—inorganic
perovskite-structured semiconductors, the most common one
is the triiodide (CH3;NH;PbI3). It exhibits high-charge carrier
mobility and carrier lifetime that allow light-generated elec-
trons and holes to move far enough to be extracted as current,
instead of losing their energy as heat within the cell. As we
know, lead poisoning is a type of metal poisoning [13]; hence,
it should be replaced by Sn.

In thin photovoltaic film, optical management is an important
key for harvesting light while ensuring higher efficiency.
Organic sensitizers often limit light-harvesting ability because
of their low absorption coefficients and narrow absorption
bands. Recently, a new class of hybrid organic halide perovskite
was introduced as a light-sensitizing material, showing strong
absorption in a broad region of the visible spectrum (direct en-
ergy gap down to ~1.55 eV), good electron and hole conductiv-
ity, and high open-circuit voltages in photovoltaic devices [14].
Meanwhile, solid-state dye-sensitized solar cell (DSSC) was
introduced in 1998 [15] and the liquid electrolyte was replaced
by organic/inorganic hole transport materials. The drawback of
the perovskite-sensitized liquid-type DSSC was the instability of
the deposited CH;NH;PbI; in liquid electrolyte. Surface protec-
tion of the deposited CH3NH;PbI; is thus to be developed to
increase its stability in liquid-based DSSCs. The instability issue
was actually solved by replacing liquid electrolyte with solid
hole conductor spiro-MeOTAD, where an efficiency as high as
9.7 % was achieved from a very thin TiO, film (~0.5 pm)
together with excellent long-term stability [16]. Perovskites are
hybrid-layered materials typically with an AMXj structure, with
A being a large cation, M a smaller metal cation, and X an anion
from the halide series [17-19]. The perovskite-sensitized solar
cell (PSSC) device structure and the octahedral structure of pe-
rovskite are shown in Fig. 1a, b, respectively.

Metallic oxide nanostructures have also been integrated
into DSSCs to maximize the number of adsorbed dyes and
thereby maximize the photocurrent. Titanium dioxide (TiO,)
has several advantages such as chemical stability, non-toxici-
ty, good electrical property, and inexpensive material; there-
fore, it is extensively used in many applications such as
photocatalyst, hydrogen production, and solar cells [20-23].
Anatase, rutile, and brookite are three main crystalline
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structures of titanium dioxide [22]. Anatase TiO, has bandgap
energy of 3.2 eV of which the absorption thresholds corre-
spond to 380 nm, suggesting that photoelectron transfer is
easy under solar light irradiation. To avoid recombination of
charge carriers, the core/shell structure, which acts as the en-
ergy barrier for physical separation of injected electrons from
hole transport material (HTM), was used. It reduced the dark
current and increased the open-circuit voltage. Accordingly,
the enhanced photocurrent and open-circuit voltage have led
to a prominent increase in photovoltaic efficiency. MgO has
distinctive properties: high refractive index, wide optical
bandgap, and low absorption and dispersion in visible and
near-infrared spectral regions [24]. In the present investiga-
tion, an attempt has been made to study the performance of
PSSCs fabricated based on various photoanode structures ap-
plied with a CH3;NH3SnCly perovskite sensitizer and spiro-
MeOTAD electrolyte. The PSSCs are subjected to J—V char-
acteristics for their power conversion efficiency (PCE) and
other solar cell parameters. The electron impedance parame-
ters at the photoanode—sensitizer—electrolyte interface were
investigated by electrochemical impedance spectroscopy.

Experimental

All chemicals used in this study were of high purity which were
purchased from Sigma-Aldrich, India, and were used without
further purification unless otherwise stated. Bulk TiO,, TiO,
nanoparticles (TNPs), and TiO, nanoleaves (TNLs) paste were
coated uniformly onto a fluorine-doped tin oxide (FTO) glass
plate by the doctor blade technique with a thickness of ~10 pm.

Preparation of TNPs and TNLs through sol-gel process

TNPs were synthesized using titanium(I'V) isopropoxide
(TTIP), nitric acid, ethyl alcohol, and distilled water through
a sol—gel process. Seventy milliliters of TTIP was mixed with
100 ml of ethanol, and 50 ml of distilled water was added drop
by drop under vigorous stirring for 1 h. This solution was then
peptized using 0.1 M of nitric acid (430 ml) and heated under
reflux at 80 °C for 8 h. After this period, a TiO, sol was
prepared. The prepared sol was dried to yield a TiO, powder.
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The TiO, was calcined at 450 °C for 1 h in a furnace to get
TNPs. TNLs were prepared through an alkali hydrothermal
process. Two grams of TNPs prepared from the sol-gel meth-
od was mixed with 100 ml of a 10 M NaOH aqueous solution,
followed by hydrothermal treatment at 150 °C in a Teflon-
lined autoclave for 12 h. After the hydrothermal reaction, the
treated sample was washed thoroughly with distilled water
and 0.1 M HCI and subsequently filtered and dried at 80 °C
for 1 day. To achieve the desired TNL size and crystallinity,
the sample was calcined at 600 °C for 1 h [25].

Preparation of the MgO shell coating

In a typical process, the MgO shell coating was prepared by
dipping the TNL electrode into a saturated magnesium
methoxide solution and then washing thoroughly with dis-
tilled water. After drying, the electrode was calcined at
450 °C for 0.5 h. The thickness of the shell layer (~5 nm)
was controlled by the dipping time [26].

Synthesis of metallic halide CH3;NH;SnCl; perovskite
sensitizer

CH;NH;Cl was synthesized by reacting 30 ml of methyl-
amine (40 % in methanol) and 32.3 ml of hydrochloric acid
(57 wt% in water) in a 250-ml round-bottom flask at 0 °C for
2 h with stirring. The precipitate was recovered by putting the
solution on a rotary evaporator and carefully removing the
solvents at 50 °C. The yellowish raw product methyl ammo-
nium chloride (CH;NH;Cl) was washed with diethyl ether by
stirring the solution for 30 min, a step which was repeated
three times, and then finally recrystallized from a mixed sol-
vent of diethyl ether and ethanol. To prepare CH;NH;SnCls,
the readily synthesized CH;NH;Cl (0.395 g) and SnCl,
(1.157 g) were mixed in 10 ml of dimethylformamide
(DMF) at 60 °C for overnight with stirring. The small beaker
is immediately sealed and kept in the dark at room temperature
[27]. Aluminum foil is used over the lid of the sample beaker
to prevent reaction with sunlight.

Fabrication of perovskite-sensitized solar cells

The photoanodes using bulk TiO,, TNPs, TNLs, and TNL—
MgO core/shell were prepared by ultrasonically mixing for
2 h. The prepared pastes were deposited by the doctor blade
technique on FTO (8-10 {2/sq) by preparing an active area of
1 cm?. Four types of photoanodes (bulk TiO,, TNPs, TNLs, and
TNL-MgO core/shell) were respectively labeled as PSSC-1,
PSSC-2, PSSC-3, and PSSC-4. The film was then heated to
450 °C at a rate of 15 °C/min and kept at 450 °C for 30 min.
The perovskite precursors were then spin-coated on the TiO,-
coated FTO substrate at a speed of 3000 rpm for 30 s, followed
by immediate annealing on a hot plate at various temperatures

for different time spans. The color of the samples finally turned
into dark brown, indicating the formation of the perovskite
phase. The annealing temperature would lead to the change of
the perovskite morphology and formation of larger crystalline
particles on the surface of mesoporous TiO, film substrate. The
smooth morphology of perovskite film was achieved through
adjusting the concentrations of mixed DMF solution [28]. After
cooling down to room temperature, the hole transport material
layer was deposited onto the perovskite layer with a thickness of
100 nm by spin coating 50 pL of the spiro-MeOTAD solution at
a speed of 4500 rpm for 40 s. The hole transport material con-
tains 0.170 M 2,2',7,7'-tetrakis(N,N-dipmethoxyphenylamine)-
9,9'-spirobifluorene (spiro-MeOTAD, Merck), 0.064 M
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI,
99.95 %, Sigma-Aldrich), and 0.198 M 4-fert-butylpyridine
(TBP, 96 %, Sigma-Aldrich) in the mixed solvent of chloroben-
zene (99.8 %, Sigma-Aldrich) and acetonitrile (99.8 %, Sigma-
Aldrich) (chlorobenzene:acetonitrile 51:0.1 v/v). A graphite-
coated counter electrode (CE) was then clipped on top of the
photoelectrode to form a photovoltaic device.

Characterization of PSSCs

The photovoltaic properties of the PSSCs were characterized by
recording the photocurrent voltage (/~V) under illumination of
AM 1.5 G (100 mW/cm?). The prepared photoanode using bulk
TiO,, TNPs, TNLs, and TNL-MgO core/shell structures was
characterized by X-ray diffraction (XRD) (X’Pert PRO-
PANalytical X-ray powder diffractometer). Transmission elec-
tron microscopy (TEM) characterization was done by a Philips
Tecnai 10 electron microscope operated at 200 kV. Scanning
electron microscopy (SEM) images were recorded by a
VEGA3 SB electron microscope. Specific surface areas of the
TiO, samples are determined by the use of a nitrogen adsorption
apparatus (Micromeritics ASAP 2020). Electrochemical char-
acteristics of the PSSCs were recorded with a potentiostat/
galvanostat (Gamry 300). The applied bias voltage and ac am-
plitude were set at open-circuit voltage of the PSSCs and 10 mV
between the FTO/counter electrode and the FTO/photoanode,
respectively, and the frequency range explored was 1 MHz to
10° Hz. The impedance spectra were analyzed by an equivalent
circuit model interpreting the characteristics of the PSSCs.

Results and discussion

XRD, TEM, and SEM analysis

The crystalline structure of the bulk TiO,, TNPs, TNLs, and
TNL-MgO core/shell was characterized by XRD and is given
in Fig. 2. The XRD pattern of TNL-MgO consists of anatase

TiO, and MgO peaks. The peaks observed at 25.3°, 37.9°,
48.0°, 53.9°, and 62.6° correspond to the planes (101), (004),
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Fig. 2 XRD patterns of the TiO, samples

(200), (105), and (215) of anatase phase (JCPDS 21-1272) [29].
The observed peaks are very sharp, implying that the TNLs
were well crystallized and additional peaks observed in this
diffractogram might be due to the calcinations of the sample
during a hydrothermal process. The peaks appeared at 43.2°
and 62.3° correspond to the (200) and (220) planes of the
MgO phase, respectively [26]. The narrow peaks observed in
the XRD pattern of bulk TiO, illustrated the bigger particle size
of the sample. However, the XRD pattern of the TNP exem-
plifies broadening of peaks at 33.5°, 54.2°, and 68.6°. The
periodicity of the individual crystallite domains reinforces the
diffraction of the X-ray beam, resulting in a tall narrow peak. If
the crystals are randomly arranged or have low degrees of pe-
riodicity, the result is a broader peak. This is normally the case
for nanomaterial assemblies [30]. Figure 3a, b shows the TEM
image of TNPs and TNL-MgO core/shell, respectively.

Figure 3a depicts that the average diameters of the TNPs are
20-60 nm. From the Fig. 3b, it could be seen that the average
diameter of the TNL-MgO core/shell is 5-10 nm. Figure 3c
shows that the SEM image of the TNLs has a leaf-like structure.
TNLs are very uniform, quite clean, and smooth-surfaced. It
could be seen that the starting material exhibited the nanoparti-
cles and, after hydrothermal synthesis, the nanoparticles were
completely converted to TNLs. The textures of the TNLs are
uniform and reasonably dense, though there are ample voids
between the leaves. The Brunauer-Emmett-Teller (BET) sur-
face area measurement revealed that the TNL-MgO core/shell
had a specific area of 16 m*/g. This value is much higher than
that of TNPs (12 m*/g) and TNLs (14 m*/g).

Photovoltaic characterization

The photocurrent—voltage (J-V) characteristics of the PSSCs
with various types of photoanodes are shown in Fig. 4. The
detailed photovoltaic parameters such as open-circuit voltage
(Vo0), short-circuit photocurrent density (Js.), fill factor (FF),
and PCE (n) of the PSSCs are presented in Table 1. The over-
all PCE of PSSCs is varied in the four types of TiO,
photoanodes. The PSSC-4 showed the highest efficiency as
compared to the other PSSCs. Photovoltaic parameters for the
PSSC-4 are V,. = 800 mV, J,. = 17.24 mA, FF = 73 %, and
1 =9.98 %. The PSSC-1 that is made with only bulk particle
of TiO, showed the lowest photovoltaic parameters as fol-
lows: Vy,. = 750 mV, J,. = 6.47 mA, FF = 66 %, and
1 =3.20 %. Photovoltaic parameters for the PSSC-2 prepared
with the TNP photoanode are V. = 780 mV, J,. = 9.65 mA,
FF =68 %, and n=4.92 %. The PSSC-3 that is made using the
TNL photoanode exhibited the photovoltaic parameters as
follows: V,. = 780 mV, J,. = 14.16 mA, FF = 70 %, and
n = 7.73 %. The efficiencies of the PSSCs were fabricated
with different types of photoanode in the order of PSSC-4 >
PSSC-3 > PSSC-2 > PSSC-1. These results suggested that the
PSSC-4 fabricated through the TNL-MgO core/shell structure

Fig. 3 .TEM images of TNPs (a) and TNL-MgO core/shell (b) and SEM image of TNLs (c)
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Fig. 4 J-V characteristics of the PSSCs

holds more efficiency as compared to the other PSSCs. When
comparing PSSC-4 and PSSC-3, the PSSC-4 showed en-
hanced efficiency due to the core/shell structure of TNL—
MgO photoanode. By enclosure of MgO into the TNL film,
the photovoltaic characteristics have been changed dramati-
cally. As a result of the good photovoltaic parameters for the
cell consisting of TNL-MgO core/shell photoanode, the
highest 1 of 9.98 % is obtained at an optimized condition.
The overall conversion efficiency was increased by 211 %
from 3.20 to 9.98 % when comparing PSSC-1 and PSSC-4.
The improvement of the efficiency was ascribed to the in-
crease in the short-circuit current density (Jy.), Vo, and FF.
These results suggested that the electron injection is efficient
through the MgO shell coating compared with the uncoated
PSSC-3. A typical wide bandgap oxide, MgO, was often
employed to form a core—shell-structured TiO, photoanode.
The MgO shell can retard the recombination of injected elec-
trons in the semiconductor and holes in the hole transporting
material (HTM). The core—shell electrodes provide an inher-
ent energy barrier at the photoanode—HTM interface, the elec-
tron recombination losses are remarkably reduced, and conse-
quently, the ¥, values increase [31, 32]. The PSSC-1 has the
lowest photocurrent efficiency because it was made up with
the bulk TiO, photoanode without a core—shell structure.
Remarkably, the mesoporous n-type TiO, with insulating
MgO, CH;NH;3SnCl; sensitizer, and spiro-MeOTAD HTM
electrolyte improved the power conversion efficiency to
9.98 %. Perovskites as an active layer are unique in photovoltaic

Table 1 PCE of the PSSCs using various electrodes

PSSCs Ve (mV) Jeo (mA/cm?) FF (%) 7 (%)
PSSC-1 750 6.47 66 3.20
PSSC-2 750 9.65 68 4.92
PSSC-3 780 14.16 70 7.73
PSSC-4 800 17.24 73 9.98

modules, owing to their ability to deliver high open-circuit volt-
ages, under full sun illumination, leading to light harvesting
from a broad spectrum of incident solar radiation [33]. In the
present investigation, the PSSC-4 has exhibited higher V. of
800 mV. HTMs are solid-state mediators which are absolutely
free from leakage. In dye-sensitized solar cells with HTMs, hole
transfer takes place directly from the sensitizer to the HTM and
the holes are transported via electron hopping to a metal counter
electrode. Here, we used HTM, spiro-MeOTAD which has
small molecular size, high solubility, and amorphous nature,
and thus solid-state PSSC-4 attained the PCE of 9.98 %.

Electrochemical impedance spectroscopy analysis

Electron transport properties were investigated using electro-
chemical impedance spectroscopy. Figures 5 and 6 show the
Nyquist and frequency-phase plots of PSSCs, respectively. In
order to understand the electrical behavior and observe how the
device parameters change with any kind of applied treatment
(bias, illumination, etc.) to the device, it is modeled with dis-
creet electrical components such as voltage or current sources,
diodes, and resistors. It provides a scientific and realistic phys-
ical explanation for the PV behavior. The ac response of the
cell is conventionally described by an equivalent circuit. At
each frequency, the equivalent circuit provides a full represen-
tation of the electric potential distribution in the system. While
the circuit model is largely dependent on system specifics, the
usual configuration of elements is that represented in Fig. 7.
Figure 5 illustrates the Nyquist plots corresponding to the
PSSCs based on the metallic halide perovskite-sensitized
photoanode film under the light intensity of 100 mW/cm?.
Generally, all the Nyquist plots of PSSCs exhibit three semi-
circles, which are assigned to electrochemical reaction at the
graphite counter electrode, charge transfer at the photoanode/
perovskite/HTMs, and Warburg diffusion process. The equiv-
alent circuit consists of a series of resistance (R, starting point

50 4

-Z" (Img) Ohms

L B | T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Z (Re) Ohms

Fig. 5 Nyquist plot of electrochemical impedance spectroscopy (EIS) of
the PSSCs
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Fig. 6 Phase versus frequency
plot of the PSSCs 50

40 -

30

20

Phase (Deg)

10 -

of the first semicircle in the Nyquist plot), electron transport
resistance at the counter electrode/electrolyte (Rcp, first semi-
circle in the Nyquist plot), recombination resistance (R,..) at
the photoanode/perovskite/HTM (second semicircle in the
Nyquist plot), the constant phase elements of capacitance
CPE ¢ (Rrec) and CPE¢g (Rcg), and Warburg diffusion imped-
ance (Z4) which are shown in Fig. 7. The other useful electro-
chemical parameters of PSSCs are 7, (electron lifetime,
Eq. (1)), L, (electron diffusion length, Eq. (2)), D (effective
diffusion coefficient, Eq. (3)), 1 (electron mobility, Eq. (4)), o
(electron conductivity, Eq. (5)), 1. (electron collection effi-
ciency, Eq. (6)), and Conc. (concentration of electrons in the
TiO,—sensitizer—HTM interface, Eq. (7)) and are calculated in
the following equations [26] and presented in Table 2:

Tn (S) = Rrec CPErec ( 1 )

Ly(ms) = Ly, /I;: (2)

Deg (cmz/s) = L:z 3)
cm?
(2

Rs

(Defre)
KgT

= 38.9Dr (4)

Rex

>> >>
CPEce CPErec

Fig. 7 EIS equivalent circuit diagram
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where Ly is the film thickness of the photoanode (10 um), S'is
the active area of the PSSCs (1 cm?), P is the porosity of the
photoanode film (0.6), 74 is the electron transport time (R,
CPE,..), e is the charge of an electron, Ky is the Boltzmann
constant, 7' is the room temperature, and k. is the rate of

recombination of the electrons (#”)

From the Nyquist plots, it could be seen that the first and
third semicircles are weak when compared with the second
semicircle. In this study, HTM offers low diffusive resistance
and better mobility of holes; thus, we got a straight line ob-
served in the low-frequency region. The low-frequency loop is
characterized by part at 45°, which suggests limiting steps due
to charge carrier diffusion. The question of its origin remains
open and has not been clearly established for TiO,-based
PSSCs in the recent literature [34, 35]. From Fig. 5 comparing
the middle semicircles of the Nyquist plot of the PSSCs, the
R, value increases in the order of PSSC-1 <PSSC-2 < PSSC-
3 < PSSC-4 which indicates that the larger the value of R,
the lower the recombination rate at the photoanode—sensitiz-
er—-HTM interface. The PSSC-4 fabricated with the TNL—
MgO core/shell photoanode illustrated higher values of
CPE.cc, Ly, Tn, Des, 14, 0, and 7 at the photoanode—sensitiz-
er—HTM interface as compared with other PSSCs. In addition,
R, and concentration of electrons at the photoanode—sensitiz-
er—HTM interface have lower values as compared with the
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Table 2 EIS parameters obtained from the Nyquist plots of PSSCs

PSSCs Ry () Riec () CPE. (10°) 7 (ms) L, (um) Der(107% cm?s)  p (107%; em®/V/is) o (1075 S/em)  Conc. (Q cm/s)  1ec (%)
PSSC-1 20 32 3.98 12736 1265 12.56 48.87 8.33 0.251 37
PSSC-2 14 42 5.25 220.50 1732 13.61 52.93 14.29 0.190 66
PSSC-3 11 56 6.26 350.56 2256 14.52 56.49 2272 0.159 80
PSSC-4 5 90 9.86 887.40 4243 2028 78.90 66.67 0.101 94

other PSSCs. These results enabled not only the reduction of
the recombination rate but also the enhancement of the 7. in
PSSC-4. Control of interfacial electron injection and recom-
bination in the photoanode—sensitizer—HTM interface is piv-
otal for the best performance of PSSCs. This implied that the
recombination rate was diminished because the doped MgO
could shield the electron backflow through the TNLs to the
electrolyte. Thus, the surface modification of the photoanode
with very thin layer as well as larger bandgap shell material
improved the photocurrent density. Hence, the core—shell ma-
terial provided faster electron injection and suppressed recom-
bination at the photoanode—sensitizer—HTM interface. In our
examination on the performance of core—shell structure-based
PSSC:s, hints that the essential improvement in electron injec-
tion efficiency and thereby overall performance can be obtain-
ed by proper designing of the second metallic oxide with
suitable bandgap, optimal thickness of shell layer, and isoelec-
tric point. In addition to the TNL structure, the grain bound-
aries effect could be restricted [36, 37]. Moreover, for the
same given film thickness, the loading of dye can be much
higher in the TNLs than in the TNPs; for instance, the TNLs
have allowed for larger adsorption of the sensitizer. This ne-
cessitates the development of new nanostructures for electron
separation and conduction such as TiO, nanorods [38, 39] and
nanosheets [27] with the objective of improving electron
transport and absorber infiltration as well as exploration of
novel HTMs with suitable band alignment and improved hole
mobilities [2]. The enhanced efficiencies of the TNL-MgO
core—shell PSSCs are achieved by optimizing device architec-
tures, which enhanced light absorption and facilitated electron
transport by determining and designing appropriate dimen-
sions of TNL-MgO, by optimizing the cation concentration
in the HTM for promoting electron injection yield from sen-
sitizing CH3NH;SnCl; molecules to core—shell TNL-MgO
electrodes, or by synthesizing thermally stable TNLs with a
stable high surface area. In the core—shell TNL-MgO
photoanode, the higher R,.. suggested that each TNL made
it more difficult for an electron to jump outside the nanostruc-
ture than to stay within the structure during diffusion; this
explained the high collection efficiency and thus high short-
circuit photocurrent.

Figure 6 shows the frequency-phase plots of EIS spectra for
the PSSCs, made with different photoanodes. Two character-
istic peaks associated with the transfer of the photo-generated

electrons at the surface of TNL-MgO core/shell and the
conducting electrodes are clearly observed. The frequency
peak at the high-frequency region can be ascribed to the
charge transfer at the interfaces of the electrolyte/counter elec-
trode and the other low-frequency regions to the
accumulation/transport of the injected electrons with TNL—
MgO core/shell porous film and the charge transfer at the
interfaces of electrolyte, respectively. From Fig. 6 which
shows the frequency-phase plots in the lower-frequency re-
gime, it can be seen that the frequency peak of PSSC-1 shifted
to lower frequency when compared with that of PSSC-3 and
PSSC-4. The characteristic frequency peak of PSSC-4 in
higher-frequency regime shifted to the higher-frequency re-
gion when compared to other PSSCs. This result could be
attributed to the higher electron transport rate and electron
diffusion coefficient of PSSC-4. The increase of the electron
lifetime makes the electron diffusion and transfer more easily
due to the increase of the diffusion length [40]. These results
indicate that TNL-MgO core/shell photoanode PSSCs have
higher electron transport and lower recombination rate at the
photoanode—sensitizer—HTM interface and the same property
leading to higher solar cell efficiency. In the present investi-
gation, 9.98 % efficiency is remarkable, considering the HTM
electrolyte and graphite-coated counter electrode employed.
In these devices, the electrons are transported through the
perovskite layer and the holes are transported through the

CH,NH,SnCI,

Absorbance

¥ T T T T T T T T T T 1
300 350 400 450 500 550 600
wavelength nm

Fig. 8 UV-visible spectra of CH;NH;3SnCl;
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Fig. 9 Energy level diagram of the PSSC

spiro-MeOTAD layer. It is interesting to note that the perov-
skite layer can function as a light absorber as well as n-type
semiconductor for transporting electronic charges out of the
device. In the perovskite sensitizer, the inorganic component
is an ionic crystal and then native dipoles would occur at the
organic—inorganic interface, between the hole transporter and
the perovskite. Indeed, the presence of under-coordinated ha-
lide at the crystal surface gives rise to local excess of negative
electrostatic charge, which may trap the holes injected into the
spiro-MeOTAD, generating interfacial dipoles. Recombination
of electrons in TiO, with holes in the perovskite itself is more-
over unlikely to be very fast, since the hole density in the
perovskite should be relatively low due to their high diffusivity
and effective transfer to spiro-MeOTAD at the planar
heterojunction [5]. The same applies for the recombination of
holes in spiro-MeOTAD with electrons in the perovskite: the
electron density in the perovskite will be very low due to the
fast electron transfer to the TiO, nanoparticles, meaning this
recombination mechanism will also be very slow. The under-
standing gained here allows us to propose design rules for

preparing high-efficiency TiO,-based perovskite solar cells.
The most important factor to control is the completeness of
perovskite coverage on the TiO, nanoparticles, as this reduces
recombination rates. This means that higher charge densities
can be maintained in the TiO,, improving the charge transport
rates and collection efficiencies of the solar cells. This, together
with the fact that thinner TiO, scaffolds serve to concentrate
the electron density at a given generation rate, also leads to an
increase of the electron quasi Fermi level in the TiO, to im-
prove the photovoltage of the solar cells.

A good photovoltaic absorber needs to have strong absorp-
tion over a wide range of spectrum to minimize the amount of
material usage and reduce charge and energy loss during ex-
traction to electrodes. One superior property of the perovskite
materials to this end is its very high absorption coefficient with
the sharp onset of absorption edge. Material computation
showed that the perovskite materials are direct bandgap semi-
conductor materials [41]. The absorption coefficient is calcu-
lated as 4.2 x 10 in the visible range, which indicates that the
perovskite material only needs 395 nm to absorb 90 % of the
visible light by taking into consideration the electrode reflec-
tion [42]. As a matter of fact, most of the reported high-
efficiency devices had a thickness around 300—600 nm [43].
In the present investigation, the thickness of the perovskite
layer is measured as 300 nm. The absorption edge of the
perovskite film shows a very sharp onset which indicates the
absence of deep states shown in Fig. 8. Our findings show that
the perovskite-sensitized solar cell PSSC-4 had highly mobile
electron, the holes are formed within a few picoseconds, and
the mobilities of both are almost balanced and remain high.
Low recombination and almost equal electron and hole mo-
bilities guarantee a very efficient charge collection and thus
high solar cell efficiency. The results also show that, as a
consequence of electron injection from the perovskite to the
core/shell photoanode with very high electron mobility, the
overall mobility is higher. The energy level diagram of
PSSC is shown in Fig. 9. A possible improvement of solar
cell performance would be the active materials such that both
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electron and hole mobilities are on the level of the electron
mobility in the perovskite. Despite the disadvantage of plati-
num counter electrode/electrolyte in DSSC, higher cost, poor
stability in corrosive electrolyte, and high-temperature pro-
cessing drives, the need for the development of alternative
CE materials. In the recent past, a few groups reported on
different CE materials like carbon nanotubes (CNTs) [3, 27],
activated carbon, and graphite [44]. In this study, graphite has
been used as a counter electrode. It has also been reported that
humidity degrades the CH;NH3Pbl; performance. Halide al-
teration has been promising in this regard with increased sta-
bility in humid environments at minor performance penalty
[45] occurring when a low proportion of Cl is introduced.
Lead content is another drawback for the viability of these
cells. Hence, in this investigation, PSSCs fabricated by incor-
porating the core—shell photoanode structure, CH;NH;SnCl;
perovskite sensitizer, the HTM electrolyte, and graphite coun-
ter electrode offered better PCE performance. In this study, Pb
was replaced by Sn; thus, stability is significantly increased as
shown in Fig. 10. The device PSSC-4 illustrated the PCE of
9.82 % after 180 days.

Conclusions

TNPs and TNLs were synthesized via sol-gel and hydrother-
mal transformation, respectively. PSSCs made of different
types of TiO,-working photoanode were constructed. The
electron transport resistance, electron lifetime, and diffusion
length were evaluated in terms of electrochemical impedance
spectra and photovoltaic characteristics of the cells. The
PSSC-4 based on the core—shell structure of TNL-MgO
photoanode hybrids showed a better photovoltaic perfor-
mance (higher FF, open-circuit voltage, and photocurrent den-
sity) than the cell purely made of TNPs. The PSSC-4 showed
the PCE conversion efficiency of 9.98 % which is higher than
that of other PSSCs. From these results, it could be concluded
that the TNL-MgO core—shell novel photoanode structure
possibly could restrain the recombination process and increase
the PCE effectively. The new core/shell with perovskite sen-
sitizer architecture presented a large open spacing and
mediator/electrolyte access. In addition, the PSSC made up
of the spiro-MeOTAD electrolyte showed better performance
and has relatively high ambient and ionic conductivity inti-
mate interfacial contact with TNL-MgO core/shell and re-
markable stability. The present work establishes that the cell
with the CH3;NH;SnCl;-sensitized TNL-MgO core/shell
photoanode heterojunction with the spiro-MeOTAD electro-
lyte had better performance. We conclude that the perovskite
is stable in dry ambient air and can be deposited by low-cost
solution processing that opens up new avenues for the future
development of high-efficiency low-cost photovoltaic cells.
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