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SPECIAL TOPIC — New generation solar cells

Importance of ligands on TiO2 nanocrystals for perovskite solar cells∗

Yao Zhao(赵耀), Yi-Cheng Zhao(赵怡程), Wen-Ke Zhou(周文可), Rui Fu(伏睿),
Qi Li(李琪), Da-Peng Yu(俞大鹏), and Qing Zhao(赵清)†

State Key Laboratory for Mesoscopic Physics and Electron Microscopy Laboratory,
School of Physics, Peking University, Beijing 100871, China

(Received 27 September 2017; revised manuscript received 21 November 2017; published online 22 December 2017)

The fabrication of high-quality electron-selective layers at low temperature is a prerequisite to realizing efficient
flexible and tandem perovskite solar cells (PSCs). A colloidal-quantum-dot ink that contains TiO2 nanocrystals enables
the deposition of a flat film with matched energy level for PSCs; however, the selection of ligands on the TiO2 surface
is still unexplored. Here, we systematically studied the effect of the titanium diisopropoxide bis(acetylacetonate) (TiAc2)
ligand on the performance of PSCs with a planar n–i–p architecture. We prepared TiO2 nanocrystals from TiCl4 and ethyl
alcohol with Cl− ligands attached on its surface and we found that a tiny amount of TiAc2 treatment of as-prepared TiO2
nanocrystals in a mixed solution of chloroform and methyl alcohol can enhance PSC power conversion efficiency (PCE)
from 14.7% to 18.3%. To investigate the effect of TiAc2 ligand on PSCs, TiO2 samples with different TiAc2 content were
prepared by adding TiAc2 into the as-obtained TiO2 nanocrystal solution. We use x-ray photoelectron spectroscopy to
identify the content of Cl so as to reveal that Cl ligands can be substituted by TiAc2. We speculate that the improvement
in PCE originates from amorphous TiO2 formation on the TiO2 nanocrystal surface, whereby a single-molecule layer of
amorphous TiO2 facilitates charge transfer between the perovskite film and the TiO2 electronic transport layer, but excessive
TiAc2 lowers the PSC performance dramatically. We further prove our hypothesis by x-ray diffraction measurements. We
believe the PCE of PSCs can be further improved by carefully choosing the type and changing the content of surface ligands
on TiO2 nanocrystal.

Keywords: TiAc2, TiO2 nanocrystal, surface ligand, perovskite solar cells
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1. Introduction
The rapid progress of hybrid organic–inorganic metal

halide perovskite solar cells PSCs represents a breakthrough
for next-generation photovoltaic devices. Perovskite films
possess many distinct properties such as tunable and suitable
bandgap energy,[1–4] large dielectric constant,[5,6] long carrier
diffusion lengths,[6–8] large absorption coefficient,[9–12] high
carrier mobility,[12] and long carrier lifetime.[13] These special
properties enable PSCs to be an ideal material as active layer
of solar cells. Since Miyasaka et al.[14] reported PSCs for the
first time, impressive progress has been made to promote their
power conversion efficiency (PCE) from 3.8% to 22.1%.[15]

To further optimize the PCE and stability of PSCs, many ef-
fective methods have been used such as changing electronic
transport layer (ETL) materials, introducing additives, and us-
ing inverted device architecture.[16–27] Among all the ETLs in
PSCs, TiO2-based solar cells are always prone to achieving the
highest PCE.[15] However, traditional perovskite TiO2 ETL
requires high-temperature (450 ◦C) processing, which is not
only time-consuming and complex but also excludes the use
of other substrates such as indium tin oxide (ITO) and flexi-
ble organic substrates.[28–30] Therefore, low-temperature TiO2

nanocrystals are especially welcome, because they provide an
opportunity to use flexible substrates to adopt roll-to-roll man-

ufacturing of PSCs in the future.[31,32]

Yang et al. first invented low-temperature TiO2 ETL by
modifying TiO2 nanocrystals dispersed in ethanol with YCl3
and they reached then-record efficiency of 19.3%.[10] Tan et al.
came up with a new strategy to modify TiO2 nanocrystals with
Cl− ligand by dispersing nanocrystals into a mixed solution
of chloroform and methyl alcohol (volume ratio 1:1). PSCs
comprising Cl− capped TiO2 nanocrystal ETL reach efficiency
greater than 20% and retain 90% of their initial performance
after 500 h of continuous room-temperature operation at their
maximum power point under one-sun illumination.[33] Kim
et al. reported that an amorphous TiO2 compact layer with
a well-crystallized surface PSCs reached 9.97% efficiency,
whereas pure amorphous TiO2 ETL PSCs only have 1.73%
PCE.[34] This discovery reminds us that it is the ETL surface
rather than the bulk material that really affects the electron ex-
traction. Dong et al. modified TiO2 with WO3 and they found
that the photocurrent density increased dramatically.[35]

TiAc2 is conventionally used as a dispersing agent to dis-
perse TiO2 nanocrystals in alcohol, but we think it is also a
functional ligand that can enhance the electron extraction ef-
ficiency and thus lead to a great improvement in PSC perfor-
mance. We systematically study the effect of TiAc2 content
on PSCs for the first time and reveal the mechanism behind
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the change in PSC performance.

2. Experiment details
2.1. Materials

Methylammonium iodide, methylammonium bromine,
and formamidine iodide were purchased from Dyesol. Lead
iodide, lead bromide, N,N-dimethylformamide, hydrochlo-
ric acid, chlorobenzene, bis(trifluoromethane)sulfonamide
lithium, 4-tert-butylpyridine, titanium tetraisopropoxide, and
cesium iodide were purchased from Sigma-Aldrich. Spiro-
OMeTAD was purchased from Lumtec. ITO was purchased
from Thin Film Device Inc. All solid chemicals used in this
experiment were 99.999% pure.

2.2. Synthesis of TiO2 nanocrystals

The following experiments were all carried out in ambi-
ent environment. First, 2 mL TiCl4 (99% Alfa-Aesar) was in-
jected very slowly into 8 mL ethanol alcohol with 3000 rpm
stirring speed to avoid local overheating of ethanol. The reac-
tion vial was placed into an ice–water mixture. After 30 min,
40 mL of anhydrous benzyl alcohol was added to the previ-
ous solution and stirred for 10 min. The resulting solution
was sealed in a vial and heated in an 80 ◦C water bath for
approximately 10 h. The as-prepared TiO2 nanocrystals were
then precipitated from the as-obtained solution by the addi-
tion of 200 ml diethyl ether and isolated by centrifugation at
5000 rpm for 2 min. The solid was subsequently washed by
adding anhydrous ethanol and diethyl ether (volume ratio 1:5),
followed by an identical centrifugation process. This washing
procedure was repeated twice. To obtain the Cl-ligand-capped
TiO2 colloidal solution, the washed TiO2 nanocrystals were
dispersed into anhydrous chloroform and anhydrous methanol
(1:1 volume ratio). Finally, 5 µL/mL, 10 µL/mL, 50 µL/mL,
100 µL/mL, and 500 µL/mL TiAc2 were separately added into
6 mg/ml TiO2 nanocrystal solution.

2.3. Device fabrication

ITO substrates were cleaned with acetone and iso-
propanol in an ultrasonic bath, sequentially. These sub-
strates were then spin-coated with as-obtained TiO2 nanocrys-
tals in solution at 3000 rpm for 30 s and annealed
at 150 ◦C for 30 min on a hotplate. For the per-
ovskite layer, a Cs0.05FA0.81MA0.14PbI2.55Br0.45 precursor
solution (1.4 M) was prepared with the molar ratios of
PbI2/PbBr2 and FAI/MABr both fixed at 0.85:0.15, molar
ratio of CsI/(FAI+MABr) = 0.05:0.95, and molar ratio of
(FAI+MABr+CsI)/(PbI2+PbBr2) fixed at 1:1. The perovskite
films were deposited onto the TiO2 substrates with a two-step
spin-coating procedure, i.e., 2000 rpm for 10 s with an ac-
celeration of 200 rpm/s, followed by 5000 rpm for 40 s with a
ramp-up of 1000 rpm/s. Chlorobenzene (100 µL) was dropped
on the spinning substrate during the second spin-coating step,
10 s before the end of the procedure. To form a thick but still
smooth perovskite film, chlorobenzene was slowly dropped

on the precursor film within 3 s to allow sufficient extraction
of extra DMSO through the entire precursor film. The sub-
strate was then immediately transferred to a hotplate and held
at 100 ◦C for 10 min. After cooling down to room temperature,
the hole transport layer (HTL) was then coated on the sample.
The precursor of the HTL was prepared by using 1 mL spiro-
OMeTAD/chlorobenzene (90 mg/mL) solution with the addi-
tion of 15 mL Li-TFSI/acetonitrile (210 mg/mL), and 40 mL
TBP. Finally, 100 nm gold was deposited as a bottom electrode
by thermal evaporation under a pressure of 8×10−6 Pa.

2.4. Photovoltaic characterization

The current density–voltage (J–V ) curves were measured
using an Agilent B2912 source–measure unit under AM1.5G
illumination at 100 mW/cm2 provided by a Zolix simulator in
an ambient environment. The active area was 0.049 cm2.

3. Results and discussion
Figures 1(a)–1(d) show top-view scanning electron mi-

croscopy (SEM) images of the TiO2 nanocrystals ETL
with different TiAc2 ligand content. We spin-coated TiO2

nanocrystal ink three times to ensure good coverage. All the
TiO2 ETL samples cover the ITO perfectly, suggesting lig-
and content would not have identifiable effect on the cov-
erage of the TiO2 layer, and excluding the possibility that
PCE variation stems from ETL coverage. It is found that the
granular sensation of TiO2 nanocrystals decays with the in-
crease in TiAc2 ligand content. We speculate that some amor-
phous TiO2 is formed because the low annealing temperature
(150 ◦C) is unable to transform TiAc2 into TiO2 crystal. The
morphologies of the perovskite films are the same on different
TiO2 ETLs (Fig. 1(f)).

As shown in Fig. 2(a), the cross-sectional SEM image in-
dicates the presence of the TiO2 ELT (50 nm), perovskite ac-
tive layer (600 nm), spiro-OMeTAD HTL (120 nm), and Au
electrode. Figures 2(a) and 1(f) suggest that a dense-grained
uniform morphology with grain sizes around 500 nm was
formed in all samples. It can be seen that the photovoltaic per-
formance was dramatically enhanced for the solar cells with
10 µL/mL TiAc2 addition (Fig. 2(b)). When 5 µL/mL TiAc2

is added, the device short-circuit current density (Jsc) increases
from 21.43 mA/cm2 to 22.45 mA/cm2; the device PCE in-
creases from 14.52% to 17.74%; then, when the TiAc2 addi-
tive increases to 10 µL/mL, Jsc increases to 22.6 mA/cm2, the
open-circuit voltage (Voc) increases markedly from 0.972 V to
1.08 V, the fill factor (FF) increases to 75.22%, and PCE in-
creases to 18.36%. The device PCE as a function of TiAc2

content is shown in Fig. 2(c), and the detailed photovoltaic
performance parameters are summarized in Table 1. A de-
tailed discussion of these parameters will be presented later.
Excessive TiAc2 addition results in significant drops in FF and
Jsc, indicating there is a problem at the perovskite/TiO2 ETL
interface.
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Fig. 1. Top-view SEM images of TiO2 ETL with different TiAc2 addition (a) 5 µL/mL, (b) 10 µL/mL, (c) 50 µL/mL, (d) 100 µL/mL,
(e) 500 µL/mL, and (f) perovskite film.
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Fig. 2. (color online) (a) Cross-section SEM image of perovskite solar cells. (b) I–V curves of perovskite solar cells with different
TiAc2 content. (c) PCE changes with TiAc2 addition variation. (d) Steady-state PL spectra of perovskite film on glass substrate. (e)
Time-resolved PL decay spectra.
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Table 1. PSCs performance parameters with different TiAc2 addition.

TiAc2 addition/µL·mL−1 PCE/% Jsc/mA·cm−2 Voc/V FF/%
0 14.52 21.43 0.972 67.71
5 17.74 22.45 1.07 73.87

10 18.36 22.60 1.08 75.22
50 11.30 22.04 0.956 53.65
100 9.51 19.37 1.02 48.16
500 7.52 17.50 1.02 42.10

Steady-state photoluminescence (PL) spectra (Fig. 2(d))
indicate that the central wavelength is 780 nm, correspond-
ing to a bandgap of 1.59 eV, which proves the perovskite ac-
tive layer composition is FA0.85MA0.15PbI2.55Br0.45. We use
time-resolved PL decay to further identify the film quality on
glass substrate (Fig. 2(e)). The lifetime of the as-prepared per-
ovskite film is approximately 1 µs, suggesting its high quality.

X-ray photoelectron spectroscopy (XPS) measurements
reveal the composition of the films prepared by TiO2

nanocrystals (Fig. 3(a)). Figure 3(d) indicates that the C 1s
binding energy is centered at 285.3 eV, which deviates from

the standard 284.6 eV, originated from electrons accumulated
on the TiO2 surface, resulting in a general shift in the XPS
spectra. Taking this shift into account, we obtain the Ti 2p1/2

central at 458.8 eV and Ti 2p3/2 at 464.5 eV, respectively,
which confirms the existence of TiO2 (Fig. 3(c)). Now, we turn
to Cl− and obtain the XPS spectra for different TiAc2 addition
samples. The XPS results presented in Fig. 3(b) were normal-
ized to the Ti counts in order to exclude the effect of different
samples with different Ti signals. It was found that the control
sample without TiAc2 addition shows a strong signal of Cl
2p1/2 at 198.7 eV and 2p3/2 198.9 eV after correction for the
general shift. However, after adding 5 µL/mL TiAc2 into TiO2

chloroform and methyl alcohol mixed solution (6 mg/mL), the
Cl signal suddenly disappears, to say nothing of the 10 µL/mL,
50 µL/mL, 100 µL/mL, and 500 µL/mL TiAc2 additions. The
interaction between TiAc2 and TiO2 nanocrystals is so strong
that almost all the Cl− ligands desorbed from the TiAc2 sur-
face after addition.
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Fig. 3. (color online) (a) General XPS spectra of TiO2 nanocrystals. (b) Cl 2p XPS spectra of TiO2 nanocrystals with different TiAc2
content (µL/mL). (c) Ti 2p XPS spectra. (d) C1s XPS spectra.

We surmise that the annealing temperature of 150 ◦C is
insufficient to transfer TiAc2 into TiO2 crystals, because TiAc2

is the raw material for high-temperature pyrolysis of TiO2 at
450 ◦C. It is probable that under 150 ◦C, TiAc2 transforms
into amorphous TiO2 with a bandgap between TiO2 nanocrys-
tals and perovskite film. TiO2 nanocrystals are approximately
5 nm in diameter, and TiO2 lattice length is 0.2 nm. Assum-
ing a cubic shape of TiO2 nanocrystals, we calculate that each
nanocrystal contains 15625 TiO2 lattice points and 3125 lat-

tice surfaces. Then, we can roughly estimate the coverage of
10 µL/mL TiAc2. The TiAc2 molecular density is approxi-
mately 1.6×1019 mL−1; 1 mL spin-coated TiO2 solution has
1.125×1019 lattice surface; considering the strong interaction
between TiO2 and TiAc2, the TiO2 nanocrystal will be cov-
ered by a single-molecule layer of TiAc2. Once these mod-
ified TiO2 nanocrystals experience 150 ◦C annealing, amor-
phous TiO2 forms on the surface. The single-molecule layer
of amorphous TiO2 with a bandgap between perovskite and
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TiO2 ETL facilitates electron transfer by lowering the barrier
between the perovskite film and ETL, which explains why the
PCE and FF increase when adding TiAc2 into TiO2 solution.
Voc will increase as well owing to better carrier transportation
and reduced carrier recombination. We performed an ultravio-
let photoelectron spectroscopy (UPS) measurement to prove
our hypothesis. As shown in Fig. 4, the work function of
TiO2 increases from 5.65 eV to 5.86 eV after TiAc2 addi-
tion, indicating that the conduction band of TiAc2-modified
TiO2 nanocrystals becomes 0.21 eV lower than the pristine
TiO2 nanocrystals, and thus lowers the barrier between the
perovskite and ETL. However, the newly formed TiO2 is es-
sentially amorphous with relatively high series resistance and
defect density; excessive amorphous TiO2 will inevitably im-
pact the PSC performance.
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Fig. 4. (color online) UPS measurement of TiO2 and TiAc2-modified
TiO2 film.
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Fig. 5. (color online) XRD pattern of TiO2 with different TiAc2 addi-
tion (unit: µL/mL).

We use x-ray diffraction (XRD) measurements to prove
our scenario; 2θ = 25.325◦ is ascribed to the anatase phase of
TiO2 (Fig. 5). The intensity of the XRD signal decays with
TiAc2 addition; when the TiAc2 addition reached 500 µL/mL,
the signal of anatase TiO2 disappeared. This strongly suggests
that amorphous TiO2 formed during the 150 ◦C annealing pro-
cess. The XRD intensity of TiO2 film is still obvious with
10 µL/mL TiAc2 addition, because the single-molecule layer

amorphous TiO2 is insufficient to screen the signal of the well
crystalized TiO2. However, when excessive TiAc2 is added,
the XRD signal intensity decays precipitously.

4. Conclusion and perspectives
In summary, we confirm that 10 µL/mL TiAc2 as an ad-

ditive to TiO2 nanocrystals in a mixed solution of chloroform
and methyl alcohol (6 mg/mL) enhances the PCE of PSCs
from 14.52% to 18.36%. We propose a mechanism behind the
enhanced PSC performance: when adding 10 µL/mL TiAc2

into as-prepared TiO2 solution, Cl− will be replaced by TiAc2

and the attached TiAc2 will transform to a single-molecule
layer of amorphous TiO2, the bandgap of which is between
perovskite and TiO2 nanocrystals. This lowers the barrier be-
tween the perovskite and ETL, and facilitates electron trans-
port. However, when excessive (> 50 µL/mL) TiAc2 is added,
the FF and Jsc drop dramatically because the thickness and de-
fect density of the newly formed amorphous TiO2 are so high
that the electron transport between the perovskite and ETL is
blocked. These results indicate that the PSC performance can
be further optimized by carefully choosing other ligands and
controlling their content.
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