lonics (2019) 25:747-761
https://doi.org/10.1007/511581-018-2629-9

ORIGINAL PAPER

@ CrossMark

Incident photon-to-current efficiency of thermally treated
SWCNTs-based nanocomposite for dye-sensitized solar cell

Savisha Mahalingam' - Huda Abdullah? - Nowshad Amin? - Abreeza Manap?

Received: 24 January 2018 /Revised: 16 May 2018 /Accepted: 11 June 2018 /Published online: 23 June 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

This study focuses on incident photon-to-current efficiency (IPCE) performance of In,O3;-SWCNTs for dye-sensitized solar cell
(DSSC) application. The thin films were prepared by sol-gel method using spin-coating technique annealed at 400, 450, 500, 550,
and 600 °C. Morphology transition of In,O3 from spherical to cubic and then octahedral structure occurred as the annealing
temperature rises. The photoanode annealed at 450 °C (cubic structure) provides a stable phase of cubic structure with large
surface area and optimum thickness for effective dye adsorption. However, the IPCE value does not solely depends on the dye
adsorption of photoanodes (light harvesting efficiency (LHE)) but the electron injection efficiency (i) and the collection
efficiency (7co1)- Smaller energy bandgap of photoanodes favors the injected electrons with higher driving force to the conduc-
tion band (CB) of the photoanode, which in turn increases the 7;,; from the LUMO of dye to the In,O3-SWCNTs CB. Besides
that, the absence of single-walled carbon nanotubes (SWCNTs) above 500 °C caused the energy bandgap to increase and leads to
lower driving force of injected electrons. In addition, SWCNTs are capable of absorbing visible light faster than other materials.
Therefore, the cubic structure-based photoanode (450 °C) exhibited better electron transport with larger driving force on injected
electron (7;,j) that decreased the electron recombination rate and increased electron lifetime and subsequently obtained larger
charge collection efficiency (7.o1) of almost 99%. Consequently, the IPCE performance of DSSC was enhanced.
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Introduction

Dye-sensitized solar cell (DSSC) converts the clean solar en-
ergy into electrical energy by promoting sustainable energy
development. DSSC was first introduced by O’Regan and
Gritzel in 1991 with low-cost fabrication and simple
manufacturing technique with greater performance [1]. As a
result, they are more preferable than silicon solar cells. The
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current solar power conversion efficiency is nearing 15% by
using TiO, material as photoanode [2]. However, research on
alternative photoanodes is still going on for a promising
DSSC. The common photoanodes widely studied are ZnO
[3, 4], SnO; [5, 6], InyO5 [7-9], and SrRuO; [10].

In,O5-based DSSC gives longer electron lifetime and
slower electron recombination rate than that of TiO, [11].
In,O5 also provides higher stability observed by the change
in light and dark current density-voltage photoelectrochemical
performance [11]. However, In,O3-based DSSC exhibits low
efficiency due to inefficient electron mobility in the cell [12].
As a solution to enhance the electron transport in the
photoanode, carbon nanotubes (CNTs) are introduced in solar
cells [13—16]. CNT nanocomposites were also used in other
applications such as in wireless power transfer, lithium-ion
storage, supercapacitors, and many more [17-22].

Generally, CNTs are added as stabilizers in the counter
electrode of DSSC to increase the catalytic activity of the cell
[23]. In this research, we added CNTs in the photoanode in
order to increase the electrical conductivity and performance
of DSSC. Acid treatment process on pristine CNTs is an
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efficient method to boost the electronic, mechanical, thermal,
and adsorption properties [24, 25]. However, In,O3-CNTs-
based photoanode nanocomposite for DSSC suffers from
high-temperature thermal stability.

There are several reasons that were identified in this study
that caused performance degradation at high temperatures: (1)
morphology transition, (2) change in thickness, (3) burning of
CNTs above 500 °C, (4) increment in energy bandgap, (5) fast
electron recombination, and (6) poor driving force of injected
electrons. This study aims on the influence of thermal treat-
ment on the performance of In,O3;-SWCNTs-based DSSC.
The thermal treatment of the photoanodes was investigated
under various annealing temperatures.

Experimental details
Acid treatment of SWCNTs

The single-walled carbon nanotubes (SWCNTs), sulfuric acid
(H,S0,), and nitric acid (HNO3) were purchased from Sigma-
Aldrich (USA). The SWCNTs were added into the mixture of
H,SO4/HNOj; in the ratio of 3:1 and followed by
ultrasonication at 30 °C for 1 h. The mixture was then filtered
through a membrane filter and washed with ethanol and de-
ionized water to remove the acidity. The cleaned SWCNTs
were dried in an oven at 80 °C for 8 h and ground for
30 min to produce homogenous SWCNTs.

Preparation of thin films

The pristine SWCNTSs (average diameter of 19 nm), indium
chloride (InCly), and 2-methoxyethanol were purchased from
Sigma-Aldrich (USA). Preparation of thin films takes place by
sol-gel method through spin-coating technique. A solution of
0.1 M of InCl; and 2-methoxethanol was prepared by heating
it on a hot plate at 60 °C for 24 h. The SWCNTs were added
when the aqueous solution turned yellowish gel-like with a
continuous stirring for 1 h at 50 °C. The spin-coating process
took place by spinning the mixture five times by a spin coater
deposited on a clean fluorine-doped tin oxide (FTO)-coated
glass substrate. The thin films were then annealed at 400, 450,
500, 550, and 600 °C for 30 min in air to obtain In,Os-
SWCNTs.

Fabrication of DSSC

The annealed thin films were then immersed with Ruthenium
N719 dye (0.5 mM) which acts as a sensitizer in the fabrica-
tion of DSSC. The immersion took place for 24 h in a glass
petri dish. The immersed substrate thin films were then rinsed
with ethanol to remove the excess dye. Simultaneously, a plat-
inum counter electrode was prepared using screen printing
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technique and annealed at 400 °C for 1 h. The fabrication of
DSSC took place by sandwiching the counter electrode and
the annealed thin films. Binder clips were used to fix the cell.
Electrolyte (Idolyte MPN 100) was injected into the
sandwiched cell by forming an active area of 1 cm?.

Characterization of thin films

Characterization was done onto the photoanodes and DSSC.
The photoanodes were characterized by using X-ray diffrac-
tion (XRD), filed emission electron microscopy (FESEM),
energy dispersive X-ray spectroscopy (EDX), and
ultraviolet-visible spectrophotometry (UV-Vis) measure-
ments. The DSSC was characterized by using incident
photon-to-current efficiency (IPCE) and electrochemical im-
pedance spectroscopy (EIS) measurements. The morphologi-
cal properties were analyzed via FESEM (Merlin, Gemini IT;
20 V-30 kV) and EDX (ZEISS EVO MA 10 (UK)) measure-
ments. The energy bandgap of the thin films was analyzed by
UV-Vis (PERKIN ELMER). Meanwhile, the performance of
DSSC was analyzed through IPCE (CEP-2000BX, Bunko-
Keiki). The electrochemical properties were obtained from
EIS analysis through GAMRY Series G300 Potentiostat-
electrochemical impedance.

Experimental results and discussion
X-ray diffraction analysis

Figure 1 shows XRD patterns of In,O3 added with 0.3 wt% of
SWCNTs at various annealing temperatures of (a) 400 °C, (b)
450 °C, (c) 500 °C, (d) 550 °C, and (e) 600 °C. The diffraction
peaks of In,O; were identified at 260 =21.3°, 30.6°, 33.2°,
35.4°,37.9°, 41.8°, 45.6°, 48.6°, 51.1°, and 55.9° attributed
to Akl plane of (211), (222), (321), (400), (411), (332), (431),
(521), (440), and (611), respectively. The lattice constant is
a=10.117 A for In,O5 crystal with cubic structure (JCPDS
number 01-071-2194).

The preferred orientation for In,O5 was confirmed at (222)
crystal plane. The peak traced at 26 = 26.66° with (002) plane
belongs to carbon from SWCNTs [26]. The peak was not
observed at annealing temperatures above 500 °C confirms
that burning of SWCNTSs occurs at this annealing temperature.
Table 1 shows the crystallite size, D of the annealed samples.
The crystallite size decreased from 400 to 500 °C and in-
creased on the following temperatures. This result indicates
that presence of SWCNTs and annealing temperatures influ-
enced the crystallite size of the samples. The increment in
crystallite size shows that the enhancement in the crystallinity
of the annealed films.
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Fig. 1 XRD spectrum of In,Os-
SWCNTs thin films annealed at
(a) 400 °C, (b) 450 °C, (¢) 500 °C,
(d) 550 °C, and (e) 600 °C
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FESEM analysis

Figure 2 shows the FESEM images of In,O3-SWCNTs thin
films before undergoing annealing treatment. The agglomera-
tion of In,O5 and SWCNTs is observed clearly in Fig. 2b. The
white patch (circled) in Fig. 2b is the agglomeration of In,O3
grains. Besides that, the SWCNTSs entangled and covered the
Il’l203.

Figure 3 shows the FESEM images of In,O3-SWCNTs thin
films annealed at (a) 400 °C, (b) 450 °C, (c) 500 °C, (d)
550 °C, and (e) 600 °C. The annealing treatment shows a good
agreement of interaction between In,O3 and SWCNTs without
agglomeration, where agglomeration may cause DSSC perfor-
mance deficiency [27]. The annealing process in In,Os-
SWCNTs changed the size of In,O; grains and shapes of
In,05. Lu et al. [27] mentioned that the In,O5 grains changes
shape from cubic to octahedron as the annealing temperature
increases as shown in Fig. 4. Moreover, a previous study ac-
knowledged that annealing treatment promotes morphology
transition where shape of particles modifies at higher anneal-
ing temperatures [28]. The obtained FESEM result shows that
the annealed In,O3-SWCNTs thin films morphology transi-
tion from spherical to cubic and then to octahedron as the
annealing temperature rises from 400 to 600 °C.

The thin film annealed at 400 °C has spherical shaped
In,O5 grains covered with tiny furs on the surface of the
grains. These furs help in greater amount of N719 dye

Table 1 XRD parameters of annealed In,O3-SWCNTs

Annealing temperature (°C)  hkl 20 (°) Crystallite size, D (nm)
400 222 30.550 38.20
450 222 30.575 34.36
500 222 30.600 16.38
550 222 30.650 17.64
600 222 30.675 18.22

30 35 40 45 50 55 60
20 (deg)

adsorption in order to facilitate photogenerated electrons in
DSSC. However, the observed thin film has low porosity
where the In,O5 grains are compact to each other with less
pores. Besides that, the grain sizes are also not uniform with
small and large grains of In,O3; Morphology transition oc-
curred as the annealing temperature rises to 450 °C with cubic
In,0O5 Fig. 3b. The cubic SWCNTSs were surrounded along the
cubic grains. The SWCNTs were appeared in a coil like man-
ner forming coiled pores in the thin film. The annealed thin
film shows higher porosity and less dense structure.

On the other hand, the SWCNTSs in the thin films diminish
as the annealing temperature increases from 500 to 600 °C.
The residues of SWCNTSs that are still connected to the In,O5
grains are observed in the thin film annealed at 500 and
550 °C. However, the SWCNTs are not observed in the thin
films annealed at 600 °C. This result is due to the burning of
SWCNTs at annealing temperature above 500 °C [29].

Besides that, the In,O5 grains transformed into octahedron
at temperature above 500 °C. The thin film annealed at 500 °C
has high porosity with formation of grains in a coil-like struc-
ture leaving behind nanometer pores. However, the porosity is
lower compared to thin film annealed at 450 °C. A minimum
amount of SWCNTSs residue is observed in thin film annealed
at 550 °C. The burnt SWCNTs left small pores on the surface
of In,O3 octahedron grains as observed in the magnified im-
age of Fig. 3d. The small tiny pores are the result of SWCNTs
penetration into the In,O5 grains. The average diameter of
these tiny pores is 15 nm which is the average diameter of
pristine SWCNTs (19 nm). The annealing process is the rea-
son in the reduction of SWCNTs diameter.

Moreover, the coiled structure observed in the thin films
annealed at 450 and 500 °C is not seen in the film annealed at
550 °C. This result proves that addition of SWCNTs is the
reason for the formation of coiled structure with nanometer
pores. The coiled structure is not observed in the thin film
annealed at 600 °C due to the absence of SWCNTs.
Furthermore, the thin film annealed at 600 °C shows
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Fig. 2 FESEM images of In,O3-
SWCNTs before annealing in
scale of a micron and b nano

octahedron In,O; denser grains with low porosity. However,
the tiny pores on the surface of In,O3 octahedron grains were
not observed in the film annealed at 600 °C. The In,O5 octa-
hedron grains have smooth surface morphology. This is due to
the role of annealing treatment where annealing process can
enhance the morphology of thin films [30]. The FESEM im-
ages show that the porosity reduces above annealing

Fig. 3 FESEM images of In,O3-
SWCNTs thin films annealed at a
400 °C, b 450 °C, ¢ 500 °C, d
550 °C, and e 600 °C

@ Springer

temperature of 500 °C due to the decreasing formation of
coil-like structure in the thin films.

The average size of In,O; particles influenced by annealing
temperature is tabulated in Table 2. Although annealing treat-
ment caused the average size of particles to reduce, the thin
film annealed at 450 °C has smaller size of particles than that
of 500 °C. This is due to the cubic structure (450 °C) with
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Fig. 4 Phase transformation of
In,05 as the annealing
temperature increases
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smaller radius than the octahedron structure (500 °C) with R =
0.58 and R =1.73, respectively [27]. The size of octahedron
particles decreased from 500 to 600 °C because of increment
in annealing temperature. Moreover, previous literature re-
ported that annealing temperature is the key factor that influ-
enced the size of particles to decrease [31]. Furthermore, the
small particle size provides large surface area for efficient dye
adsorption.

Figure 5 demonstrates the thickness of In,O3;-SWCNTs
thin films. The average thickness of the thin films is listed in
Table 2. The average thickness of In,O;-SWCNTs thin films
annealed at 400, 450, 500, 550, and 600 °C are 1.9, 1.8, 1.5,
0.9, and 0.4 um, respectively. The thickness of the thin films
decreased as the annealing temperature increases. This phe-
nomenon occurred due to the compact nature of the thin films
as the temperature rises as seen in Fig. 3. A suitable thickness
is important to adsorb light by the N719 dye molecules [32].
Thin film that is too thick or incredibly thin may increase the
rate of electron recombination and decrease the efficiency of
DSSC [33].

EDX analysis

Figure 6 shows the EDX analysis of In,O3-SWCNTs thin
films. The weight percentage and atomic percentage of the
elements are listed in Table 3. The EDX spectrum reveals that
the annealed thin films have element composition of indium
(In), oxygen (O), and carbon (C) without other impurities in
the thin film. The result shows that the atomic percentage

increases as the annealing temperature rises. Meanwhile, the
atomic percentage of indium increases as the annealing tem-
perature increases indicating that the surface area of In O3
increases with rising temperature [34]. On the other hand,
the atomic percentage of carbon decreases as the annealing
temperature increases. A very low amount of atomic percent-
age of carbon (6.01%) is observed at thin film annealed at
500 °C and the presence of carbon element is not seen in the
thin films annealed at 550 and 600 °C. This result proves that
SWCNTs tend to burn at temperature above 500 °C as ob-
served in the FESEM images (Fig. 3).

UV-Vis analysis

Figure 7 shows graph of (cv)? function of photon energy, /v
to obtain the energy bandgap (£,) for the annealed thin films.
The E, can be measured using the following equation [35, 36]:

(ahv)* = A? (hv—Eg) (1)

where « an A are the optical absorption coefficients and con-
stant value, respectively.

The energy bandgap values are listed in Table 2. The dec-
rement of bandgap from 400 to 500 °C is due to the bonding
formation of In-O-C due to the change in covalent bonding
caused by the addition of acid in SWCNTs that leads to inter-
ference in the aromatic system, which in turn changes the
energy level of CNTs [37, 38]. However, the energy bandgap
increased for thin films annealed above 500 °C where the
CNTs tend to burn at this temperature. The result reveals that

Table 2 Average size of particles,

thickness, energy bandgap, IPCE, Annealing Average size of  Thickness (um)  Energy IPCE (%)  Mcon (%)
and charge collection efficiency temperature (°C)  particles (nm) bandgap (¢V)
(Neon) for annealed InyOs-
SWCNTs thin films 400 136 1.9 3.25 23 90.79
450 73 1.8 3.00 29 99.96
500 87 1.5 2.62 27 96.96
550 74 0.9 2.93 22 (Undesired case)
600 65 0.4 3.37 21 (Undesired case)
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Fig. 5 FESEM images with
thickness of In,O3-SWCNTs thin
films annealed at a 400 °C, b
450 °C, ¢ 500 °C, d 550 °C, and e
600 °C

the presence of acid-treated SWCNTSs was able to decrease the
energy bandgap of the photoanodes.

Furthermore, low value of £, causes high probability of the
injected electron in the conduction band (CB) of metal oxide
semiconductor to be excited into the valence band. However, a
very small E, value obtained by thin film annealed at 500 °C
may interrupt the excitation process of injected electron as it
acts as conductor material and not semiconductor material.
Hence, the thin films annealed at 450 °C achieved the opti-
mum energy bandgap of 3.00 eV.

IPCE performance

Figure 8 shows the IPCE curve for In,O3-SWCNTs-based
DSSC. IPCE analysis determines the performance of DSSC.
Table 2 tabulates the percentage value of IPCE for In,O3-
SWCNTs-based DSSC. The morphology-dependent IPCE per-
formance is shown clearly in Fig. 9. IPCE curve explains the
ratio of electrons obtained towards the total number of photon
received by DSSC at a certain wavelength. Baxter et al. stated
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that photon conversion by dye molecules occurs at wavelength
range of 450—570 nm [39]. The result obtained also shows high
peaks ranging from 450 to 570 nm which is inclined with the
previous literature in [39]. Besides that, the optimum quantum
efficiency of N719 sensitized cells is maximized at 525 nm,
which attributes to the N719 adsorption peak.

The IPCE performance is influenced by three main param-
eters: (1) light harvesting efficiency (LHE), electron injection
efficiency (7)iy;), and the collection efficiency (7)con). The IPCE
performance can be measured by the following equation [39].

IPCE = LHE X 1)y X T]qqy )

where the LHE is directly connected to the degree of dye
loading, 7;,; is the efficiency of the injected electron from
the excited dye to the conduction band of In,O3;-SWCNTs
and 7., 18 the efficiency of the injected electron at the back
contact.

Since the LHE values are dependent on the degree of dye
loading, the measured results show that the number of
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Fig. 6 EDX images of In,O3-SWCNTs thin films annealed at a 400 °C, b 450 °C, ¢ 500 °C, d 550 °C, and e 600 °C

molecules adsorbed on thin films annealed at 400, 450, 500,
550, and 600 °C are 1.08x 107", 1.15x 1077, 1.10x 107,
1.11 x 1077, and 1.18 x 1077 mol ecm 2, respectively. The dye
adsorption result denotes accordingly to the average particle size
and thickness of annealed In,O;-SWCNTs (Tables 1 and 2). The
thin film consisting smaller particles with larger surface area

have greater amount of dye adsorption, where the thin film
annealed at 600 °C with smallest average particle size of
65 nm has the greatest amount dye adsorption of 1.18 x

107 mol cm™ 2. However, the increment in dye adsorption does
not correspond with the values of IPCE as in Table 2. The thin
film annealed at 600 °C with greatest amount dye adsorption has
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Fig. 6 (continued)

the lowest IPCE value of 21%. Thus, the result indicates that
LHE is not the main factor influencing the performance of
DSSC. Other factors such as 7;,; and 7).y, are the primary factors
that affect the IPCE performance of DSSC.

The 7;,j depends on the driving force of the injected elec-
tron. In order to have an efficient 7y, the energy variation
between the lowest energy unoccupied molecular orbital
(LUMO) of N719 and the conduction band edge (Ecg) of
the semiconductor must be high. According to the UV-Vis
analysis, the Ecp of the In,O3-SWCNTs thin films can be

approximately obtained from the energy bandgap of the
Iny,O5-SWCNTSs. As observed from UV-Vis analysis (Fig. 7),
the addition of SWCNTs in In,O5 matrix modified the energy
level of the photoanodes. The decrement in bandgap is due to
the change in Ecg of the photoanodes. According to Hara et
al., the Ecg of In,O3 is 0.5 eV vs. NHE [40]. The addition of
SWCNTs in InyO5; matrix caused decrement in the energy
bandgap of the photoanodes as observed in Fig. 7. This event
causes the flat band potential (Egpg) to shift downwards to-
wards the positive potential. The positive shift of Egp

Table 3 Weight and atomic

percentage of In,O3-SWCNTs Annealing Weight percentage (%) Atomic percentage (%)
thin films temperature (°C)
In (0) C In 0] C

400 57.01 11.29 31.70 12.92 18.37 68.70
450 75.09 16.05 8.86 27.30 41.89 30.81
500 80.25 18.33 1.42 35.61 58.38 6.01
550 91.16 8.84 - 58.97 41.03 -
600 80.63 19.37 - 36.71 63.29 -
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Fig. 7 Graph of (av)* vs. hv of InyO3-SWCNTS thin films annealed at
(a) 400 °C, (b) 450 °C, (c) 500 °C, (d) 550 °C, and (e) 600 °C

increases the energy gap between the LUMO of N719 and the
CB of In,O5-SWCNTs. Therefore, smaller energy bandgap of
photoanodes favor the injected electrons with higher driving
force to the CB of the photoanode, which in turn increases the
electron injection efficiency from the LUMO of dye to the

In,O3-SWCNTs CB. The 7o is associated with the ratio of
charge transport and charge recombination that can be deter-
mined from the EIS parameters.

The result shows the IPCE curve increased from 400 to
450 °C and decreased as the annealing temperature rises.
The photoanode annealed at 450 °C exhibits the highest pho-
ton conversion efficiency of 29%. This result is supported by
the formation of cubic In,O5 structure, where Gan et al. men-
tioned that cubic In,O5; may increase the electrical conductiv-
ity and allows an efficient path for electron mobility [28]. In
addition to that, In,O3-SWCNTS (450 °C) achieved greater
value of IPCE than the surfactant modified In,O5; with 28%
demonstrated in [41]. Besides that, the photoanode achieved
the optimum thickness of 1.8 um by reducing the electron
recombination that occurs in the DSSC. The formation of
coiled pores due to addition of SWCNTS increases the poros-
ity of the photoanode allowing more photon to adsorb by the
N719 dye molecules. In addition to that, the SWCNTSs are
capable of absorbing visible light [28]. Therefore, the contri-
bution of SWCNTs to light conversion cannot be ignored.
Thus, the percentage of IPCE increased for the photoanode
annealed at 450 °C.

Furthermore, the photoanode annealed at 400 °C exhibits
23% of IPCE. Although the growth of furs on the surface of
spherical In,O5 grains may assist in efficient dye adsorption,
the performance of DSSC is still low. This is due to the low
porosity in the photoanode with compact grains and less pores
as seen in the FESEM image (Fig. 3a). The IPCE result de-
notes that the spherical In,O; grains with tiny furs adsorb large
amount of dye molecules but failed to capture the photon
energy for conversion due to low porosity of the photoanode.

Even though the photoanode annealed at 500 °C possesses
high porosity with formation of grains in a coil-like structure
leaving nanometer pores, the performance of DSSC was still
lower than that of 450 °C. This photoanode achieved the sec-
ond highest value of IPCE after the photoanode annealed at

Fig. 8 IPCE curve of In,Os-
SWCNTs-based DSSC for
photoanode annealed at (a)

400 °C, (b) 450 °C, (c) 500 °C, (d)
550 °C, and (e) 600 °C

360

410 460 510 560 610 660

Wavelength (nm)
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Fig. 9 IPCE Performance of 30
In,0;3;-SWCNTs-based DSSC
depending on morphology
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450 °C. This is due to the burning of SWCNTs above 500 °C
observed in the FESEM and EDX images. This result indi-
cates that the presence of SWCNTSs influences more on the
performance of DSSC than the porosity. The residues of
SWCNTs connected to the In,O3 grains may interrupt the
electron transport path in DSSC causing high rate of electron
recombination. Owing to that, the IPCE value may decrease at
annealing temperature of 500 °C.

Meanwhile, the photoanode annealed at 550 °C exhibits
low value of IPCE due to the minimum amount of SWCNTs
in the photoanode. The tiny pores left as former marks of
SWCNTs penetration on surface of In,O3 grains provides
small amount of porosity to the photoanode. However, the
SWCNTs play a major role than the porosity in DSSC.
Hence, the low porosity, absence of SWCNTSs, and deforma-
tion of coil-like structure caused the photoanode annealed at
550 °C display a low performance.

Moreover, the photoanode annealed at 600 °C has the low-
est IPCE. Even though the octahedron grains were formed

smoothly without tiny pores as a result of former marks of
SWCNTs penetration and large surface area due to formation
of small particles and has the greatest amount dye adsorption
(1.18 x 10~ mol cm™?), yet the DSSC performance was low.
This is due to the absence of SWCNTs with the lowest poros-
ity causing less photon conversion that may inhibit and de-
crease the performance of DSSC.

Photovoltaic performance

Figure 10 shows the J-V curve of In,03-SWCNTSs
DSSC annealed at various annealing temperatures.
Table 4 shows the photovoltaic performance of annealed
In,O3-SWCNTs DSSCs. The photocurrent density (Jg.)
is the maximum current density value achieved when
the cell is short circuited. The open circuit voltage
(Vo) is given by the potential difference in the electro-
lyte. The fill factor (FF) is defined as the ratio between
the maximum cell output power and the product of V.

Fig. 10 J-V curves of In,O5- 9
SWCNTs-based DSSC after
annealed at 400, 450, 500, 550,
and 600 °C

Photocurrent density, J,, (mA/cm?)
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Table 4  Photovoltaic performances of In,O3-SWCNTs-based DSSC

Annealing temperature (°C)  Ji. (mA/em?) Voo (V) FF 7 (%)
400 6.78 0.48 031 1.00
450 7.52 0.51 036 141
500 5.12 0.43 032 0.71
550 422 0.37 035 0.56
600 4.10 0.32 029 0.38

with Jg.. The energy conversion efficiency of the solar
cell was calculated by [4]:

_ Voc;;cFF 3)
where P;, is the optical power of 100 mW/cm?® under
AM 1.5.

Jse significantly increased from 400 to 450 °C and de-
creased on the following annealing temperatures as seen in
Table 4. Due to the increase of J,., the power conversion
efficiency (PCE) also increases from 1.00 to 1.41% for the
respective photoanodes. We also observed that In,O3-
SWCNTs-450 °C has the highest F/F' among the photoanodes.
Mahalingam et al. mentioned that FF is mainly affected by
internal resistance at interface of FTO/photoanode, platinum/
electrolyte, and FTO [8]. High FF in In,O5-SWCNTs-450 °C
is due to the decrease in series resistance (R,) which is de-
scribed in detail in EIS analysis. The high electron recombi-
nation rate may cause the low FF and affects the PCE in
In,03-SWCNTs-600 °C. Moreover, the In,O5 thin films with-
out the addition of SWCNTs demonstrated in our previous
work showed lower PCE of 0.21% [9]. The increment in
PCE after addition of SWCNTs indicates performance en-
hancement after addition of SWCNTSs in In,Os.

Electron transport analysis

The EIS analyzes the effect of interface modification on the
electron mobility and recombination kinetics of the DSSC.
Figure 11 shows the EIS spectra of the annealed photoanodes
with fitted curves. The EIS spectra were fitted based on a
transmission line circuit as seen in Fig. 12. The model repre-
sents the actual structure of DSSC system including resis-
tances and capacitances. The resistances consist of sheet resis-
tance (R;), substrate resistance (Rprp), transport resistance
(Ry), charge transfer resistance (R), counter electrode resis-
tance (R, and Warburg impedance (Zp). Meanwhile, the
capacitances consist of substrate capacitance (Crro), chemical
capacitance (C\,), and Helmholtz capacitance (Cpy).

R, reflects to the diffusion in the photoanode/electrolyte
interface. R corresponds to the recombination at the
photoanode/dye/electrolyte interface. The EIS data obtain-
ed from the fitted curves determines the electron lifetime
(Torp), effective rate constant (k.g), effective electron diffu-
sion coefficient (D.g), and effective electron diffusion
length (L,) and can be calculated from the following equa-
tions [42, 43].

1

- 3
" 2 e
1
ket = 4)
Teff

Rul?
Do — — 5
et RtTeff ( )
Ly = DegrTesr (6)

where fax 1s the maximum frequency of the fitted curve of
EIS spectrum and L is the length of the photoanode measured
through FESEM (Fig. 5). The electron transport parameters
obtained from the fitted EIS spectra are listed in Table 5.

(e)401.81 Hz — Fitted curve

(b) 49.5 Hz

Fig. 11 EIS spectra of In,Os- 450 -
SWCNTs-based DSSC with fitted

curves annealed at (a) 400 °C, (b) 400 +

450 °C, (¢) 500 °C, (d) 550 °C, 350 -

and (e) 600 °C
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Fig. 12 Transmission line model
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The R, values reflect the ohmic resistance of the counter
electrode [44]. The photoanode annealed at 450 °C with cubic
structure has the smallest R value of 31.7 €2, indicating that it
has higher electrical conductivity than the other photoanodes.
The R, values are increased as the annealing temperature in-
creased above 500 °C may be due to the bandgap enlargement
as seen in the UV-Vis analysis denoting that the electrical
conductivity decreased [45]. In addition, Hara et al. mentioned
that low R will cause higher driving force for electron injec-
tion and increases the 7;,; [46].

Furthermore, for a desired case of DSSC, the photoanode
should have longer electron diffusion length than the
photoanode thickness (L, >>L) and larger recombination
charge transfer resistance than the transport resistance (R >>
R,). However, the photoanodes annealed at 550 and 600 °C
shows an undesired case where the transport resistance is great-
er than the recombination charge transfer resistance (R, < < Ry).
This phenomenon is called as Gerischer impedance that causes
the injected electrons to be diffused earlier before reaching the
FTO glass substrate by the tri-iodite reaction [47]. Thus, weaker
diffusion impact than recombination impact accelerates the
IPCE performance of In,O3;-SWCNT-based DSSC.

Moreover, larger R indicates that slow recombination ef-
fect takes place inside the DSSC. Meanwhile, lower R, causes
smaller electron-hole recombination effect. The k. implies
the rate of electron recombination in DSSC. The thin film
annealed at 450 °C (cubic structure) exhibits the lowest elec-
tron recombination rate of 311.06 s ' with the greatest R
(524.74 Q) and the lowest R, (0.22 2). As mentioned above,
Neoll 18 associated with the ratio of charge transport and charge
recombination. High charge collection efficiency is obtained
when electrons are injected with large driving force to the CB

Cu

of the photoanode with high electron injection efficiency from
the LUMO of dye to the In,03-SWCNTs CB as seen in
Scheme 1. The charge collection efficiency can be calculated
by the following equation [42].

R
eall = <1R_t) x 100 (7)

ct

Table 2 shows the charge collection efficiency of the
photoanodes. The values of 7., corresponds accordingly to
the values of IPCE in the order of 450 °C > 500 °C > 400 °C >
550 °C> 600 °C. The result reveals that large 7, leads to
greater 7.0 The result also indicates that the performance of
DSSC does not solely depends on the light harvesting effi-
ciency (LHE) but on other factors as well such as electron
recombination rate, electron lifetime, diffusion effect, and
driving force of injected electron. The photoanode annealed
at 550 and 600 °C showed undesired cases for DSSC as the
transport resistance is higher than the recombination resis-
tance (R.). Thus, the electron resists to transport smoothly
as it is more prone to recombine at the back contact due to
the low resistance of R;.

Besides that, the presence of SWCNTs in the photoanode
also strongly influences the recombination kinetics in the
DSSC mechanism. The photoanodes annealed above 500 °C
showed greater electron recombination rate where the k. de-
creased from 400 to 450 °C and increased from 500 to 600 °C
due to the burning of SWCNTs above 500 °C as observed in
the FESEM images (Fig. 3). Although the maximum amount
of dye adsorbed is by the photoanode annealed at 600 °C, it
showed the smallest R.; with the highest electron recombina-
tion rate of 2524.97 s~'. This result reveals that even though

Table 5  Electron transport properties of the fitted EIS data

Temperature (°C) L(um)  fiax (Hz) Ry () R (Q) R () Tefr (mS) ke (s Degr (em®s™") L, (um)
400 1.9 123.5 86.51 367.11 33.80 1.29 776.07 0.00012 3.95
450 1.8 49.5 31.70 524.74 0.22 3.21 311.06 0.0189 78.14
500 1.5 102.8 71.55 401.35 12.21 1.55 645.99 0.00069 10.32
550 09 331.6 66.98 63.68 228.52 0.48 2083.77 0.00015 2.76
600 04 401.81 87.44 42.97 123.77 0.40 2524.97 0.00003 1.12
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Scheme 1 Morphology-
dependent electron recombination
rate

Fast electron

@
recombination

Medium electron Slow elf,clr.on
T recombination
recombination

the octahedron structure (600 °C) was able to adsorb more dye
molecules, the poor electron injection efficiency increased the
electron recombination rate and decreased the charge collec-
tion efficiency. On that account, the IPCE value of the In,Os-
SWCNTs (600 °C)-based DSSC decreases to 21% (Table 5).

Moreover, the cubic structure-based photoanode (450 °C)
increased electron lifetime (3.21 ms) and effective diffusion
coefficient (0.0189 cm? s ') in the cell, and thus improves the
IPCE performance of the DSSC. In addition, the D in-
creased from 400 to 450 °C and decreased on the following
annealing temperatures where the SWCNTs tend to burn. The
result signifies that the presence of one-dimensional tube of
SWCNTs promotes injected electrons to diffuse smoothly to-
wards the electrode. Hence, large D, enables to slow down
the recombination rate and increases the charge collection
efficiency of the DSSC. Therefore, the cubic structure-based
photoanode (450 °C) exhibited better electron transport with
larger driving force on injected electron (7;y;) that decreased
the electron recombination rate and electron lifetime and sub-
sequently increased the charge collection efficiency (7cop)-
Consequently, the IPCE performance of DSSC was enhanced.

Conclusion

In conclusion, the morphological properties of In,O3-
SWCNTs for DSSC application were successfully studied.
The performance of In,O;-SWCNTs-based DSSC strongly
depends on the annealing temperature. The FESEM result

reveals the morphology transition of In,O5 grains from spher-
ical to cubic and then to octahedron as the annealing temper-
ature increases. The addition of SWCNTs forms a coil-like
structure with nanometer pores in the thin films. This coil-like
structure with pores increases the porosity in the thin film.
The photoanode annealed at 450 °C exhibited the highest
IPCE of 29% owing to its high porosity with greater amount
of pores, large surface area with small particle size, and opti-
mum thickness. Although the photoanode annealed at 500
and 550 °C has high porosity, the diminishing SWCNTS
due to burning interrupted the electron transport and caused
high electron recombination rate in the DSSC. The
photoanode annealed at 600 °C showed the lowest perfor-
mance of 21% of IPCE denoting to the absence of
SWCNTs and compact grains with low porosity. However,
the IPCE value does not solely depend on the dye adsorption
of photoanodes but the 7;,; and 7)coy. Smaller energy bandgap
of photoanodes favors the injected electrons with higher driv-
ing force to the conduction band (CB) of the photoanode,
which in turn increases the 7, from the LUMO of dye to
the In,O3-SWCNTs CB. Besides that, the absence of
SWCNTs above 500 °C caused the energy bandgap to in-
crease and leads to lower driving force of injected electrons.
Therefore, the cubic structure-based photoanode (450 °C) ex-
hibited better electron transport with larger driving force on
injected electron (greater 7;,) that decreased the electron re-
combination rate and increased electron lifetime and subse-
quently obtained larger 7., Hence, the IPCE performance of
DSSC was enhanced.
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