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The dye-sensitized solar cells made of NiO@ZnO nanoparticles were synthesized by a novel Pechini route using different
NiO molar concentration ratios. The thermal, structural morphological, optical and electrical properties of the prepared samples
were investigated using thermal gravimetric analysis and differential scanning calorimetery (TGA/DSC), X-ray diffraction
(XRD), high-resolution transmission electron microscopy (HR-TEM), FT-IR and Raman spectroscopy, UV-diffuse reflectance
(UV-DRS), photoluminescence (PL) and current-voltage (I-V) measurements. The success of doping process was confirmed
by the XRD patterns, which revealed the existence of new peak at 43.2° corresponding to secondary phase NiO. UV spectra
exhibited red shifts in NiO doped ZnO NCs and PL spectra showed strong emission band at 355 nm. The doping of ZnO with
NiO was intended to enhance the surface defects of ZnO. The current-voltage measurements showed an improvement of the
short circuit photocurrent (Js) and fill factor (FF) and a decrease in the open circuit voltage (Voc) for dye-sensitized solar cell
(DSSC) based on NiO-ZnO NCs. A clear enhancement in efficiency of DSSC from 1.264-0.10 % for pure ZnO to 3.014+0.25 %
for NiO-ZnO NCs at the optimum doping with 1.5 mol% of NiO to ZnO (ZN1.5) was observed. The obtained material can be
a suitable candidate for photovoltaic applications.

Keywords: ZnO nanoparticles; NiO/ZnO nanocomposite; dye-sensitized solar cell (DSSC); efficiency

1. Introduction and optoelectronic applications such as photonic
crystals, light-emitting diodes, sensors, electro- and
photoluminescent materials [8]. ZnO nanoparticles
can be prepared on a large scale at low cost by
simple solution based methods, such as chemical
precipitation, sol-gel synthesis, and hydrothermal
reaction [9-11].

In recent years, nano-metal-oxide semiconduc-
tors have gained a great interest in optoelectronics
and photovoltaics due to their electrical, optical and
chemical properties [1, 2]. Doped zinc oxide (ZnO)
has been a subject of many studies because of its
potential for important applications such as those in
optoelectronic and luminescent devices [3], hetero-

TP In addition to these applications, ZnO also
junction solar cells [4], transparent conductors [5],

X shows its potentiality in dye sensitized solar cells
a“?‘ chemical and gas- Sensors [6’. 71. ZnO has (DSSCs). DSSCs are a new type of metal oxide
unique structural, electrical, and optical properties, wide-band-gap solar cells composed of a semi-
w1de.en§rgy band gap (3.37 eV) and large exci- o qyctor photoanode absorbing dye molecules,
ton b}ndlng energy (60.meV). Therefore, Zn0 WaS a counter electrode, and an electrolyte between
considered as a potential candidate for electronic photoanode and counter electrode. In recent

years, dye sensitized titanium dioxide (TiO;) so-
*E-mail: hanaaselimali @yahoo.com lar cell made by O’Regan et al. [42] has been
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considered as a cost-effective alternative to tra-
ditional solar cells. Nowadays, the ZnO DSSC
modified with other semiconductor materials have
been widely investigated to improve the cell
performance [12-15].

Several reports were focused on optimizing and
enhancing optical, electrical and magnetic prop-
erties of ZnO by doping with transition met-
als such as Cu, Co, Ni, Ti, Au, Co, etc. [16],
which created new materials with potential appli-
cation in semiconductor devices. Among promis-
ing dopants, nickel oxide is considered as a model
p-type semiconductor with a wide band gap en-
ergy ranging from 3.6 eV to 4.0 eV. Thus, it has
a wide range of applications such as smart win-
dows, spin valves, giant magnetoresistance (GMR)
sensors, solar cells, etc. [17]. Doping NiO with
ZnO nanoparticles results in a drastic and interest-
ing change in the optical, electrical, and magnetic
properties [18].

In this work, NiO doped ZnO NCs were suc-
cessfully synthesized by a novel Pechini route
with different molar concentrations of zinc ni-
trate and nickel nitrate as chelating materials
and citric acid and ethylene glycol as connect-
ing materials. The structural, morphological, ther-
mal, optical and electrical properties of NiO
doped ZnO NCs were studied using X-ray diffrac-
tion (XRD), high-resolution transmission elec-
tron microscopy (HR-TEM) , thermal gravimetric
analysis (TGA), FT-IR and Raman spectroscopy,
UV-diffuse reflectance (UV-DRS), photolumines-
cence (PL). The performance of DSSC was inves-
tigated by I-V measurements.

2. Materials and method
2.1.

All chemicals used were reagents of analytic
grade. Zinc nitrate (Zn(NO3),-6H,0) (228737,
98 %), nickel nitrate (Ni(NOs3),-6H,0) (72252,
>98.5 %), citric acid monohydrate (C¢HgO7-H,0)
(1909, >99 %), ethylene glycol (HOCH,CH,OH)
(1.00949, >99 %), lithium iodide (Lil) (223816,
98 %), eosin-Y (230251) and hydrogen hexa-
chloroplatinate (IV) hexahydrate (H,PtClg.6

Materials

H,O) (81080, 38 %) were obtained from
Sigma-Aldrich Company. Iodine (Ip) (13380,
99.8 %), ethanol (02875, 99.8 %) and ace-
tone (179973, 99.5 %) were obtained from
Honeywell Company.

2.2. Preparation of NiO doped ZnO NCs

ZnO nanoparticles were synthesized by co-
precipitation method [19]. Typically, 7.44 mg of
zinc nitrate Zn(NO3), was dissolved in 500 mL
deionized water and stirred for 30 minutes at
100 °C. The pH was adjusted at 6 using 1 M NaOH
and stirring it for one hour. The mixture was cen-
trifuged at a speed of 4000 rpm and the precipi-
tates were collected. The white powder obtained
was washed several times with deionized water and
ethanol. It was then dried at 80 °C in an electric
oven and calcinated at 450 °C for 4 hours in the air
to remove any organic residues.

NiO doped ZnO NCs were prepared by Pe-
chini method with different molar ratios (0.5 %,
1.0 %, 1.5 %, 2.0 % and 2.5 %) of NiO precur-
sor, as shown schematically in Fig. 1, and labeled
as (ZNO.5, ZN1.0, ZN1.5, ZN2.0 and ZN2.5). Cit-
ric acid monohydrate (C¢HgO7-H,O) and ethy-
lene glycol (HOCH,CH,OH) were dissolved com-
pletely in deionized water to form a sol at 60 °C
for 1 h in oil bath, and further heated at 80 °C for
1 h to remove excess of water. The reagents Zn
(NO3),-6H,0O and Ni (NO3),-6H,0O were added to
the solution and heated at 110 °C for 1 h in order
to start esterification. The green solution became
more and more viscous and finally a xerogel was
obtained. The xerogel was dried at 80 °C for 24 h
in an electric oven, and then it was pyrolyzed at
450 °C for 4 h in nitrogen. The obtained powders
were calcinated at different temperatures (400 °C,
600 °C and 800 °C) for 4 h, then they were ball
milled for 30 min to break down the agglomerates.

2.3. Fabrication of DSSC electrodes

All the considered samples were deposited
on quartz substrates coated with indium tin
oxide (ITO) with a thickness of 100 nm to
150 nm using pulse laser deposition (PLD) method
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Fig. 1. Preparation of pure ZnO nanoparticles and ZnO
doped with NiO nanocomoposites.
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Fig. 2. Schematic diagram of dye sensitized solar cell.

at a wavelength of 1064 nm (Q-switched Nd:YAG
laser). The prepared thin films were used as pho-
toelectrodes for DSSCs. The prepared photoelec-
trodes were immersed in 0.04 g of eosin-Y or-
ganic dye (CyoHgBrsNa,Os) dissolved in 100 mL
acetone for 24 hours. The platinum-coated counter
electrode was prepared from 4 mM hydrogen hexa-
chloroplatinate(IV) hexahydrate (H,PtClg.6 H,O)
in ethanol solution, deposited on ITO-glass and cal-
cined at 400 °C in air for 1 h. The redox electrolyte
consisting of 0.3 M Lil and 0.03 M I, in polyethy-
lene carbonate was injected into the inter-electrode
space from the counter electrode side through a
predrilled hole as shown in Fig. 2.

3. Experimental

The differential thermal analysis was carried
out using Q600 DST-DSC/TGA apparatus at a
heating rate of 10 °C/min in the temperature range
from room temperature to 1000 °C under air flow.
The phase of the prepared samples was examined
by X-ray diffraction (XRD) using a diffractometer
(PANalytical X’Pert PRO MPD). CuK« radiation
(A=1.5418 A) was used at 40 kV and 40 mA. The
morphology was investigated by high resolution
transmission electron microscope (HR-TEM),
model JEM-2100, JEOL, Japan. The structural
study of the prepared samples was performed
by Raman spectroscopy with a laser source of
532 nm and power 10 mW (model Sentera, Bruker,
Germany). The functional groups were identified
using a Fourier transform infrared spectrometer

(FT-IR)  model spectrum  one (Perkin
Elmer, USA) in the wavenumber range
of 400 cm™' to 4000 cm~'. The op-
tical  reflectance @~ was  recorded  using

a UV-Vis spectrometer (PerkinElmer Lambda
1050). The photoluminescence spectra were
recorded using a PerkinElmer LS 50B lumines-
cence spectrophotometer. Photocurrent voltage
characteristics were measured using solar simu-
lator Science Tech SS150W-AAA with a xenon
lamp as a light source. The cell was exposed to
light of intensity 1 Sun (100 mW/cm?) using AM
1.5 G. I-V tester is 2400 Keithley source meter
SSIVT-60WC. In order to calculate the error, the
measurement was repeated three times.

4. Results and discussion

4.1. Thermal analysis

The thermal gravimetric analysis and differen-
tial scanning calorimeter (TGA/DSC) curves ob-
tained for NiO doped ZnO NPs are shown in Fig. 3.
The curve shows two stages of sample degrada-
tion. The first stage is observed in the temperature
range 26 °C to 125 °C with maximum at 60 °C.
It is accompanied by a mass loss of about 4.6 %
which is attributed to the evaporation of H,O. The
second stage, observed at the temperature range of
200 °C to 800 °C with maximum at 400 °C, is
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exothermic. It is accompanied by a mass loss of
about 78.16 % which is attributed to the decompo-
sition and combustions of organic residues. At this
stage, the NiO-ZnO composites transformation
is complete.

T T T T T T T T T 1:5
100 — 4.690 % y i
\~ (0.7710 mg) fireF
804 -+ 0.5 =
_ 1 72}
S L 00 O
= 60 g )
<

E --0.5 g
404 78.16 % 1. &

(12.85 mg) [F=k0

204 L. T-15

(l) ' 260 I 460 ‘ 6(|)O I 860 ‘ 10]00

Temperature [°C]|

Fig. 3. TGA-DSC curves of ZnO doped with NiO
NPs as recorded at a constant heating rate of
10 °C/min.

4.2. Structural morphological characteri-
zation

4.2.1. X-ray diffraction analysis (XRD)

The crystalline phase of all prepared samples
was determined by X-ray diffraction. The XRD
patterns of ZnO, ZNO0.5, ZN1.0, ZN1.5, ZN2.0 and
ZN2.5 are presented in Fig. 4. It can be seen that
ZnO has peaks that can be well indexed to hexago-
nal wurtzite structure of zinc oxide NPs (JCPDS
Card No. 01-080-4199) with the planes (1 0 0),
002),(101),102),(110),003), 20
0), and (1 1 2) at 31.71°, 34.37°, 36.18°, 47.55°,
56.59°, 62.84°, 67.90° and 68.96°. The intensity
of NiO peak increases with increasing the amount
of NiO. At higher molar ratio (>1.5) the peaks
of ZnO disappear and all observed peaks can be
ascribed to high intensity of NiO. The peaks at
20 = 37.14°, 43.13°, 62.56°, 74.93° and 78.91°
are referred to NiO and correspond to the planes
111),200),220,311) and (2 2 2),
respectively, which are indexed to JCPDS Card
No. 04-005-9695.

The crystallite size in the samples was cal-
culated from the full width at half maximum

* NiO
. « #ZnO

ZN2.5

El
<
3‘ ZN2.0 l 1 A_A
-g o z
f‘é zm.s#uéﬁl | # #O# T
—
zNiop o 1 . "l W
ZNO0.5 1 " A N A
Zno A # to#
30 40 50 60 70 80

260 [°]

Fig. 4. XRD spectra of ZnO and ZnO doped with NiO
at different molar ratios.

(FWHM) of the XRD pattern Fig. 5, using
Williamson-Hull formula [20]:

B xcos® =(KxA/D)+(4xSxsin0) (1)

where {3 is FWHM in radians, A is wavelength of
X-ray used, 0 is the Bragg scattering angle, D is
particle diameter, and S is the strain. The parameter
K is the shape factor (taken as 0.94). The calculated
particle sizes for the prepared samples are listed in
Table 1, and the results indicate that the particle
sizes increase with increasing the amount of NiO.
Fig. 5 shows the most intense XRD peaks of ZnO
and NiO doped ZnO NCs at molar ratio of 1.5 %
calcined at 800 °C. As shown, the peak of NiO
doped ZnO shifted towards higher angle compared
to ZnO and are attributed to the difference between
the ionic radii of the elements (rZn>* = 0.60 A and
rNi>* = 0.55 A) [21], which indicates that NiO was
successfully doped on ZnO.

4.2.2. Transmission electron
(TEM) studies

Fig. 6 shows the morphological characteri-
zations of the prepared samples investigated by
HR-TEM. It can be seen that the high-purity

nanoparticles of mostly spherical regular shapes

microscope
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Fig. 5. Displacement of the most intense peak of the
XRD pattern provoked by the insertion of Ni and
Zn into the crystalline lattice.

appeared for NiO doped ZnO NCs with different
molar ratios from 0.5 % to 2.5 %. The ZnO NPs
show hexagonally shaped nanoparticles and larger
rectangular platelets. The optimum regular spher-
ical shapes and uniform particle size distribution
was obtained for ZN1.5 sample. The particle diam-
eters were measured from the TEM images using
image analysis software (Image J1.50i). The av-
erage diameter was obtained from 100 measure-
ments of randomly chosen nanoparticles of each
sample (Fig. 6). After calcination, we measured av-
erage diameters of 9 nm + 5 nm, 10 nm + 2 nm,
16 nm £ 2 nm, 24 nm £ 2 nm, 25 nm & 2 nm
and 26 nm =+ 2 nm for samples ZnO, ZNO0.5, ZN1,
ZN1.5,ZN2 and ZN2.5, respectively.

4.2.3. Fourier transform-infrared

spectra

(FT-IR)

The doping process was successfully confirmed
by FT-IR spectra recorded in the range of 400 cm ™!
to 4000 cm~! for the prepared samples as shown in
Fig. 7. The broad absorption peak was observed at
around 3367 cm™! corresponding to O—H stretch-
ing. The peaks at 1560 cm~! and 1395 cm™! are
attributed to the symmetric and asymmetric C=0
stretching vibration modes, whereas the small
peak at 913 cm™! is attributed to C—H stretching.
The peak observed at 430 cm™' is attributed to
the stretching mode of Zn—-O bond. The spectra

INLS N IN? ‘ IN2S
e - TR
Lipar! Tt .
o T A O ¥
4 & . LA
-

Fig. 6. HR-TEM images of ZnO and ZnO doped with
NiO at different molar ratios.

of NiO-ZnO NCs show a new vibration mode at
513 cm~! corresponding to Ni—O stretching bond,
which indicates that NiO was successfully doped
into ZnO NPs. Hence, it is a nice supporting result
for the previous investigations.

4.2.4. Raman spectroscopy

Raman spectroscopy shows the vibrational
modes of the prepared samples for detecting the
incorporation of dopant. As shown in Fig. 8§,
the spectrum of pure ZnO exhibits a significant
peak of E, (high) mode at 435 cm™! represent-
ing wurtzite hexagonal structure of ZnO associ-
ated with the motion of oxygen atoms in ZnO lat-
tice [20] and other peaks observed at 322 cm™!,
578 cm™!, 1130 cm ™!, 1368 cm ™! and 1525 cm™ 1.
The two peaks at 322 cm ™! and 578 cm™! are as-
signed to be Eop-Eor and A (LO), respectively.
The Raman spectra of NiO-ZnO NCs are blue
shifted compared to ZnO. The intensity of peak
at 435 cm~! decreased, whereas the intensities of
peaks at 578 cm~! and 1130 cm™! increased. The
peaks at 1368 cm~! and 1525 cm™! vanished with
the increasing doping content. According to litera-
ture, the additional modes are induced by host lat-
tice defects; the host lattice defects in ZnO are ac-
tivated and observed with doping content which re-
sults in the appearance of these modes [22]. The
changes in the intensity of the peaks confirm the
successful doping of ZnO.
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Fig. 7. FT-IR spectra of ZnO and ZnO doped with NiO
at different molar ratios.

4.3. Optical characteristics

4.3.1.

Diffuse reflectance spectra of the prepared sam-
ples were investigated using UV-Vis optical spec-
troscopy in the range of 200 nm to 800 nm. As
shown in Fig. 9, the values of optical band gaps
of the prepared samples have been estimated from
the plots of reflection percentage versus energy hv
and tabulated in Table 1. The results indicate that
the band gap energies of the prepared doped sam-
ples decrease with the increasing amount of dopant
up to 2.0 mol%. The band gap of the sample con-
taining 2.5 mol% has been slightly increased in
comparison to ZN2. This could be attributed to
the quantum confinement effect and the blocking
of the low energy transitions by the donor
electrons occupying the states at the bottom

UV-Vis spectra analysis

Intensity [a.u.]

435

1368

ZnO

——————————r——r——
500 1000 1500 2000 2500 3000 3500 4000
. -1
Raman shift [em ]

Fig. 8. Raman spectra for the undoped and NiO doped
ZnO NPs at different molar ratios.

of the conduction band [23]. The reflectance spec-
trum of ZnO was studied at 370 nm and a shift
towards longer wavelength region for doped ZnO
was observed. Hence, the observed red shift in the
absorption band may be attributed to the sp-d ex-
change interactions between the ZnO band elec-
trons and the localized d-electrons of the doped
NiO corresponding to d-d transition bands which
cause the change in the band structure [24]. The
red shift in the band edge with the increasing nickel
oxide dopant is a clear indication of the doping
of NiO with ZnO [25]. The schematic diagram of
the energy band structure of NiO doped with ZnO
is shown in Fig. 10, where the electrons in the
valence bands (VB) could be excited to the con-
duction bands (CB) with simultaneous generation
of the same amount of holes in the VB. Mean-
while, the electron transfer occurs from ZnO to

Unauthenticated
Download Date | 8/15/18 2:58 AM



A novel photoelectrode of NiO@ZnO nanocomposite prepared by Pechini method. . .

NiO, and the hole transfer occurs from NiO to
ZnO until the system attains equilibrium due to the
carrier diffusion between the NiO and ZnO. The
charge carrier separation leads to an increase in the
carrier lifetime and enhances the absorption effi-
ciency. The preliminary results show an evident en-
hancement of the ability of NiO doped ZnO NCs
to harvest UV light.

.L'.)
(o]
1

]

w

=)
T

N
W
1

Reflectance [%
[\
S

1.0

400 500
Wavelength [nm]|

600

Fig. 9. UV-Vis diffuse reflectance spectra of ZnO and
ZnO doped with NiO at different molar ratios.

Table 1. Average crystal size D and energy band gap Eg
of ZnO and NiO doped ZnO NPs.

NiO Conc. [%] D [nm] Eg [eV]
ZnO 26 3.32
ZNO0.5 48 3.26
ZN1.0 59 3.22
ZN1.5 78 3.11
ZN2.0 91 3.09
ZN2.5 74 3.10

4.3.2. Photoluminescence (PL) spectroscopy
The room-temperature PL spectra of the inves-
tigated samples at excitation wavelength of 325 nm
are shown in Fig. 11. The UV emission is attributed
to the near-band-edge emission caused by the re-
combination of free excitons through an exciton-
exciton collision process [26, 27]. The PL spec-
trum of pure ZnO reveals strong and broad UV
band peak centered at 354 nm. After NiO doping,

’ — CB
D NiO ho
hv 1
i _ VB
h+ h+ h+ h+ h+ h+

Oxidation

Fig. 10. The diagram of the energy band structures of
NiO doped with ZnO.

++ ZnO
e ZNO0.5

IS
(e}

350 400 450 500 550
Wavelength [nm]

(%)
(=]

Intensity [a.u.]
S

(=)

(=]

450 500 550

Wavelength [nm]

400

350

Fig. 11. Photoluminescence spectra of ZnO and ZnO
doped with NiO at different molar ratios.

the UV emission peaks shift to a wavelength at
355 nm, and the intensity of UV peaks decreases
indicating low recombination between electrons
and holes. The blue shift of the UV emission
peak can be attributed to the strong interaction be-
tween the d-electrons of NiO and the s, p elec-
trons of the host band. The optimum doping was
observed for ZN1.5, which shows multi-emission
centers at 355 nm and 392 nm. These results show
a great potential of the NiO doped ZnO NCs in
optoelectronics devices.

4.4. Current-voltage characteristics

Current-voltage (I-V) characteristics curves of
DSSC based on ZnO NPs and DSSC based on
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Table 2. DSSC PV parameters at different NiO@ZnO mol%.

NiO@ZnO [mol%] 0.0 0.5 1.0 1.5 2.0 2.5

Jsc [mA-cm™?] 0.82 1.24 1.42 1.94 2.39 2.45

Voc [V] 0.47 0.37 0.36 0.35 0.21 0.21

FF [%] 32.25 37.56 39.72 43.45 36.73 35.69

M [%] 1.26+0.10  1.75+0.14  2.08+0.17 3.01£0.25 1.91+£0.16 1.84+0.15
Table 3. Photovoltaic parameters of the DSSCs from previous and present work.

Sample name Jsc [mA-cm™2] Voc [V]  FF[%] 1 [%] Literature

Urchin ZnO nanowires (U-ZnO NWs) 0.00 0.10 4.0 0.00 [33]
U-ZnO NWs/10 nm TiO, ALD layer 0.34 0.76 55.0 0.28 [33]
U-ZnO NWs/TiO, NPs (10 pm) 2.03 0.64 59.0 1.50 [33]
E’%in(g)z Iﬁ&iig ’;’;)TIOZ ALD layer 2.64 0.68 50.0 1.80 33]
ZnO nanowires 2.11 0.40 51.5 0.43 [34]
ZnO hierarchical microspheres 5.15 0.53 61.5 1.67 [34]
ZnO-TiO; seed layer 2.25 0.52 48.0 0.56 [35]
ZnO nanowire 3.12 0.54 50.0 0.84 [35]
ZnO nanowires 2.37 0.64 49.8 0.75 [36]
ZnO branched nanowires 4.27 0.68 52.2 1.51 [36]
TiO,—ZnO thin film 2.52 0.74 43.0 0.79 [37]
7ZnO nanorods @TiO»,—ZnO 7.92 0.62 37.0 1.81 [37]
Cd:ZnO@TiO; (core-shell):Mg 1.00 0.73 58.4 0.48 [38]
Zn0 nanowire @ZnO-TiO, 2.53 0.77 33.0 0.64 [39]
Y g;fgf{figith 0-1% 2.69 075 41.0 0.82 [39]
ZnO with oxygen plasma treatment 1.10 0.42 43.0 0.76 [40]
NiO 1.38 0.08 34.1 0.04 [41]
0.5 % Li-doped NiO 1.49 0.08 35.1 0.04 [41]
1 % Li-doped NiO 1.66 0.09 35.2 0.05 [41]
2 % Li-doped NiO 1.19 0.09 36.5 0.04 [41]
1.5 mol% NiO@ZnO 1.94 0.35 43.5 3.01 Present work

NiO doped ZnO NCs are shown in Fig. 12a,
and the detailed photovoltaic (PV) parameters ob-
tained from I-V curves as a function of NiO pre-
cursor amount are summarized in Table 2. For
comparison, the performance of ZnO DSSC and
NiO—ZnO DSSC reveals an improvement in the
short circuit photocurrent (Jo.) from 0.82 mA/cm?

to 2.45 mA/cm?, fill factor (FF) from 32 % to
43 % and a decrease in the open circuit voltage
(Voc) from 0.47 V to 0.21 V. Fig. 12b shows the
variation of the efficiency n with NiO precursor
amount. The results indicate a clear enhancement
in efficiency from 1.261+0.10 % for the ZnO based
cell to 3.01£0.25 % for ZN1.5 due to the creation
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of energy barrier which reduces the rate of
electron recombination back to dye molecules
and electrolyte species [28-30]. The decrease
in efficiency with further doping can be at-
tributed to the decrease of dye-adsorption effi-
ciency of the ZnO film due to screening by larger
amount of dopant [31]. Hence, the light harvest-
ing rate and the electron injection rate will, con-
sequently, decrease and this will be reflected by
the decrease of both Jsc and n [32]. The ob-
tained results show that the doping of ZnO with
NiO leads to enhancement in the efficiency of
NiO-ZnO cell, which is characterized by excel-
lent long-term stability and can be a suitable candi-
date for commercial DSSC applications [33]. The
DSSC efficiency of ZN1.5 is notably higher as
compared with the efficiency obtained in previous
reports as presented in Table 3 [33—41].

5. Conclusions

NiO doped ZnO NCs were synthesized by
a novel Pechini route with different precursor
molar ratios from 0.0 mol% to 2.5 mol% us-
ing citric acid and ethylene glycol. The struc-
tural, morphological, thermal, optical and electrical
characterizations were carried out. The success of
the doping process was confirmed by the XRD pat-
terns which showed the existence of a new peak
at 43.2° at (2 0 0) plane corresponding to sec-
ondary phase NiO. XRD study also showed that the
optimum molar concentration ratio is 1.5 mol%.
FT-IR spectra revealed the presence of a new vi-
bration mode at 513 cm™! corresponding to NiO
stretching mode in NiO—ZnO NCs. Raman spec-
tra showed blue shifting to lower frequencies due
to the increase of the doping content. UV spectra
showed red shifts in the absorption band edge upon
the NiO doping. PL spectra revealed the reduction
of recombination between h*/e™ in ZN1.5 sam-
ple. The current-voltage characteristics showed a
clear enhancement in efficiency of the cell based on
ZnO from 1.26%0.10 % for pure to 3.01+0.25 %
for NiO doped at the optimum molar ratio of 1.5
(ZN1.5). This cell can be a suitable candidate for
photovoltaic applications.

ZnO

—7ZNO0.5
—ZN1.0
——ZNI1.5
—ZN2.0
——7ZN2.5

Ji. [mA/em’]

o
W
1

o
o

02 03 0.5

Voltage [mV]

0.1

o
o

0.4

3.2
3.0{(b) n
2.8 =
2.61
2.4+
2.2
2.04 L
1.84 v =
1.64 s
1.44 .
124 "

00 0.5 10 15 20 25

NiO precursor conc. [mol%]

Efficiency [%]

Fig. 12. I-V characteristics of ZnO and NiO-ZnO based
DSSC and (b) variation of 1 with NiO concen-
tration (mol%).
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