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NiO nano-flower, NiO slice-cluster and NiO nanoparticles have been synthesized by a facile
method. The structure and morphology of the prepared samples were characterized by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). The as prepared samples are used as
photocathode of p-DSSC. Current-voltage (I-V) curve shows that NiO nano-flower owns the highest
Jsc of 10 mA cm™ and its efficiency can reach up to 0.84%. The UV-vis diffused reflectance spectra
indicate that NiO nano-flower shows strong light scatting and diffuse reflection to enhace light
harvesting. Electrochemical impendence spectroscopy (EIS), intensity-modulated photocurrent
spectroscopy (IMPS), and intensity-modulated voltage spectroscopy (IMVS) further demonstrate that
NiO nano-flower provides fast hole transfer, long electron life time and improved charge collection
efficiency with suppressed recombination.
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1. INTRODUCTION

Recently, p-type dye sensitized solar cells (p-DSSC) with sensitized p-type semiconductor as
photocathode has become an attractive and growing area [1-7]. Such new type solar cell can combine
with an efficient n-DSSC to construct high-efficiency tandem cells, which has a theoretical efficiency
of 43% [7-8], higher than single n-DSSC or p-DSSC. However, the development of tandem DSSC is
limited by the low efficiency of p-DSSC, which is caused by the intrinsically low voltage and low
current [5]. Till now, the highest reported conversion efficiency of p-DSSC is 1.3 % with NiO as a
photocathode[9], PMI-6T-TPA as a sensitizer, and Tris(acetylacetonato)iron(l111)/(11) redox couple as a
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redoxmediator, which is far away from the n-DSSCs’ conversion efficiency of 12.3% [10]. How to
improve the photoelectrical performance of p-DSSC has become a changelling research.

In p-DSSC, the photo excited hole was injected into the valence band of a p-type
semiconductor. An excellent semiconductor should satisfy several requirements, such as a large
surface area for enough dye loading, higher light scattering ability to improve the light harvesting
efficiency, the film should be mechanically stable and strongly bound to the back transparent
conducting electrode and so on [11-12]. p-type NiO with wide band gap of 3.5 eV was used as the
most prominent photocathode material [13-18]. However, the morphology of most reported NiO was
nanoparticle, which can not satisfy the requirements mentioned above. In this article, a simple method
is used to synthesize different morphologies of NiO used as the scatting layer in photocathode.
Compact NiO nanoparticles are used as blocking layer coated on the surface of FTO glass and
organometal halide perovskitesSCH3NH3PDbl; are uesd to sensitize the NiO photocathodes. Compared
with NiO nanoparticles and NiO slice-cluster, NiO nano-flower shows strong light scatting to enhance
light harvesting, excellent photoelectric performance and superior hole transfer kinetics.

2. EXPERIMENTS

2.1. Synthesis of the nanomaterials

NiO nano-flower:NiCl,*6H,O (107.3 mg) and hexamethylenetetramine (61.3 mg) were
dissoloved in sodium citrate solution (0.7 Mm, 70 ml). After stirring for 30 min, the above solution
was transferred into round-bottom flask and treated at 90 °C for about 6h. The product was recovered
and rinsed with distilled water, then ethanol. After being dried at 60 °C for about 24h, the as-prepared
sample was calcined in an oven at 500 “C for 2h.

NiO slice-cluster:NiCl,»6H,O (107.3 mg) and hexamethylenetetramine (61.3 mg) were
dissoloved in sodium citrate solution (0.7 Mm, 70 ml). After stirring for 30 min, the above solution
was transferred into a Teflon-lined autoclave (100 mL) and treated at 180 °C for 10 h. The product was
recovered and rinsed with distilled water, then ethanol. After being dried at 60 °C for about 24h, the as-
prepared sample was calcined in an oven at 500 °C for 2h.

NiO nanoparticle:NiCl,»6H,O (107.3 mg) and hexamethylenetetramine (61.3 mg) were
dissoloved in sodium citrate solution (0.7 Mm, 70 ml). After stirring for two days with slightly heated,
the product was recovered and rinsed with distilled water, then ethanol. After being dried at 60 °C for
about 24h, the as-prepared sample was calcined in an oven at 500 °C for 2h.

2.2. Structural analysis

The characterization of the as-prepared samples was carried out by X-ray diffraction (XRD,
D/max 2500 PC) and transmission electron microscopy (TEM, FEI TecnaiG20). UV-vis diffused
reflectance spectra were recorded on a UV 2450 spectrophotometer.
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2.3. Photoelectrical performance

The photocathode semiconductor film was made by two-step doctor blade method on fluorine-
doped tin oxide (FTO) conductive glass. NiO nanoparticles were coated directively on FTO as the first
compact layer, following with NiO nano-flower, NiO slice-cluster and NiO nanoparticle, separately as
the second light scattering layer. After calcination in air for 30 minutes at 500 °C, the NiO films were
spin-coated with the perovskite solutions at 4000 rpm for 40 s, followed by heating at 100 °C for 5
min. The as prepared photocathodes were sandwiched together with the platinized counter electrodes
and sealed with Surlyn film. The electrolyte was composed of 0.5 M Lil, 0.05 M 1, and 0.5 M 4-
tertbutylpyridine in acetonitrile. The active electrode area employed was approximately 0.25 cm?.
Zahner CIMPS-2 electrochemical workstation together with a Trusttech CHF-XM-500W source under
simulated Sun illumination (Global AM 1.5, 100 mW cm?) was used to test photocurrent-voltage (I-V)
curves and electrochemical impedance spectra (EIS) (100 kHz to 0.1 Hz, 10 mV perturbation).
Intensity-modulated photovoltage spectroscopy (IMVS) and intensity-modulated photocurrent
spectroscopy (IMPS) were carried out using a Zahner CIMPS-2 system. The lamp-house was fitted
with a blue light emitting diode (LED) (470 nm) driven by a PP210 (Zahner) frequency response
analyser with a frequency range from 1000 Hz to 0.01 Hz.

3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns of NiO nano-flower, NiO slice-cluster and NiO nanoparticle.
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Fig.1 shows the X-ray diffraction (XRD) data of NiO nano-flower, NiO slice-cluster and NiO
nanoparticle. The appeared five sharp peaks of the three samples match well with cubic rock salt NiO
phase (JCPDS file 778-429), which reveals the phase purity of the three samples. Also the strong peak
intensities indicate the high crystallinity of the samples.

Figure 2. Typical TEM images of NiO nano-flower (a), NiO slice-cluster (b) and NiO nanoparticle (c).

TEM images of the as-prepared NiO nano-flower, NiO slice-cluster and NiO nanoparticle are
shown in Fig 2. It can be clearly observed from Fig. 2a that the NiO nano-flowers are made up by
several thin NiO nano-sheets crumpling into cluster. The diameter of the flower is about 200-300 nm.
After treated by hydrothermal method, the morphology of the sample is changed as shown in Fig. 2b.
NiO nano-particles are grouped together to form a slice, then piled up into NiO slice-cluster. The
average diameter of the NiO nano-particle is about 5 nm and diameter of the NiO slice-cluster is about
200 nm. The crystal lattice fringes are clearly detected from high resolution TEM (HRTEM) and the
lattice spacing is 0.21 nm, which can be indexed to the interplanar spacing of (200) crystal planes in
cubic NiO [15]. This is consistent with XRD result. NiO nanoparticles are also prepared. From Fig. 2c,
it can be seen that the diameter is about 3-5 nm, and a lattice spacing of 0.21 nm is observed from
HRTEM, which is also indexed to (200) crystal planes of cubic NiO [15].
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Figure 3. UV-vis diffused reflectance spectra of NiO nano-flower, NiO slice-cluster and NiO

nanoparticle.

Fig. 3 shows the UV-vis diffused reflectance spectra of the samples. It is clearly that NiO nano-
flowerpresents higher reflectance than NiO slice-cluster and NiO nanoparticle. NiO slice-cluster and
NiO nanoparticle show almost the same reflectance from 300 to 400 nm. However, after 400 nm NiO
slice-cluster shows much higher reflectance than NiO nanoparticle. Such result indicates that NiO
nano-flowerowns a higher light scattering ability than the other two samples, which can be attributed
to the unique morphology [19-20]. Therefore, more incident photons could be captured for useful
transport and light harvesting efficiency could be improved. Such structure together with a high
surface area can also improve the dye loading, which would increase the short current density and the
photoelectric conversion efficiency.
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Figure 4. 1-V curves for p-solar cellsbased on NiO nano-flower, NiO slice-cluster and NiO
nanoparticle photocathodes. Illumination intensity of 200 mW cm™ with AM 1.5 and an active
area of 0.25 cm?® were applied.
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Fig. 4 shows the I-V curves of p-DSSCs with NiO nano-flower, NiO slice-cluster and NiO
nanoparticle as photocathodes. Table 1 summarizes the measured and calculated values obtained. NiO
nanoparticle shows relative low short circuit current density (Js.) of 3.4 mA cm™ and open circuit
voltage (Voc) of 186 mV. The calculated conversion efficiency (n) is only 0.17%. However, the
parameters for the other two samples are highly improved especial for NiO nano-flower with Js of 10
MA cm, Vi of 224 mV and 1 of 0.84%. I of NiO nano-flower is three times higher than that of NiO
nanoparticle and 1 is 5 times enhanced. According to UV-vis results, NiO nano-flower shows a higher
light scattering ability to absorb more light to increase the light harvest, which chould further increase
the Jsc and 1. Besides, NiO nano-flower presens a better fill factor (FF) (0.37) than that of NiO
nanoparticle (0.27) which may be attributed to the reduced recombination of holes at the interface [20-
21].

Table 1. Detailed photovoltaic parameters of p-DSSCs based on NiO nano-flower, NiO slice-cluster
and NiO nanoparticle photocathodes.

Sample Jsc (MA/cm?) Voo (MV) FF 7(%)
NiO nano-flower 10.0 224 0.37 0.84
NiO slice-cluster 8.0 202 0.35 0.57
NiO nanoparticle 3.4 186 0.27 0.17

500
s pt ct _
400 |- PE1 PE2
— >—_
300 e  NiO nano-flower
o i o NiO slice-cluster
~ - = NiO nanoparticle
N 200

100

0 Y , . \ | . | , | ,
0 100 200 300 400 500 600 700

Z'l Q

Figure 5. Nyquist plots of the p-DSSCs based on NiO nano-flower, NiO slice-cluster and NiO
nanoparticle photocathodes. The inset shows the equivalent circuit for the impedance spectrum.
Rs: serial resistance; Rpt: hole-transfer resistance of Pt electrode; Rct: hole-transfer resistance
of photocathode; CPE: a constant phase element.
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Electrochemical impedance spectra (EIS) ofthe three different p-DSSCs are shown in Fig. 5.
Two semicircles on the EIS plots are observed, of which the one in the high frequency region is
assigned to the resistance of the Pt/redox (I/13") interface hole transfer (Ry) and the other one in the
low frequency region is corresponded to the hole-transfer process occurring atthe NiO/dye/electrolyte
interface (Rc) [17,22-23]. Among the three samples, NiO nano-flower shows the lowest Ry value and
R value, which indicates a superior hole transfer kinetics. The fitting results based on the equivalent
circuit (Fig. 5, inset) [24-25] are summarized in Table 2. The order of total resistance is NiO nano-
flower < NiO slice-cluster < NiO nanoparticle, which means NiO nano-flower can provide a better
hole transport way and further an improved photoelectrochemical performance. This result is in
agreement with the photoelectrochemical performance disscussed above.

Table 2. Fitted data from EIS spectra of p-DSSCs based on NiO nano-flower, NiO slice-cluster and
NiO nanoparticle photocathodes.

Rt (©2) Ret (€2) R (©)
NiO nano-flower 55 131 186
NiO slice-cluster 86 273 359
NiO nanoparticle 143 473 616

To further investigate the hole transport and recombination processes, intensity-modulated
photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage spectroscopy (IMVS) are
used. The detailed IMPS/IMVS parameters are listed in Table 3 [20, 22, 26]. The hole transport time
(zr) for the three samples are almost the same, eventhough they present different morphologies, surface
areas and traps/defects on the surface.lt is reasonable to assume that the cover of solid CH3NH3Pbl;
layer on NiO surface wouldreduce lots of the surface traps/defects [14]. Thus the hole transport time
could be reduced and be the same for the three samples. However, the hole life time (z;) of NiO nano-
flower is much longer than that of NiO slice-cluster and NiO nanoparticle and the .z, ratio of NiO
nano-flower is much smaller than that of NiO slice-cluster and NiO nanoparticle, which means the less
recombination in NiO nano-flower cells. The hole collection efficiency #cc (#cc = 1-7i/m) Of the three
samples are diffferent [27-28]. It is obvious that NiO nano-flower exhibits higher hole collection
efficiency compared with the other two samples. And this can be contributed to the less recombination
of NiO nano-flower.

Table 3. Detailed IMPS/IMVS parameters of p-DSSCs based on NiO nano-flower, NiO slice-cluster
and NiO nanoparticle photocathodes.

7y (MS) 7h (MS) Ncc
NiO nano-flower 16 64 0.75
NiO slice-cluster 18 40 0.55

NiO nanoparticle 18 28 0.36
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4. CONCLUSIONS

In conclusion, NiO nano-flower, NiO slice-cluster and NiO nanoparticle are synthesized, of
which NiO nano-flower used as photocathode of p-DSSC presents superior photoelectrochemical
properties. A higher Js. of 10 mA cm™ and efficiency of 0.84% have been achieved by the NiO nano-
flower p-DSSC. UV-vis diffused reflectance spectra indicates that NiO nano-flower owns strong light
scatting and diffuse reflection to enhace light harvesting. EIS, IMPS and IMVS tests indicate that NiO
nano-flower shows long hole life time, less recombinationand improved charge collection efficiency,
which may due to its unique morphology. Besides, the hole transport time of all the samples are
shortened, which may contribute to the less surface traps/defects improved by solid CH3NH3Pbl; layer
covering on NiO surface.
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