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Solid-state dye-sensitized solar cells (ss-DSSCs) comprising Sn?*-substituted ZnO nanopowder were
purposefully tailored via a co-precipitation method. The solar cells assembled in this work were
sensitized with N719 ruthenium dye and insinuated with spiro-OMeTAD as a solid hole transport layer
(HTL). Evidently, significant enhancement in cell efficiency was accomplished with Sn®* ions-substituted
ZnO photoelectrodes by maintaining the weight ratio of SnO at 5%. The overall power conversion
efficiency was improved from 3.0% for the cell with pure ZnO to 4.3% for the cell with 5% SnO
substitution. The improvement in the cell efficiency with Sn®*-substituted ZnO photoelectrodes is
attributed to the considerably large surface area of the nanopowders for dye adsorption, efficient charge
separation and the suppression of charge recombination provided by SnO. Furthermore, the energy

distinction between the conduction band edges of SnO and ZnO implied a type Il band alignment.
Received 2nd April 2018 M the durabilit I as the stability of 15 bled cell tudied to show th
Accepted 18th June 2018 oreover, the durability as well as the stability o assembled cells were studied to show the
outstanding long-term stability of the devices made of Sn?* ion substituted ZnO, and the PCE of each

DOI: 10.1038/¢8ra02852d cell remained stable and ~96% of its primary value was retained for up to 100 h. Subsequently, the
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Introduction

Generally, the most abundant source of renewable energy is
solar energy.' To date, single and polycrystalline silicon solar
cell technologies have dominated the solar cell market, repre-
senting an 80% share.”> However, their growth and mass
production are restricted because of their high cost, large
energy consumption and contamination generated from
silicon-based solar cell fabrication. Therefore, many researchers
have developed relatively inexpensive and eco-friendly dye-
sensitized solar cells (DSSCs) as a substitute for these
devices.? In this context, dye sensitized solar cells are the most
favorable devices for efficient conversion of light to electricity
because of their low production expenditure and simple fabri-
cation.*” To date, the certified efficiency record for DSSCs is
approximately 11.1% for a small cell, and large-scale tests have
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efficacy was drastically reduced to ~35% after 250 h of storage.

evidenced the great need for their commercialization.?
However, dye-sensitized solar cells established on liquid elec-
trolytes have a precision problem because the redox iodide/tri-
iodide (I/1>7) solution is corrosive, volatile and photoactive.
Furthermore, these cells are heavy, prone to leakage and have
complex chemistry.”*® Accordingly, many attempts have been
focused on the use of solid-state hole transporting materials
(HTMs) to achieve practicability of DSSCs. In this regard, there
are many different hole transport materials (conjugated poly-
mers) including pentacene, poly(triphenyldiamine),"* poly-
thiophene,” and poly (3-hexylthiophene) (P3HT),** which can
induce charge carrier generation in ss-DSSCs. The most widely
utilized hole transfer layer (HTL) is 2,2/,7,7'-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,9"-spirobifluorene, also known as
a spiro-MeOTAD,* due to its ability to be deposited from solu-
tion using different techniques. In 1998, the first solid-state
DSSCs were developed by Bach et al;' they described an
anatase TiO, dye-sensitized heterojunction with spiro-MeOTAD
as an amorphous organic hole-transport material to enhance
the photo-induced charge-carrier generation."” Such devices
based on ss-DSSCs that integrate solid-state hole-transport
materials have recently exhibited power conversion efficien-
cies of ~5%.'® Moreover, particular interest is currently also
concentrated on the alternative metal-oxides including SnO,,
SnO, ZnO, Nb,0s, WO3, SrTiO; and Zn,Sn0,."?** Among these
oxides, zinc oxide, ZnO, is a favorable alternatives to TiO, owing
to its unique electrochemical features such as large exciton
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binding energy (60 mV) and high electron mobility (>100 cm?
V™' s7"), which is higher than that of TiO, (107> cm®* V™' s71),2
as well as its low cost, low toxicity and flexible synthesis and
morphology. However, the implementation of ZnO photovoltaic
cells has been lower than that for TiO,-based solar cells, in spite
of the reduced recombination rate in the former. This could be
due to the lower electron injection efficiency from excited dye
molecules into ZnO. Alternatively, SnO has higher electron
mobility (131 em® V™' s ")*> and thus, it produces lower number
of oxidative holes in the valence band under illumination and
also improves the long-term stability of the DSSCs. However, the
performance of DSSCs utilizing a SnO photo-anode is worse
than that of TiO, because of its 300 mV positive deviation in the
conduction band edge compared with TiO, as well as its lower
dye regeneration efficiency.”** In the current study, to over-
come the obstacles of individual ZnO and SnO photoanode
systems, coupling of the two photoanodes in a nanocomposite
structure and controlling the weight ratio of SnO to ZnO is
proposed as a possible approach. Some recent reports have
focused on nanocomposite photo-anodes and their more effi-
cient electron-hole separation.”® Many investigators have
exploited different synthetic methods to prepare Zn, ,Sn,O
nanocomposites including multistep solvent-based routes such
as co-precipitation,®® which is used in this study, hydro-
thermal®**** and sol-gel.>** However, to the best of our knowl-
edge, only a few articles have focused on ss-DSSCs with
nanocomposite photo-anodes,**** which reported low efficien-
cies of up to 0.34 and 0.5% for ss-DSSCs based on ZnO only.
Herein, we report the photovoltaic performance of ss-DSSCs
solar cells based on Zn; ,Sn,O nanocomposites photoanodes
as an electron-transport layer prepared via the co-precipitation
method. The phase composition, crystalline structures,
adsorption-desorption isotherm, band gap, and surface area
were determined. We observed that the devices based on the
Zn, ,Sn,O nanocomposites exhibited improved power conver-
sion efficiency and device stability in comparison with those
based on pure ZnO.

Results and discussion

Fig. 1a shows the schematic diagram structure of a device with
the configuration glass/FTO/thin TiO, blocking layer/Zn;_,-
Sn,O/N719 dye/spiro-OMeTAD/AL. First, the TiO, blocking layer
was coated on a FTO glass substrate through the spray coating
technique. The FTO/TiO, blocking layer/Zn; ,Sn,O layer was
immersed in N719 dye for almost one night, as described
elsewhere.***” Following the formation of the dye layer, a spiro-
OMETD HEL was deposited with spin-coating.*® The cells'
fabrication was completed with the deposition of Al back
contact via thermal evaporation in a vacuum chamber. Fig. 1b
shows the energy levels diagram for each component of the
device and the possible charge propagation paths for both
photogenerated carriers, electrons (e”) and holes (h"). In other
words, the dissociated charge carriers (e~ and h') in the N719
dye layer can be extracted and transferred to the Zn; ,Sn,O and
spiro-OMETAD layers, respectively, further propagating toward
each electrode. The energy level of the conduction band (CB) of
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Zn; ,Sn,O is located below that of the dye, so that a suitable
(quasi-)ohmic contact is achieved at the interface.

Fig. 2a shows the XRD patterns of the ZnO nanoparticles
with 0, 5, 10, and 20% weight ratios of SnO, thermally treated at
500 °C for 1 h. The obtained diffraction patterns of the nano-
powders suggest that ZnO is crystalline with a hexagonal wurt-
zite structure. All the XRD patterns showed that no excess
impurity phases were present, evidencing that the as-prepared
nanopowders were of high purity. The pure ZnO nanoparticles
(black color) have a hexagonal structure, as indexed in JCPDS #
89-1397. The substitution of Zn** with different Sn>* content did
not change the hexagonal crystal structure of the wurtzite phase
(Fig. 2a; red, purple and blue colors). The diffraction peaks of
the 5 wt% SnO-containing nanopowders correspond to the
wurtzite ZnO, and there was no SnO peak. With an increase in
SnO content to 10 and 20%, peaks from both wurtzite ZnO and
tetragonal SnO phases (JCPDS # 01-085-0423) were observed.
The crystallinity of the ZnO samples was distorted as the SnO
weight ratio was increased, due to degradation in grains as well
as crystallite quality. This result can be ascribed to the decrease
in the extended to localized state transitions resulting from the
band tails formed owing to defects or disorders.*® The change in
the degree of crystallinity of the composite framework was fol-
lowed by a moderate change in the absorption edges, as will be
discussed while describing the optical properties. Moreover,
Fig. 2b clearly depicts the cross section-scanning electron
microscopy analysis of the solar cells consisting of N719 Ru dye
loaded on the Sn**-substituted ZnO with a 5% weight ratio
electrode and infiltrated with spiro-OMeTAD, which exhibited
the maximum power conversion efficiency. This confirms the
layer by layer formation of the cell. To determine the elemental
composition of the as-prepared nanopowders, we performed
(EDX) analysis, as illustrated in Fig. S1(a-c) in the ESI}. EDX
analysis indicated that the different molar ratios of Zn to Sn
were 1:0.05, 1:0.1 and 1 : 0.2, which were close to the theo-
retical values. The atomic percentage of tin (Sn) ions in the
framework of the formed Zn,_,Sn,O nanocomposite was 5, 10
and 20%, as confirmed by the EDX spectrum and indicated in
the inset tables of Fig. S1(a—c).T

The mean particle size of the ZnO-SnO nanocomposites was
determined by high resolution transmission electron micros-
copy (HRTEM), as presented in Fig. 3a-d. Evidently, by
comparing the four HRTEM images, we see that the particle size
of Sn**-substituted ZnO samples (Fig. 3b-d) are smaller than
that of the pure ZnO sample (Fig. 3a). The smaller the particle
size of the nanoparticles, the more porous is the generated film,
resulting in higher specific surface area and greater amount of
dye loading. Furthermore, the inset of Fig. 3a displays the
crystallinity of the obtained powders via selected area electron
diffraction (SAED), which was used to determine the structure
of the samples.*® Moreover, the obtained results verify the good
crystallinity of the pure ZnO sample compared to the Zn, ,Sn,O
samples. Remarkably, the diameter of the ZnO nanoparticles
was ~25 nm and that of Sn**-substituted ZnO was ~15 nm,
which are in good agreement with the crystallite sizes obtained
from the XRD profiles.

This journal is © The Royal Society of Chemistry 2018
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The BET surface area of the as-prepared nanopowders was
substantial for the DSSCs due to its impact on the dye loading at
the surface of the photoelectrode. A large number of small pores
were recognized between the nanoparticles in all samples,
suggesting the presence of a mesoporous structure. This
phenomenon was assessed by N, sorption analysis. The N,
adsorption-desorption isotherm of the pure ZnO and Sn*'-
substituted ZnO with different Sn content exhibited a type IV
isotherm with type H, hysteresis loop (Fig. 4a and b), which is
exemplary for mesoporous materials based on the IUPAC clas-
sification.* The detailed physical characteristics of the pure
ZnO and the Sn**-substituted ZnO samples with different Sn
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(a) Schematic diagram and (b) energy level diagram of the FTO/TiO, BL/Zn; _,Sn,O/N719 dye/spiro-OMeTAD/Al device.

content are given in Table 1. The specific surface area of Sn>*-
substituted ZnO is relatively high in comparison with that of
pure ZnO, which is attributed to the smaller particle sizes of
Zn,_,Sn,O and is fully consistent with the TEM data.*’ In order
to obtain more evidence for the presence of Sn ions in the
formed nanocomposites, we conducted the XPS analysis to
determine the chemical components and changes, as shown in
Fig. S2(a-c), ESL{ The obtained results illustrate the spectra of
the Zn; _,Sn,O in the wide 8 range as shown in Fig. S2af and
assigned the existence of (Zn, O and Sn) element peaks. Besides,
the narrow scan of ZnO and SnO shows the elemental compo-
sition for both of them (Fig. S2b and ct). The Zn 2p;,, peak,

(b)

FTO/TiO2 BL/ Zn1.xSnxO /N719 dye/spiro-OMeTAD/Al

Spiro-OMeTAD as HTL -~

Zno.95Sn0.050 + Ru N719 dye

TiO2 BL
FTO

(@) XRD spectra of pure ZnO (blue color), Zng g55N0.050 (purple color), Zng oSng 1O (red color) and Zng gSng 2O (black color). (b) Cross

sectional view of solid-state DSSCs containing a bi-oxide Zng.955n0.05s0 photoelectrode.
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Flg 3 TEM images of (a) the pure Zn0O, (b) Zno_gssno_oso, (c) Zno_gsno'lo and (d) Zno_ssno_zo.

(Fig. S2b¥) at approximately 1021.6 eV, is assigned to the Zn-O
bonds,” which indicates the formation of ZnO composite
comprising SnO nanoparticles via the solution processable wet
chemical method. The XPS spectra of Sn 3d (Fig. S2¢t) indicates
the presence of spin orbit components, 3dz, and 3ds, at
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binding energies of 486.86 and 493.56 eV, respectively.>® These
results confirm the existence of Sn>". Notably, Sn ions can
enhance the electron transfer between the dye molecules and
the photoanodes due to its strong chemical activity through the
formation of coordination bonds and oxygen vacancies to

(b)
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Fig. 4 (a) Nitrogen adsorption—desorption isotherms surface area and (b) pore size distribution of pure ZnO, Zng.95SN0.050. ZNg9SNe 1O and

ZNnp.gSnp 20.
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Table 1 Nitrogen sorption—desorption porosimetry studies of pure
ZnO and Zn;_,Sn,O photoanodes

Sample Sger (m*> g~")  Pore volume (cm® g™')  Pore size (nm)
Pure ZnO 34.04 0.36 42.3
ZNg05SN00s0  49.12 0.35 29.3
ZnoSng,0  61.37 0.41 26.8
ZngSne,0  65.16 0.39 24.1

enhance the quantity of dye adsorption.” Fig. 5a and b depict
the absorption spectrum and band gap energy of pure ZnO and
Sn**-substituted ZnO with different Sn content. It is well known
that ZnO is transparent and has an absorption band centered at
around 3.15 eV.** The Tauc model is the easiest tool to calculate
the band gaps of Sn**-substituted ZnO with different Sn
concentrations.”* The optical band gap energy decreased
slightly from 3.15 to 3.05 eV when the Sn content was 5%, ie.,
the band gap red shifted, but remained constant with the
increase in Sn percentage. The insignificant redshift (~0.1 eV)
of the band gap is ascribed to both the compositional change
and the structural modification of the composite materials.*
Incorporating about 5-20% weight ratio of SnO, as an ionized
donor, produces deep states in the band gap that lead to an
increase in the scattering of photons by the crystal defects
created by the substitution, thus reducing the band gap.***
More evidence for the formation of Zn, ,Sn,O nanocomposites
and the positive effect on the cells net efficiency can be obtained
by studying dye loading through the absorbance of the dye on
each photoanode used in this study, as shown in Fig. S3, ESL.{
The results indicate that the amount of dye absorbed by the
formed nanocomposite is enhanced compared to the amount
that is absorbed by ZnO or SnO nanoparticles alone. This
confirms that the charge separation are enhanced and the
resistance as well as charge recombination decreases due to the
limited penetration of the dye molecules caused by the blocking

1.24 Zng gSng 20
. Zng gSng 10
1 O = Zn0_953n0_050
Pure ZnO

Absorption
o
i

0.0 * T ¥ L} 4 L} A L} b T i T %
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Wavelength (nm)

Fig. 5
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effect induced by the coated Zn;_,Sn,O nanocomposites. The
difference in the absorption results clearly indicate and confirm
the formation of the nanocomposite.

Fig. 6a shows the characteristic j-V curves of the devices
fabricated using pure ZnO and Sn*'-substituted ZnO with
different SnO weight ratios. Furthermore, Table 2 summarizes
the photovoltaic parameters for different cells: short circuit
photocurrent (J.), open-circuit voltages (V,.), fill factor (FF) and
solar conversion efficiency (n). It was found that the power
conversion efficiency (n) enhanced with the addition of SnO,
reaching a maximum of 4.3% when the weight ratio of SnO was
minimum (5%), with a current density (Jsc) of 12.45 mA cm ™2
and an open circuit voltage (V,) of 0.740 V, which is almost one
and half times larger than for pure ZnO. According to the results
obtained for the different substituted Zn, ,Sn,O samples, there
is no significant change in V,. upon substitution by SnO due to
the fixed difference between the Fermi level of Zn,_,Sn,O and
the oxidation-reduction potential of HTL. Therefore, the reason
for the different performances is mainly due to the different
BET surface areas induced by Sn>" substitution. These results
can be explained by the electron transfer from the N719 dye into
the conduction band (CB) of Zn; ,Sn,O. This might be induced
due to the coverage of ZnO particles over the SnO particles
which favoring the charge injection from the low unoccupied
molecular orbital (LUMO) of N719 to the CB of Zn, ,Sn,O.
Moreover, the photogenerated hole (h') transfer takes place
from the high occupied molecular orbital (HOMO) of the N719
dye to the VB of HTL.*»** Increased photocurrent requires good
electron transport, large surface area, better dye loading and
excellent layer connection strength.*® By increasing the weight
ratio of SnO to ZnO by 10 and 20%, the efficiency of the cell
reduces to 3.9 and 3.4%, respectively. This occurs because the
substitution of excess Sn in the ZnO lattice which leads to the
formation of a separate SnO phase, resulting in a network of
n-n heterojunctions in the ZnO system.*” As a result, the free
carrier density is decreased, leading to reduce conductivity.

(b)

Zng gSng 20
_— ZnggSng 10
’g Zng 955N 050
(\_) Pure ZnO
S
B,
=
£
x
=
1.5 2.0 2.5 3.0 3.5 4.0
hv (eV)

(@) UV-vis and (b) band gap of pure ZnO, ZNng.955N0.050, ZNg 9SNo1O and Zng gSno 20.

RSC Adv., 2018, 8, 24059-24067 | 24063


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02852d

Open Access Article. Published on 02 July 2018. Downloaded on 12/2/2025 9:16:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
. @ . (b) 5
S R0 :;:or.egszg'?o.oso

i —=—2Zng 955n0,050| 704 = znggsngi0 +— 14
€ 12- —=—2Zng gSng 10 —=— Zng gSng et L
g . Zno_ssnO_ZO 60 | “\\ z 0.8s 0.20 / 5 e 1 2 S
g 9- § 50_ ..IIIIIIIIIIII_ 1 O E
= 8 3
8 6. o 40 -8 ;
3 30- 6
= >
g 3. 20 -4 E
3 104] \ 2
O T T T 0 = i T T T T H fu T 0
0.0 0.2 0.4 0.6 0.8 320 400 480 560 640 720 800
Voltage (V) Wavelength /nm
70 —=— pure ZnO
(C) 4 +Zp"0.955“0.05°
60 i —=—Zng gSng 10
] —®— Zng gSng 20
50
g 40+
= |
O 30-
N ]
' 204
101

0 T T T
0 50 100 150 200
Z' Ohm
Fig. 6 (a) J-V curves, (b) IPCE spectra and (c) Nyquist diagrams of the impedance spectra of pure ZnO, Zng95SNg.050O, ZNg oSN 1O and
Zno gSno 20.

Table 2 /-V characteristics of the ss-DSSCs manufactured using pure
Zn0O, Zn0_95Sr10,050, Zn0,9$n0_10 and ZnoAgsnoAzo

Samples Jsc/mA cm™> Voc/V FF n/%
ZnO 8.31 0.706 51.10 3.0
Z1.95SM0,050 12.45 0.740 46.70 4.3
Z1.6S1N010 11.40 0.719 47.60 3.9
Zn, ¢Sng .0 10.76 0.719 43.90 3.4

Given the parameters of our assembled cells, we can conclude
that the difference in fill factor in the tested cells may be related
to the difference in shunt and series resistance of the cells.
Every cell offers different resistance depending on its structure
formation and causes a difference in FF. Moreover, the recom-
bination current in the space charge region of the cell, which is
confirmed by the obtained low efficiency, may be one of the
reasons behind the difference in FF between the assembled
cells. Subsequently, the cell efficiency and the conductivity can
be controlled by changing the SnO ratio in the ZnO crystal

24064 | RSC Adv., 2018, 8, 24059-24067

lattice, which agrees with the results obtained from XRD
analysis.*?

Fig. 6b describes the current conversion efficiencies (IPCE)
of ZnO and Sn**-substituted ZnO. The ss-DSSC based on the
Sn**-substituted ZnO electrode exhibits higher IPCE value over
a wide range (from 300 to 700 nm) than pure ZnO. It was re-
ported that IPCE linearly increases with an increase in dye
loading. The main functional parameter affecting IPCE is Js,
which is well correlated with increased dye loading. In fact,
typical increase in Jg. occurs in ss-DSSCs by increasing the
optical density of the semiconductor electrode, which enhances
the amount of photogenerated charge with a minor effect on
Voe. It can be noticed that the ZnO sample with 5% SnO to ZnO
weight ratio exhibits the most significant light harvesting ach-
ieved by the dye, compared to that achieved by Sn**-substituted
ZnO with 10 or 20% weight ratio and pure ZnO. Thus, we can
conclude that the highest IPCE occurred because of the good
assembly of dye molecules on the semiconductor electrode,
while the small amount of light absorbed by the dye on the pure
ZnO electrode is attributed to the deficiency in dye aggregation
on the surface of the ZnO electrode.” Fig. 6b also shows the

This journal is © The Royal Society of Chemistry 2018
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integrating photo-current using IPCE results over the AM1.5
solar spectrum at irradiance 100 mW cm?”. The differences
between the current estimated from the IPCE integration and
the J-V measurements are within the experimental uncer-
tainties. We also note that we tested these cells in air without
encapsulation: there is typically a slightly degraded perfor-
mance for these cells following testing."” To study and obtain
better insight into the kinetics and dynamics of the interfacial
charge transfer process within the assembled cells, electro-
chemical impedance spectroscopy (EIS) measurements were
performed. Fig. 6¢ shows the Nyquist plots of the cells based on
the different photoanodes used in this study. The results show
semicircles for every photoanode that correspond to the elec-
tron recombination at the photoelectrode/dye/electrolyte inter-
face. Also, they show that the recombination resistance
decreases in the order of pure ZnO > Zn, gSn, ,O > Zny oSny 1O >
Zny95SN49sO photoelectrode prepared using the facile wet
chemical method. There is a good relationship between the
charge transfer and the net efficiency of the assembled cells.
The sample with the higher surface area and faster electron
transfer rate had higher cell efficacy and vice versa.

The reproducibility of the devices was tested by fabricating
15 identical devices according to the same experimental
procedure for each electrode. The corresponding photovoltaic
parameters for the ZnO and Sn**-substituted ZnO devices with
ratios of 5, 10 and 20% are summarized in Tables S1-S4, in the
ESI,T respectively. Fig. 7a shows histograms of the PCE distri-
butions for the devices made with these electrodes for
comparison; the corresponding histograms for the other
photovoltaic parameters are shown in Fig. S4, ESL.{ Our results
show that the performances of these devices showed good
reproducibility with an average PCE (%) = 2.98 £ 0.02, 4.22 +

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances
(b)
5
—&— pure ZnO
5 —*2Zng,955n0,050
i —v—2ng gSng 10
4 V\\}\\ —— Zn0_88n0_20
2 3 \
O
o 2- %
14
O T T T T T
0 50 100 150 200 250
Time /h

(a) The PCE distribution histogram and (b) the PCE evolution of encapsulated devices stored in ambient air for different time periods [pure

0.04, 3.85 & 0.04, and 3.30 £ 0.04 for devices made of ZnO and
Sn**-substituted ZnO with ratios of 5, 10 and 20%, respectively.
To test their long-term stability, we also checked the durability
of the devices with different ratios under dark conditions; the
corresponding stability results are described in Fig. 7b. Clearly,
the cells display good stability over a time period of 250 h. The
efficiency of each cell remained stable and 96% of its primary
value was retained until 100 h. Subsequently, the efficiency
decreased to 35% after 250 h of storage.

Conclusion

In summary, photoelectrodes of Sn**-substituted ZnO with
different Sn content sensitized with N719 and spiro-OMeTAD
were utilized to fabricate solid-state DSSCs. Pure ZnO and
Sn**-substituted ZnO were prepared by the fast, facile and
inexpensive co-precipitation method. The effect of SnO on the
properties of ZnO photoelectrodes was investigated. Clearly, the
5% weight ratio SnO-substituted ZnO cell has a high power
conversion efficiency compared with that of the pure ZnO solar
cell. The short-circuit current (Js.) and the open circuit voltage
(Voe) increase with the addition of SnO due to the large surface
area for dye loading and the better inhibition of electron-hole
recombination. Notably, the 4.3% efficiency recorded for the
5% weight ratio Sn**-substituted ZnO cell is favorable for the
development of ss-DSSc. Moreover, there is a good relationship
between the charge transfer and the net efficiency of the
assembled cells. The samples with larger surface area and faster
electron transfer rate have higher cell efficacy and vice versa.
Moreover, fifteen devices with each type of electrode were
fabricated to examine the reproducibility of the performance
and the stability of the devices, which showed the average PCE
of the same order.
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Experimental methods

Preparation of pure ZnO and Sn**-substituted ZnO
nanopowders

Zinc sulphate heptahydrate (ZnSO,- 7H,0) purchased from Dop
Organic Chemical was used as a source of Zn>*. Moreover,
stannous chloride dihydrate (SnCl,-2H,0) from Dop Organic
Chemical was employed as the source of Sn>" through the co-
precipitation method. Ammonium hydrogen carbonate
(NH4HCO3) (2 M), (purchased from Riedel-de Haén) was used as
a base and diethyl amine was used as a stabilizer to obtain the
desired pH value of 11. Sn**-substituted ZnO at different Sn**
molar ratios 0.0, 0.05, 0.1 or 0.2 were prepared through a facile
co-precipitation strategy.*® Typically, the procedure involved
dissolving zinc sulfate (ZnSO,) in an aqueous ammonium
hydrogen carbonate (NH,HCOj;) solution (2 M), and then
adjusting the pH to the desired value of 11 by using diethyl
amine as a stabilizer. A milky white precipitate was observed in
each case. Then, the precipitate was filtered, washed many
times with deionized water and then dried at 60 °C for 24 h.
Eventually, the dried precursors of the as-prepared Sn>'-
substituted ZnO nanopowders at different concentrations were
heated in a static air furnace at 500 °C for 1 h.

Fabrication of electrodes and solid-state DSSC

A 1.0 g portion of ZnO or Sn**-substituted ZnO (tailored using
the co-precipitation route) was added to 1.0 mL of deionized
water and 5 mL of absolute ethanol, and gently stirred by a hot
plate magnetic stirrer for 10 h to form the required paste. The
next stages were similar to those described previously."”

Structural and morphological characterization

The phase evolution was distinguished by X-ray diffraction
(Brucker axis D8 diffractometer) using Cu-Ke (A = 1.5406)
radiation operating at 40 kV and 30 mA at a rate of 2° min™".
The microstructures of ZnO and Sn**-substituted ZnO were
inspected using transmission electron microscopy (TEM, JEOL
2100) and field emission scanning electron microscopy (FESEM,
JEOL JSM-5410) for detecting the cross section of the assembled
solar cell along with EDX measurements of the obtained
samples. The specific surface area, pore size, pore volume and
average pore size were determined using an ASAP 2020
(Micromeritics Instruments, USA) nitrogen adsorption appa-
ratus. X-ray photo-electron spectroscopy (XPS) studies were
performed by using a Thermo Scientific K-ALPHA, XPS
machine, England. The recorded binding energies were cali-
brated by taking the C 1s peak at 285.0 eV as a reference.

Optical and photovoltaic measurements

A UV vis-NIR scanning spectrophotometer (Jasco-V-570 Spec-
trophotometer, Japan) was employed to obtain UV-vis absorp-
tion spectra. Photocurrent-voltage J-V  characteristic
measurements were examined using a solar simulator.*” The
incident monochromatic photoelectric conversion efficiency
(IPCE) analyses were performed using a QE/IPCE measurement
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View Article Online

Paper

system from Oriel at 10 nm intervals between 300 and 800 nm,
where a monochromator was employed to acquire mono-
chromatic light from a 300 W Xe lamp. Furthermore, electro-
chemical impedance spectroscopy measurements (EIS) were
conducted with a computer-controlled potentiostat (EG&G,
M273) equipped with a frequency response analyzer (EG&G,
M1025). The frequency range is 0.005-100 kHz. The magnitude
of the alternative signal is 10 mV using a 450 W xenon light
source.

Author Contributions

A. N. E. and A. E. S. contributed equally to this study by per-
forming the experiments and writing the manuscript.

Funding

This study was supported by grants from the Central Metallur-
gical Research and Development Institute (CMRDI), grant no.
00025.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

The authors thank the Ministry of Higher Education and
Scientific Research (MHESR) as well as the Central Metallurgical
Research and Development Institute (CMRDI), Cairo, Egypt for
their assistance in pursuing this study through project grant no.
00025. Furthermore, the technical service unit of CMRDI is also
gratefully appreciated.

References

1 A. Omar and H. Abdullah, Renewable Sustainable Energy Rev.,
2014, 31, 149-157.
2 I. Chung, B. Lee, ]J. He, R. P. H. Chang and M. G. Kanatzidis,
Nature, 2012, 485, 486-489.
3 B. O'Regan and M. Griétzel, Nature, 1991, 335, 737-740.
4 W.-Q. Wu, D. Chen, Y.-B. Cheng and R. A. Caruso,
Sustainable Energy Fuels, 2017, 1, 1960-1967.
5]. Gong, J. Liang and K. Sumathy, Renewable Sustainable
Energy Rev., 2012, 16, 5848-5860.
6 M. M. Rashad, A. E. Shalan, M. Lira-Cantt and M. S. A. Abdel-
Mottaleb, J. Ind. Eng. Chem., 2013, 19, 2052-2059.
7 A. E. Shalan, M. M. Rashad, M. Lira-Cantu and M. S. A. Abdel-
Mottaleb, Appl. Phys. A, 2013, 110, 111-122.
8 H. Yan, X. Tian, Y. Pang, B. Feng, K. Duan, Z. Zhou, ]J. Weng
and J. Wang, RSC Adv., 2016, 6, 102444-102452.
9 C. Xu, J. Wu, U. V. Desai and D. Gao, Nano Lett., 2012, 12,
2420-2424.
10 C.Y.Hsu, Y. C. Chen, R.Y.Y.Lin, K. C. Ho and J. T. Lin, Phys.
Chem. Chem. Phys., 2012, 14, 14099-14109.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02852d

Open Access Article. Published on 02 July 2018. Downloaded on 12/2/2025 9:16:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

11 G. K. R. Senadeera, P. V. V. Jayaweera, V. P. S. Perera and
K. Tennakone, Sol. Energy Mater. Sol. Cells, 2002, 73, 103~
108.

12 C. Jager, R. Bilke, M. Heim, D. Haarer, H. Karickal and
M. Thelakkat, Synth. Met., 2001, 121, 1543-1544.

13 D. Gebeyehu, C. J. Brabec, N. S. Sariciftci, D. Vangeneugden,
R. Kiebooms, D. Vanderzande, F. Kienberger and
H. Schindler, Synth. Met., 2001, 125, 279-287.

14 T. H. Lee, D. Z. Sun, X. Zhang, H. J. Sue and X. Cheng, J. Vac.
Sci. Technol.,, B: Microelectron. Nanometer Struct.—Process.,
Meas., Phenom., 2009, 27, 3073-3077.

15 J. H. Yum, P. Chen, M. Gratzel and M. K. Nazeeruddin,
ChemSusChem, 2008, 1, 699-707.

16 U. Bach, D. Lupo, P. Comte, J. E. Moser, F. Weissortel,
J. Salbeck, H. Spreitzer and M. Gratzel, Nature, 1998, 395,
583-585.

17 A. E. Shalan, S. Narra, T. Oshikiri, K. Ueno, X. Shi, H.-P. Wu,
M. M. Elshanawany, E. W.-G. Diau and H. Misawa,
Sustainable Energy Fuels, 2017, 1, 1533-1540.

18 A. Apostolopoulou, D. Karageorgopoulos, A. Rapsomanikis
and E. Stathatos, J. Clean Energy Technol., 2016, 4, 311-315.

19 X. Feng and S. Litao, Energy Environ. Sci., 2011, 4, 818-841.

20 Y. Zhou, C. Xia, X. Hu, W. Huang, A. A. Aref, B. Wang, Z. Liu,
Y. Sun and W. Y. Tang, Appl. Surf. Sci., 2014, 292, 111-116.

21 M. F. Mideksa, A. T. Mengesha, G. G. Gonfa and
T. Y. Ashembo, Chemistry and Materials Research, 2015, 7,
38-46.

22 J. Um, B.-M. Roh, S. Kim and S. E. Kim, Mater. Sci. Semicond.
Process., 2013, 16, 1679-1683.

23 R. Milan, G. S. Selopal, M. Epifani, M. M. Natile,
G. Sberveglieri, A. Vomiero and 1. Concina, Sci. Rep., 2015,
5, 14523.

24 C. K. Lim, Y. Wang and L. Zhang, RSC Adv., 2016, 6, 25114~
25122.

25 A. E. Shalan, A. M. Elseman, M. Rasly, M. M. Moharam,
M. L. Cantu and M. M. Rashad, RSC Adv., 2015, 5, 103095—
103104.

26 W. Cun, Z. Jincai, W. Xinming, M. Bixian, S. Guoying,
P. Ping'an and F. Jiamo, Appl. Catal., B, 2002, 39, 269-279.

27 W.-Q. Wu, D. Chena, F. Li, Y.-B. Cheng and R. A. Caruso,
Materials Today Energy, 2018, 7, 260-266.

28 W. Haoha, B. Ripon, H. I-Ming, L. Langkai and Z. Renjie,
Electrochim. Acta, 2013, 111, 797-801.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

29 W.-Q. Wu, H.-L. Feng, H.-Y. Chen, D.-B. Kuang and C.-Y. Su,
J. Mater. Chem. A, 2017, 5, 12699-12717.

30 R. Lamba, A. Umar, S. K. Mehta and S. K. Kansal, Talanta,
2015, 131, 490-498.

31 L. Zhu, M. Hong and G. W. Ho, Sci. Rep., 2015, 5, 11609.

32 M. Akhgar and M. Giahi, Russ. J. Appl. Chem., 2015, 88, 985-
989.

33 W.-Q. Wu, D. Chen, Y.-B. Cheng and R. A. Caruso, Sol. RRL,
2017, 11, 1700117.

34 M. Boucharef, C. D. Bin, M. S. Boumaza, M. Colas,
H. J. Snaith, B. Ratier and J. Bouclé, Nanotechnology, 2010,
21, 205203.

35 M. M. S. Sanad, A. E. Shalan, M. M. Rashad and
M. H. H. Mahmoud, Appl. Surf. Sci., 2015, 359, 315-322.

36 A. E. Shalan, M. Rasly, I. Osama, M. M. Rashad and
I. A. Ibrahim, Ceram. Int., 2014, 40, 11619-11626.

37 A. E. Shalan, M. M. Rashad, Y. Yu, M. Lira-Cantu and
M. S. A. AbdelMottaleb, Electrochim. Acta, 2013, 89, 469.

38 C.-C. Chung, C. S. Lee, E. Jokar, J. H. Kim and E. W.-G. Diau,
J. Phys. Chem. C, 2016, 120, 9619-9627.

39 K. S. W. Sing, D. H. Everett, R. A, W. Haul, L. Moscou,
R. A. Pierotti, J. Rouquerol and T. Siemieniewsk, Pure Appl.
Chem., 1985, 57, 603-619.

40 K. C. Yung, H. Liem and H. S. Choy, J. Phys. D: Appl. Phys.,
2009, 42, 15002-15006.

41 Y. Abdullah, O. Elif, A. Abdullah, S. Mohamed, A. Aycan and
S. Tulay, J. Electron. Mater., 2017, 46, 6739-6744.

42 T. Rakshit, I. Manna and S. K. Ray, J. Appl. Phys., 2015, 117,
025704.

43 A. M. Elseman, A. E. Shalan, S. Sajid, M. M. Rashad,
A. M. Hassan and M. Li, ACS Appl. Mater. Interfaces, 2018,
10, 11699-11707.

44 K. Tennakone, G. R. R. A. Kumara, I. R. M. Kottegoda and
V. P. S. Perera, Chem. Commun., 1999, 0, 15-16.

45 R. Bhattacharjeez and I.-M. Hung, ECS Solid State Lett., 2013,
2, Q101-Q104.

46 A. E. Shalan, T. Oshikiri, S. Narra, M. M. Elshanawany,
K. Ueno, H.-P. Wu, K. Nakamura, X. Shi, E. W.-G. Diau and
H. Misawa, ACS Appl. Mater. Interfaces, 2016, 8, 33592-33600.

47 A.M. Elseman, A. E. Shalan, M. M. Rashad and A. M. Hassan,
Mater. Sci. Semicond. Process., 2017, 66, 176-185.

48 J. C. Li, X. Y. Hou and Q. Cao, J. Alloys Compd., 2014, 611,
219-224.

RSC Aadv., 2018, 8, 24059-24067 | 24067


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02852d

	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...

	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...
	Solid-state dye-sensitized solar cells based on Zn1tnqh_x2212xSnxO nanocomposite photoanodesElectronic supplementary information (ESI) available: EDX...


