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In this study, titanium dioxide/multiwall carbon nanotube and silver na-
noparticles (TiO,/MWCNTs/Ag) nanocomposite is employed as photoanode
incorporated with polypyrrole/sodium dodecyl sulphate (PPy + SDS) coun-
ter electrode 1 (C;) and polypyrrole/sodium dodecyl sulphate/multiwall
carbon nanotube (PPy+ SDS+ MWCNT) counter electrode 2 (C,) as low-
cost counter electrodes compared with a platinum counter electrode to
construct dye-sensitized solar cells (DSSCs) using Ru-based dyes Z907,
pomegranate dye, arugula dye, and hibiscus dye as a photosensitized one.
The working electrode composite is deposited on a transparent-conducting
F:Sn0O, (FTO) glass substrate by a thermal chemical spraying technique
and, then, anchored with dyes, while the counter electrodes are prepared
by the electropolymerization method. The structural and optical properties
and interconnectivity of the materials within the composite are investi-
gated thoroughly through various characterization techniques x-ray dif-
fraction (XRD), Raman scattering, field-emission scanning electron mi-
croscopy (FESEM), and atomic force microscopy (AFM). Finally, the pho-
tovoltaic performances of the assembled DSSCs are tested under pho-
toirradiation (100 mW/cm?). The measured current—voltage (I-V) curve
shows that the efficiency of DSSCs in the case of Z907 dye with C; and C,
is of 2.537% and 2.453%, respectively, compared with the reference cell
based on the Pt counter electrode, which has an efficiency of 3.57%, that
indicates a good efficiency of the low-cost prepared DSSCs. The natural
dyes exhibit a moderate efficiency ranging from 1.44-0.53%.

Y mwomy mocraimpkeHHI HaHOKOMIIO3UT AioKcuy TurTany/6araToriapoBi ByT-
JereBi HaHOTPYOKM Ta HaHouacTuHKHU cpibaa (TiO,/MWCNTs/Ag) Bukopu-
cTOByBanu AK (OoToaHOAY, 06’eqHaHy 3 mpotuenaektpopoio 1 (C;) mouimi-
poa/mopenuicyiabdar "Harpito (PPy+ SDS) Ta nmporuenextponoro 2 (C,) mo-
Jimipos/momenuicyabdar HaTpito/0araToCTiHHI ByrJeleBi HaAHOTPYOKU
(PPy +SDS + MWCNT) sK HeZoOpoTMMU ITPOTHEJEKTPOJaMH IOPiBHAHO 3
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IJIATUHOBOIO IIPOTHUEJIEKTPOI0I0 AJIsI CTBOPEHHS ceHcuObisrizoBaHMX MO OapB-
HukKa coHauHux ejgemeHTiB (DSSCs) 3 Buropucranaam 6GapBHukKa Z907 Ha
ocuoBi Ru, rpanaToBoro 6apBHUKA, OapBHUKA-PYKOJU, OapBHUKA-TiOiCKyCy
AK (oToceHcubinmizaTopie. Pobounii eeKTPOAHUE KOMIIO3UT OYB HaHECEHUMH
Ha IIPO30pPY HPOBinHY cKJIAHY migkgagmHiKy 3 F:SnO, (FTO) meTomom Tepmi-
YHOTO XEeMiUHOTO HAaIlOPOINeHHS, a IOTIiM 3aKpillieHuii O0apBHMKAMU, TOZL
AK IIPOTHUEJeKTPOAU OyJM IIiATOTOBJIEHI METOZOM eJIeKTpOomoJiMepuaaii.
CTpYKTYpHi ¥ ONTUYHI BJACTHMBOCTI Ta B3a€MO3B’SA30K MaTepidAgiB y cKJIami
KOMIIOBUTY PETEJHHO AOCTiAKEHO 3a MOIIOMOIOI0 Pi3HMX METOXiB BU3HAUEH-
HS XapaKTepUCTUK PeHTTreHiBchbKoi audpakirii (XRD), kombiHaIifiHOTO PO3-
CigHHSA, ©TOJBOBOI eMicifiHOI cKaHyBaJbHOI e€JIeKTPOHHOI Mikpockomii
(FESEM) Ta atomuo-cuyoBoi mikpockonii (AFM). Hapermiri, ¢oToenekTpuy-
Hi xapakTtepuctuku 3iopanmx DSSCs 6ysio mepesipeno mim miero ¢oroompo-
minerHa (100 mBr/cm?). Bumipana BoabT-ammepHa kKpusa (I—V) mokasye,
mo edertTuBHicTh DSSCs y Bunmaaky Gapsuuka Z907 3 C, i C, craHoBmia
2,537% 1 2,453% BiATIOBiZHO TMOPIBHAHO 3 €TAJOHHOI KOMipKOIO Ha OCHOBi
Pt-nmporuenexkrpoau, Axka Mae edpexkTuBHicTh y 3,57%, a Ie cBiguuTh IIpPO
xoporry edpeKTUBHICTL Hegoporux BurotoBneHux DSSCs. Harypanabhi 6aps-
HUKHY IIOKAa3ajau NOMipHY epeKTuBHicTh y Mmexax 1,44—-0,53%.

Key words: TiO,, silver nanoparticles, MWCNT, Z907, SDS, PPy, dye-
sensitized solar cell.

Karouosi cmoBa: TiO,, mHanouactuHku cpibma, MWCNT, Z907, SDS, PPy,
ceHcubiTizoBaHWil 10 GapBHUKA COHAYHUI €JIEeMEHT.
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1. INTRODUCTION

Due to its low cost, simple manufacturing process, and greener de-
sign, dye-sensitized solar cells (DSSCs) have undergone extensive
research as a substitute energy source. A DSSC is made up of a
glass substrate covered with a transparent conducting oxide layer,
an electron-transporting mesoporous metal oxide layer, dye, electro-
lyte, and a counter electrode. Generally, the spectral sensitization
of wide bandgap semiconductors like TiO, is used in DSSCs to con-
vert visible light into electricity,TiO, continues to be the most
promising semiconductor discovered so far for DSSCs [1]. Natural
dyes employed in DSSC as sensitizers are less expensive than syn-
thetic dyes, although their stated efficiencies are fairly poor [2].
Tennakone et al. first proposed the idea of a dye-sensitized solid-
state solar cell in 1988, and later O’Regan and Gritzel reported an
efficiency of 7.1% and a current density greater than 12 mA-cm?”
for DSSC in which I'?/I" redox couple and TiO, were used as liquid
electrolytes, respectively.

Nazeeruddin et al. later reported the maximum efficiency of
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11.1% [3].

The performance of DSSCs is nonetheless hampered by the relax-
ation of oxidized dye and recombination processes linked to the
charge carriers. Utilizing a doped TiO, electrode is one of the alter-
nate methods to lessen the aforementioned issue in DSSCs. It is ob-
vious that dopant materials affect features such as conduction band
energy, charge transit, recombination, and collection of charge car-
riers by narrowing the bandgap and increasing the charge traps of
TiO,. While many different dopants, including transition metals,
alkali earth metals, non-metals, and rare earth elements, have been
used, the incorporation of transition metals into TiO, results in the
formation of a wide variety of new energy levels because the par-
tially filled d-orbitals of transition metals close to the conduction
band (CB) are responsible transition metal Ag have been used as do-
pant in TiO, [4].

H. Hwang et al. [5] developed the efficiency of TiO, Photoanode
using the surface plasmonic effect of silver nanoparticles (NPs) and
the high electron mobility of CNTs with Pt counter electrode. The
TiO,/CNT composite working electrode with 0.5 wt.% CNTs had
increased efficiency over that of the conventional pure TiO, work-
ing electrode. Finally, a two-fold higher efficiency than the conven-
tional working electrode was achieved by using a TiO,/Ag/CNT
composite working electrode. This greater efficiency may be caused
by the synergism between the surface plasmonic effect of the silver
nanoparticles and the high electron mobility of the MWCNT net-
work. This cell was use as reference cell in the current study.

As alternative cost-efficient materials, various counter electrode
(CE) materials including carbon-based materials, conducting poly-
mers, sulphides, nitrides, and carbides have been integrated into
DSSCs.

Polypyrrole (PPy) has attracted much research attention due to
its high conductivity, low cost, large electrochemical surface area,
and good electrocatalytic activity for I;-reduction enabling applica-
tion in electronics, catalysis, energy storage, and sensing [6, 7]. Wu
et al. [8] have prepared PPy nanoparticles and applied as CE cata-
lyst in DSSC sand got remarkable power conversion efficiency.

The combination of surfactant with polypyrrole tends to be im-
proved the counter electrode properties. Sodium dodecyl sulphate
(SDS) surfactant and MWCNT are expecting to achieve better catalytic
activity and device performance. Introduction of SDS surfactant addi-
tive significantly enhances the photovoltaic performance [9].

At present study and as alternative cost-efficient DSSCs, we at-
tempted to study the effect of merge both Pt/Ag/MWCNT as work-
ing electrode and PPy/SDS as counter electrode with different types
of dye.
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2. MATERIALS AND METHODS
2.1. Materials

All materials and solvents used were obtained from commercial
sources: titanium dioxide TiO, (97% , PanReac), silver nanoparticles
Ag (299.9%, QSI, Nano), multiwall carbon nanotube MWCNT
(98.9%, Sigma Aldirch), ethanol (299.8%, Honeywell), pyrrole
(99%, Sigma Aldirch), Perchloric acid (99.9%, THOMAS BAKER),
sodium dodecyl sulphate SDS (>299%, Sigma Aldrich), Iodide (=94%,
Sigma Aldirch), potassium iodide (99%, Sigma Aldirch), ethylene
glycol (97%, BrecelonaEspan), ruthenium complex dye Z907 (95%,
Ossila), tert-butanole (99%, Sigma Aldirch), acetonitrile (99.8%,
Sigma Aldrich).

2.2, Methods
2.2.1. Preparation of TiO,/Ag 2.0 wt.%/MWCNT 0.5 wt.%

The purified MWCNTs were dispersed in ethanol (> 99.9% purity)
using a sonicator for 30 min, and the well-dispersed MWCNTs were
then separated from the solution by centrifugation for 3 min. Silver
nanoparticles (QSI-Nano; > 99.9% purity, 20-40 nm in diameter)
and TiO, were added to the prepared MWCNTSs solution via ultra-
sonication.

Photoanode was fabricated using the prepared TiO,/Ag/MWCNT
composite solution with 140 ml ethanol. Firstly, the prepared
TiO,/Ag/CNT composite solution was spray on a fluorine-doped tin
oxide FTO glass substrate using the thermal chemical spraying
method then thermally sintered at 500°C for 2 hours, modified [5].

2.2.2. Preparation of Counter Electrodes

Electrochemical polymerization of PPyl onto FTO glass was carried
out in a deionized (DI) water containing 4 drops of perchloric acid
(HClO,), 0.1 M pyrrole monomer, 0.1 M sodium dodecyl sulphate
(SDS) as an anionic surfactant and by using the potentiostatic
method by applying a potential value of 0.8 V for 30 sec.

In the case of PPyl/ MWCNT CEs, we used 0.01 g of MWCNT in
addition to the previous mixture. Prior to the film deposition, the
solution was stirred for 3 h in an ice bath and then purged with ni-
trogen. A three-electrode system was used with FTO glass as work-
ing electrode, Pt sheet as counter electrode, and Ag/AgCl as refer-
ence electrode for electrochemical polymerization, modified [9].
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2.2.3. Preparation of Pomegranate Dye

In this research, pomegranate extract was used as a dye. This raw
material was collected from the local market and washed to reduce
the dust particles. The pure juice was extracted by hand grinding
method was applied on pomegranate. The extracted dye was filtered
through the net and then filter paper to obtain clear dye [10].

2.2.4. Preparation of Hibiscus Leaf Extract Dye Solution

10 g of hibiscus leaves was mixed with 160 ml of deionized water
and leave it for a 6hours , Then 10 ml of ethanol and 10 ml of di-
lute acetic acid were added to the mixture, stirred for an hour at
room temperature after which it was filtered [11].

2.2.5. Preparation of the Chlorophyll Dye by Arugula Leaves
(Fresh)

60 g of Arugula is crushing using mortar into small size 100 ml of
ethanol is added into the Arugula and is placed into the ultrasonic
for 30 minutes with the frequency of 37 Hz using Degas mode for
extracting chlorophyll process. After that, enter the solvents into a
centrifuge for 25 minutes with 5000 rpm [12].

2.2.6. Preparation of Z907 Dye

0.3 mM of Z907 dye was prepared in 1:1 mixture of acetonitrile
tert-butanol, where the electrodes are immersed for 20 hours [13].

2.2.7. Preparation of Electrolyte

The iodide solution is prepared by dissolving 0.127 g iodine (I%) in
10 mL of ethylene glycol to which 0.83 g potassium iodide (KI) is
added, stirred and stored in a dark container [14].

2.3. Fabrication of DSSCs

The fluorine-doped tin oxide (FTO) coated conducting glass was
used as the current collector. It was cleaned initially with soap wa-
ter and subsequently with distilled water and ethanol using an ul-
trasonic bath. Then, the synthesized TiO, nanomaterial was made
into solution by mixing with silver nanoparticles, multiwall carbon
nanotube and ethanol and coated on FTO by the thermal chemical
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spraying technique. Then, the coated glasses were soaked in 0.3 mM
solution of Z907 dye in acetonitrile/tert-butyl alcohol for 24 h. The
dye-coated Ru-doped TiO, electrode and Pt counter electrode were
used to assemble the cell and I®/I electrolyte was used as redox
electrolyte.

2.4. Characterization

The structural properties of the synthesized nanomaterials were
studied by the x-ray diffraction method. A Raman spectroscopic
study was carried out using a laser confocal Raman microscope. The
optical absorbance spectra were recorded using DRS spectrophotom-
eter. The elemental composition of the synthesized nanomaterials
was analysed by the energy-dispersive x-ray spectroscopy technique.
Current—voltage (I-V) characteristics in the illumination were
measured as well as surface pours by FESEM. The effective area of
the photoelectrode was 0.25 cm?. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out on the DSSCs using
MetrohmAutolabpotentiostat.

3. RESULTS AND DISCUSSION
3.1. XRD of Films

X-ray diffraction spectroscopy is used to determine some structural
properties such as crystalline phase and crystalline size. The crystal
size can be calculated by the Debye equation:

D=F\/BcosH, (1)

D is crystal size rate; K—the form factor, whose value is usually

0.9; A—the wavelength of x-rays, which has a value of 0.154056;

B—the total width is half of the greatest height; 6—deviation angle.
Crystal layers are also calculated by Bragg’s law:

d=n\/BcosO, (2)

d is the spacing between the crystal planes; n represents an integer
a1, 2, 3, ..).

The x-ray diffraction (XRD) pattern of anode (TiO,, MWCNT and
Ag) revealed that the highest peak of MWCNT appeared at 27.33°.
Based on the results, it can be concluded that surface functionaliza-
tion has little effect on the average d-spacing [15]. The strongest
diffraction peaks, located at 38.14°, corresponded to anatase TiO,.
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The anatase structure also accounted for the peak at 51.73°, while
the peak at 55.44° was attributed to the rutile structure. These re-
sults indicate that the primary crystal phase of the TiO, nanoparti-
cles was anatase with trace amounts of rutile phases present in the
sample. The broad peaks in the XRD pattern indicated that the par-
ticles were in the nanometer se range and did not contain any con-
taminants. The TiO, NPs were found to have a tetragonal anatase
structure with trigonal planar and octahedral geometry, which is
consistent with previous studies in the literature survey [16, 17].
The XRD pattern also shows a prominent peak at 62.02°, indicat-
ing the presence of green-synthesized Ag NPs with a face centred

Fig. 2. XRD patterns of Cathode 1.
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cubic structure (f.c.c. structure). The average crystalline size of the
silver nanoparticles was estimated using the Debye equation [18].

For Cathode 1, the x-ray diffraction patterns revealed the pres-
ence of multiple distinct peaks, indicating the presence of SDS as
crystalline materials. These peaks were found to have characteristic
diffraction angles of 4.5° and 8.9° [19]. On the other hand, the
XRD pattern of the PPy exhibited a broad peak at 29.8°, suggesting
that it was amorphous in nature [20].

To determine the structural properties of Cathode 2, x-ray dif-
fraction (XRD) analysis was conducted. The XRD pattern showed
two peaks at 25° and 45° corresponding to MWCNT a broad peak
centred at a characteristic angle, indicating the presence of amor-
phous carbon material. The most prominent diffraction peak in the

éf s R
Fig. 3. XRD patterns of Cathode 2.
TABLE 1. X-ray diffraction variables for electrodes.
Compound 20, degree d, A FWHM D, nm Intensity I/I, %
27.3397 3.25947 0.1596 17.9 36
38.1484 2.35715 0.2112 44 76
Anode 1
(Ti0,, MWCNT, Ag) 51.7375 2.16237 0.3168 26.3 105
55.4402 2.03216 0.4224 19 199
62.0249 1.49508 0.3168 28.9 52
Cathode 1
(PPy, SDS) 29.8069 2.99505 0.1732 57.5 3532
hode 2 35.3015 2.54045 0.2598 37.3 797
Cathode 50.6211 1.80177 0.2598 39.3 1628

(PPy, SDS, MWCNT)
32.2251 2.77560 0.1732 57.9 778
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XRD pattern of PPy is usually observed around 20 = 20°. This peak
corresponds to the interplanar spacing between the polymer chains
and is indicative of the degree of ordering in the material. Thus, it
can be concluded that the amorphous character of carbon dominates
in the MWCNTs/PPyl nanocomposite. Moreover, the shift in the
position of the XRD peaks of the fabricated nanocomposite indi-
cates the successful formation of the MWCNTs/PPyl nanocompo-
site [21]. The x-ray diffraction patterns revealed also the presence
of multiple distinct peaks, indicating the presence of SDS as crys-
talline materials. These peaks were found to have characteristic dif-
fraction angles of 4.5° and 8.9° [19].

3.2. Field-Emission Scanning Electron Microscopy (FESEM)

The displayed images in Fig. 4 are FESEM pictures. Raw MWCNTs
tend to collect together like bundles due to the van der Waals forces
between the tubes. The FESEM pictures of the MWCNTs/TiO, and
Ag nanocomposites show that the CNTs were linked to semi-spheres
of TiO,/Ag NPs with varying diameters. Chemical oxidation using
powerful oxidizing agents led to severe etching of the graphitic sur-
face of the tubes, resulting in a significant number of disordered
sites. However, the MWCNTSs’ structure remained intact even after
being coated with TiO,/Ag NPs, as evidenced by the aforementioned
findings. The FESEM pictures at different magnifications revealed
the presence of uniformly distributed, spherical nanoparticles of
TiO,/Ag NPs [22].

The typical structure of aggregates is evident on the surface fac-
ing the opposing electrode, as depicted in Fig. 5. Despite undergo-
ing several scans, the surface has developed numerous fissures, re-
sulting in an increase in electroactivity due to the increased surface
area resulting from the fractures. The polymer surface has degrad-

Fig. 4. FESEM images of photoanode.
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Fig. 6. FESEM images of Cathode 2.

ed, and the extended potential scan has caused the loss of multiple
active spots [23].

To investigate further, the surface carbon and oxygen levels of
the PPy/SDS—-CNT electrodes were measured using FESEM. The
cross-sectional FESEM images demonstrate a smoothed-out surface,
with a reduced thickness of the PPy/SDS—CNT electrode. Rather
than forming a uniform plane enclosing the SDS—CNT micelles, a
cauliflower-like structure was formed [24].

3.3. Raman Spectroscopy

Figure 7 displays MWCNTs with complex spectra that can be un-
derstood by examining individual components and any potential in-
teractions within the composite. Unmodified MWCNT samples ex-
hibit two distinct peaks at approximately 1451 and 4023 cm™*, with
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Fig. 8. Raman spectrum of Cathode 1.

additional peaks at 1185 cm™ attributed to poorly structured graph-
ite or the D-band [25]. The Raman spectrum of TiO, is well-known,
with the rutile tetragonal phase containing four Raman active
modes (A4,,+ B, + By, + E,) and the anatase phase having six Raman
active modes (4,, + 2B, + 3E,) [23].

Figure 9 demonstrates two distinct anatase phase peaks at 111
(By,) and 592 (B,,) E, in TiO, nanoparticle samples, with no rutile
phase Raman peaks observed. Vibrational modes in nanoparticle
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Fig. 9. Raman spectrum of Cathode 2.

composites coated with Ag nanoparticles are influenced by the con-
nections between components resulting from chemical or physical
interactions. The phonon confinement effect may explain the wave-
number shift and/or widening of Raman peaks observed [26, 27].
Due to the high refraction index of TiO,, the surface band of Ag—
TiO, supported on CNT nanoparticles is red-shifted and widened.
The D-band and G-band of AgTiO,—CNT nanoparticle composites
display blue shifts, which can be attributed to adhesion between
Ag-TiO, nanoparticles and CNTs, as well as strain effects at the
Ag-TiO,~CNT interface [28].

The Raman spectra indicate significant dissimilarities in the
chemical arrangement of PPy SDS. Enhanced charge carrier pro-
portion in PPy SDS is manifested by intensified bands, which are
typically linked to the dictation species at 288, 1448, 4030, and
3256 cm ™' [29]. Additionally, the extent of conjugation in PPy can
be estimated by the intensity ratio of vibrations within the 1680—
2948 cm ' range. Based on this, the conjugation length in the
PPy SDS film is considerably extensive [30].

The Raman spectra of the PPy/SDS—-MWCNT electrode were ex-
amined using a wavelength of 514 nm. A significant modification
near 1000-1500 cm™' was observed, indicating that functional
groups were attached to the surface [31]. In the Raman spectra of
the PPy—-MWCNT composite films, the characteristic peak of pure
MWCNT at 1693 cm ™ is associated with the E,, mode of the graph-
ite wall [32]. It has been theoretically predicted that a single-
cylinder nanotube would exhibit an E,, mode at 1930 cm™ [33]. The
Raman spectra of the composite films displayed bands correspond-
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ing to both pure PPy and MWCNT. Additionally, the intensity of
the band located at 1451 cm™ escalated with the increase of the
MWCNT to pyrrole feeding mass ratio, indicating an increase in
MWCNT content within the composite film [34].

3.4. Atomic Force Microscopy (AFM)
3.4.1. Atomic Force Microscopy (AFM) of Photoanode

TiO, nanoparticles influence surface roughness and height metrics
including root mean square height (R,) and total height (R,). TiO,
nanoparticles may provide a somewhat rough surface with large
height variations. TiO, nanoparticles can also have an impact on
spatial characteristics like autocorrelation length (R,) and dominant
spatial wavelength (R,,). TiO, nanoparticle size and distribution
may introduce periodic patterns and influence the overall surface
structure. The TiO, coating could have an effect on the material ra-
tio characteristics (R, and R,,.).

Z.A%s - Scan forward _Polynomial fit

Pscado-color view of the surface 30 view of the sarface
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Fig. 10. AFM images of photoanode: (a) surface topography; (b) 3D view of
the surface; (c) particle analysis; (d) histogram.
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TABLE 2. AFM parameters of photoanode.

Height parameter

R, 13.67 nm Root mean square height
R, 2.861 Skewness
R,, 11.45 Kurtosis
R, 75.99 nm Total height
Max of values on: . . .
R, 59.19 nm All &, (1) Maximum hill height
Average of values on: . .
R, 59.19 nm All 4, (1) Mean hill height
Max of values on: .
R, 16.80 nm All &, (1) Maximum dale depth
Average of values on:
R, 16.80 nm All 4, (1) Mean dale depth
Max of values on: . .
R,, 75.99 nm All &, (1) Maximum height
Average of values on: .
R, 75.99 nm All 4, (1) Mean height
R, 8.312 nm Arithmetic mean absolute height
Spatial parameters
R, 492.6 nm §=0.2 Autocorrelation length
R,, 3012 nm Dominant spatial wavelength
Hybrid parameters
R,, 3.850 Root mean square gradient
R,, 1.968 Arithmetic mean absolute gradient
R, 23.30 Maximum absolute gradient
R, 14031 nm Developed length
R, 0.2231 % Developed length ratio
Material ratio parameters
R,. 100.0 % ¢=1000 nm Material ratio
mr ) below highest peak
R,. 55.09 nm p=20% Inverse material ratio

R,. 12.53 nm p=20%, ¢q=80% Profile section height difference
Feature parameters (element)

R, 1410 nm Mean width of the profile elements
R,,., 3174 nm Maximum profile element width
R,,, 845.9 nm St'andard deviation of profile element
width
R, 21.00 nm Mean height of the profile elements
R,. 68.67 nm Maximum height profile elements

A uniform and evenly distributed TiO, layer would result in a
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greater material ratio and more even TiO, distribution across the
surface [35].

On the other hand, MWCNTs may affect the height parameters
(R,, R) by introducing extra surface characteristics such as nano-
tube bundles or agglomerates. These characteristics may lead to
overall roughness and height differences.

MWCNTSs can also have an effect on hybrid parameters like root
mean square gradient (R,) and maximum absolute gradient (R,).
The presence of MWCNTs with their distinctive cylindrical archi-
tecture may cause variations in surface slope and greater gradient
values.

By introducing elongated and tubular structures to the surface,
MWCNTSs may alter the feature parameters (R,,, R;,., R,,,), result-
ing in wider and more diversified feature sizes [36].

Furthermore, Ag nanoparticles on the surface may contribute to
the height parameters (R, R,) by producing localized agglomera-
tions or clusters. These agglomerations can cause height fluctua-
tions and enhance roughness overall.

By incorporating Ag nanoparticles, the material ratio character-
istics (R,,, R,. may be influenced by introducing areas with in-
creased Ag concentration. This can cause localized differences in
material distribution and have an impact on the overall material
ratio.

By introducing extra nanoscale features or clusters, Ag nanopar-
ticles can also alter the feature parameters (R,,, R,,., R.).- These
characteristics can contribute to larger feature sizes and greater
feature width variability [37].

3.4.2. Atomic Force Microscopy (AFM) of Cathode 1

The aforementioned AFM results can be related to polypyrrole abil-
ity to generate a rough and porous structure, which can lead to an
enhanced roughness parameter such as R, [34]. Polypyrrole rough
surface shape provides for a higher surface area, which promotes
dye adsorption and facilitates charge transfer inside the cathode
[38].

Sodium dodecyl sulphate (SDS), on the other hand, is a surfac-
tant that is frequently used to change the surface characteristics of
materials. The addition of SDS surfactant to the DSSC cathode can
impact surface shape and improve film formation [39].

Surfactant molecules can improve wetting qualities and assist the
creation of a smoother, more uniform layer. This might result in
reduced surface roughness (lower R)) and smoother surface charac-
teristics, as shown by smaller changes in height metrics like R, and
R, [40].
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Fig. 11. AFM images of Cathode 1: (a) surface topography; (b) 3D view of
the surface; (c) particle analysis; (d) histogram.

3.4.3. Atomic Force Microscopy (AFM) of Cathode 2

The root mean square height (R,) and total height (R,) measures
show that PPy contributes to the overall roughness of the cathode
surface. Because of its naturally textured and irregular structure,
the presence of PPy promotes surface roughness.

The spatial parameters autocorrelation length (R,) and dominant
spatial wavelength (R,,) are likewise influenced by PPy. These met-
rics show the presence of periodic structures or recurring patterns
that can be caused by the arrangement and alignment of PPy chains
inside the cathode [41].

The material ratio parameter (R,,) indicates that PPy distributes
uniformly throughout the surface features. It means that PPy helps
to generate the surface roughness, elevations, and depressions seen
in the AFM studies.

The profile section height difference (R,.) parameter, which re-
flects the height difference between preset portions of the surface
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profile, may also be affected by PPy.

TABLE 3. AFM parameters of Cathode 1.

Height parameter

R, 51.46 nm Root mean square height

R, 0.001505 Skewness

R,, 2.018 Kurtosis

R, 213.7 nm Total height

R, 116.9 n Maxzflgjlae)s O Maximum hill height

R, 116.9 A"eragzuoic"(all;‘es O Mean hill height

R, 89.70 nm Maxzflxﬁlzlle)s O Maximum dale depth

R, 89.70 A"eragzuoic"(a‘ll;‘es O Mean dale depth

R,. 206.6 n Maxzflgjlzlle)s O Maximum height

R, 206.6 Averagzuo icv(all;l €8 O ©ean height

R, 44.00 nm Arithmetic mean absolute height
Spatial parameters

R, 1736 nm §=0.2 Autocorrelation length

R,, 9882 nm Dominant spatial wavelength
Hybrid parameters

R,, 3.359 Root mean square gradient

R,, 2.381 Arithmetic mean absolute gradient

R, 13.55 Maximum absolute gradient

R, 19025 nm Developed length

R, 0.1721 % Developed length ratio

Material ratio parameters
R 100.0 % €= 1.000 nm Material ratio
mr below highest peak
R,  77.86 nm p=20% Inverse material ratio
R, 100.4 nm p=20%, ¢g=80% Profile section height difference
Feature parameters (element)

R, 11506 nm Mean width of the profile elements

R,,. 11891 nm Maximum profile element width

R,,, 11519 nm Standar'd deviation of profile ele-

sm ment width
R, 145.7 nm Mean height of the profile elements
R 152.6 nm Maximum height profile elements
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Because of its organization and distribution inside the cathode,
PPy presence may cause changes in height across various portions
[42].

Moreover MWCNTSs contribute significantly to the roughness and
texture of the cathode surface. They contribute to the parameters
of root mean square height (R)), total height (R,), and maximum
height (R,,), resulting in a rough surface morphology.

MWCNTSs have an effect on slope variations, as evidenced by the
root mean square gradient (R,) and arithmetic mean absolute gra-
dient (R,) parameters. MWCNTs create linked networks or clusters
on the surface, introducing different slope angles.

MWCNTSs can also have an effect on the developed length (R,)
parameter, which measures the length of the surface features that
have been produced. MWCNTs can cause prolonged features or
structures that contribute to the total developed length [43].

The material ratio parameter (R,,) demonstrates that MWCNTSs
are uniformly distributed across the surface characteristics, empha-
sizing their contribution to the roughness and elevations reported
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Fig. 12. AFM images of Cathode 2: (a) surface topography; (b) 3D view of
the surface; (c) particle analysis; (d) histogram.
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TABLE 4. AFM parameters of Cathode 2.

Height parameter

R, 24.55 nm Root mean square height
R, 1.028 Skewness
R,, 3.861 Kurtosis
R, 104.1 nm Total height
Max of values on: . . .
R, 67.26 n All 2, (1) Maximum hill height
Average of values on: . .
R, 67.26 nm All 2., (1) Mean hill height
Max of values on: .
R, 36.88 n All 2, (1) Maximum dale depth
Average of values on:
R, 36.88 nm All 2., (1) Mean dale depth
Max of values on: . .
R, 104.1 nm All &, (1) Maximum height
Average of values on: .
R, 104.1 All 2., (1) Mean height
R, 18.76 nm Arithmetic mean absolute height
Spatial parameters
R, 1386 nm §=0.2 Autocorrelation length
R,, 12047 nm Dominant spatial wavelength
Hybrid parameters
R, 1.826 Root mean square gradient
R,, 1.153 Arithmetic mean absolute gradient
R, 8.645 Maximum absolute gradient
R, 19021 nm Developed length

R, 0.05095 %

Developed length ratio

Material ratio parameters

¢=1000 nm below

R,, 100.0 % highest peak Material ratio
R,. 56.73 nm p=20% Inverse material ratio
R, 31.45 nm p=20%, ¢g=80% Profile section height difference
Feature parameters (element)
R, 7555 nm Mean width of the profile elements
R,,. 7555 nm Maximum profile element width
R R, Standar'd deviation of profile ele-
amg ment width
R. 93.60 nm Mean height of the profile elements
R,. 93.60 nm Maximum height profile elements
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The metrics mean width of profile elements (R,,) and maximum
width of profile elements (R,,,) show the existence of broad surface
features, which can be linked to the presence of MWCNTSs [44].

SDS surfactant is often used to improve the dispersion and stabil-
ity of carbon nanotubes in solution, such as MWCNTs. It aids in the
uniform dispersion of MWCNTs and inhibits agglomeration during
the production process. The presence of SDS surfactant may have
an indirect effect on surface roughness and texture by influencing
the dispersion and arrangement of MWOCNTs within the cathode
[45]. From AFM results, it is clearly observed that C; has a higher
roughness (R)) and total height (R, than C,, indicating a rougher
surface with larger height variability. MWCNTs in C; may aid in
the creation of higher structures and deeper troughs, resulting in
greater surface roughness. Also, C, has a lower autocorrelation
length (R,) than C,, indicating a distinct periodicity or spatial ar-
rangement of surface features. Furthermore, the dominating spatial
wavelength (R,,) in C, is much higher, indicating the presence of
unique and larger-scale surface patterns.

The surface properties of cathodes revealed by AFM can have an
impact on their performance. A rougher surface (as seen in C;) may
provide more active areas for catalytic processes while also increas-
ing light absorption. Excessive roughness, on the other hand, can
result in higher charge recombination and decreased efficiency. The
smoother surface of C,, on the other hand, may offer superior
charge transport capabilities and lower surface-related losses.

3.5. The Photovoltaic Performance of Prepared DSSCs

The anode material (PHOTOANODE), namely, TiO,—mMWCNT-Ag
nanoparticles, plays a crucial role in enhancing the efficiency of
DSSCs. TiO, component acts as the main electron acceptor and pro-
vides a large surface area for dye adsorption provides a high sur-
face area for dye adsorption and plasmonic effects. The presence of
MWCNTs improves electron transport, while the incorporation of
Ag nanoparticles and these factors contribute to efficient charge
generation, transport, and collection, resulting in higher overall de-
vice efficiency. However, the specific impact of the anode material
may vary depending on the choice of dye and cathode materials
used in the configuration [46]. The efficiency of DSSCs can be in-
fluenced by various factors, including the choice of dye, cathode
material, and the resulting interactions between the dye, pho-
toanode, and cathode. The use of Z907 dye generally leads to higher
efficiencies compared to plant extracts. However, the choice of
cathode material can also play a significant role in enhancing the
performance of DSSCs, as demonstrated by the improved efficien-
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cies observed in configurations using C, except in the case of
PHOTOANODE + C; + Z907 DSSCs which me be attributed to syner-
gistic Interaction where the combination of C; (polypyrrole and SDS
surfactant) with Z907 dye may result in a more favourable and effi-
cient interaction between the dye molecules and the photoanode
(PHOTOANODE). This synergistic interaction can enhance the light
absorption, charge separation, and transport processes within the
DSSC, leading to improved performance and higher efficiency [47].
Moreover, the energy levels of the components in C,, including the
poly pyrrole and SDS surfactant, may be better aligned with the en-
ergy levels of Z907 dye and the photoanode material (TiO,—
MWCNT-Ag). This alignment can facilitate efficient electron injec-
tion from the excited dye molecules into the conduction band of the
photoanode, minimizing energy losses and improving overall device
performance [48]. Also, composition of C; may provide better
charge transport properties, allowing for efficient extraction and
collection of photo-generated electrons from the photoanode. This
improved charge transport can minimize electron recombination and
ensure a high current output, resulting in higher short-circuit cur-
rent (I,.) and overall efficiency [49]. Eventually, the characteristics
of C; may promote better dye adsorption and coverage on the pho-
toanode surface, ensuring a higher dye loading and maximizing
light harvesting. This optimized dye adsorption can enhance the
utilization of incident photons and increase the photocurrent, con-
tributing to higher efficiency.

In contrast, while C, (polypyrrole, SDS, and MWCNT) may pro-
vide certain advantages for specific dyes (Hab., Pom., Aru.) in
terms of charge transport or energy level alignment, it may not be
as suitable for the Z907 dye. The specific interaction between C,
and Z907 may be less favourable, resulting in lower efficiency com-
pared to the C; configuration [50].

TABLE 5. Photovoltaic properties of DSSCs with different counter elec-
trodes and different dyes.

Compounds Ve I, V ax Iox FF ’ n, %
A +C,+7907  0.807 15.1 0.72 14.1 0.833 2.537
A, +C, +Hab. 0.52 9.8 0.49 9 0.865 1.102
A; +C;+Pom. 0.252 17.6 0.24 17.5 0.946 1.04
A, +C;+ Aru. 0.326 7.6 0.3 6.5 0.86 0.535
A +Cy,+7907  0.496 24.5 0.45 21.8 0.807 2.453
A, +Cy+ Aru. 0.749 8.8 0.67 8.6 0.874 1.44
A, +C,+ Hab. 0.435 12.9 0.43 11.5 0.898 1.24

A +Cy+Pom. 0.463 13.9 0.39 12.5 0.946 1.16
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3.6. The Work Principle of DSSCs
The working principle of DSSC can be explained with the help of
Figs. 13-15.

Photosensitize absorbs electrons when light is incident on it:

Zooy + BV —> Zyy, - (1)

After that, the excitation sensitizer Z907" introduces an electron
into the semiconductor conduction band:
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Fig. 13. Current density—voltage (I-V) curves for DSSCs for counter elec-
trode C; employing different dyes.
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Fig. 14. Current density—voltage (I-V) curves for DSSCs for counter elec-
trode C, employing different dyes.
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e + _
Zoor = Zgor + €aniectea) * (2)

Now, these electrons are transferred into the upper bands, called
the conduction band of TiO,. The liquid electrolyte I~ /I* couple
helps the electrons to return to the dye through external load:

Ii‘: + 28(::0unter electrode) - 317 b4 (3)
. 3 1
Z907+_I _)Z907+_I3 ’ 4)
2 2
Z!;-O7 _'_e;iO2 - Z907 > (5)

26’;102 + I?: - 3I(_TiOz/Ag/MWCNT)' (6)

This movement of electrons creates a current [51].

In general, the composition of the photocathodes can have a sig-
nificant impact on their performance and efficiency, Cathode 1
Composition: polypyrrole, SDS surfactant, and MWCNT [52].

Polypyrrole (PPy) is a polymer with strong electrical conductivity
and electrocatalytic characteristics. It can improve charge transfer
efficiency and provide a pathway for electron transport in the pho-
tocathode [53].

SDS (sodium dodecyl sulphate) is a surfactant that is often used
to improve the dispersion and stability of nanoparticles. SDS might
help in the dispersion of MWCNT (Multi-Walled Carbon Nanotubes)
within the polypyrrole matrix in the context of PC1 [54].

MWCNTs are multilayered carbon nanotubes. They have high
electrical conductivity and can improve the photocathode’s charge
transport capabilities. MWCNTSs can also provide more surface area
for catalytic processes, potentially increasing the efficiency of the
photocathode [55].

C, is a simpler structure than C,; since it lacks the incorporation

Phot, de —}|
otoanode — Glass FTO

0 9 ) y : Dye Z907
QP MY 1i0_ 1 Ag + MWCNT

@ I'—I@; / or
- e PPy + SDS + MWCNT
FTO

electrolyte s PPy + SDS

Counter electrode —rGlass

Fig. 15. Dye-sensitized solar-cells’ scheme.
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of MWCNTSs in its composition. Polypyrrole (PPy) continues to be
the most important conducting polymer in C,, contributing to
charge transfer and electron transport mechanisms. SDS surfactant
is once again present in C, to aid in polypyrrole dispersion and sta-
bility [56].

Because carbon nanotubes have good conductive qualities, the in-
sertion of MWCNTSs in C; may improve the total conductivity of the
photocathode. This increased conductivity may allow for more effec-
tive charge transport and extraction, perhaps leading to higher ef-
ficiency than C, [57].

The presence of MWCNTs in C; may provide additional catalytic
sites for electrochemical processes, thus, boosting the catalytic ac-
tivity, and performance of the photocathode also may influence sur-
face morphology, potentially resulting in a rougher surface with a
larger surface area. This expanded surface area can improve light
absorption and charge generation efficiency. MWCNTs in C; may
affect photocathode stability due to interactions between the carbon
nanotubes and the surrounding components. However, the particu-
lar implications on stability would be dependent on the fabrication
method and component compatibility [58].

3.7. The Effect of Dyes

The choice of dyes in dye-sensitized solar cells (DSSCs) plays a cru-
cial role in determining the efficiency of the solar cell. Different
dyes exhibit variations in light absorption properties, energy levels,
and electron injection efficiencies, which directly impact the overall
performance of the DSSCs [59].

This can be explained accordingly. Z907 is a specific dye used in
DSSCs. The impact of Z907 on DSSC efficiency is as follows.

a. Light Absorption: Z907 dye has a broad absorption spectrum,
allowing it to capture a wide range of sunlight wavelengths. This
broad absorption capability increases the overall light harvesting
efficiency of the solar cell, enhancing its performance.

b. Energy Level Alignment: The energy levels of the Z907 dye are
optimized to facilitate efficient electron injection from the excited
dye molecule to the semiconductor electrode (e.g., TiO,). This effi-
cient electron injection minimizes charge recombination and en-
hances the overall efficiency of the solar cell [60].

1. Pomegranate Juice: Pomegranate juice contains natural pig-
ments, such as anthocyanins, which can serve as sensitizers in
DSSCs. The impact of pomegranate juice as a dye in DSSCs can be
as follows.

a. Light Absorption: Pomegranate juice contains anthocyanins
that can absorb a broad range of visible light wavelengths. This
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broad absorption spectrum allows for efficient harvesting of solar
radiation, leading to improved light absorption and higher efficien-
cy of DSSCs.

b. Charge Injection Efficiency: Anthocyanins in pomegranate
juice can effectively inject electrons into the conduction band of the
semiconductor (e.g., TiO,). This efficient charge injection minimizes
charge recombination, thus enhancing the overall performance and
efficiency of the DSSC.

c. Stability: The stability of pomegranate juice-based dyes in
DSSCs is a crucial factor. Anthocyanins can be susceptible to degra-
dation under prolonged exposure to light and environmental condi-
tions. Therefore, strategies to enhance the stability of pomegranate
juice dyes, such as encapsulation or chemical modification, may be
necessary to improve the long-term performance of DSSCs [61].

2. Spinach Leaf Extract: Spinach leaf extract contains chloro-
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phyll pigments that can be utilized as sensitizers in DSSCs. The im-
pact of spinach leaf extract as a dye in DSSCs can be as follows:

a. Light Absorption: Chlorophyll pigments in spinach leaves have
strong absorption in the blue and red regions of the visible spec-
trum. This absorption profile allows for efficient light harvesting
and enhances the overall light absorption capability of DSSCs.

b. Electron Injection Efficiency: Chlorophyll pigments possess
suitable energy levels for efficient electron injection into the con-
duction band of the semiconductor. This efficient electron injection
process reduces charge recombination, leading to improved device
performance and higher DSSC efficiency.

c. Sensitizer Loading and Stability: Optimizing the loading con-
centration of spinach leaf extract in DSSCs is crucial to achieve an
appropriate balance between light absorption and charge injection.
Additionally, the stability of chlorophyll-based dyes under light ex-
posure and environmental factors should be considered to ensure
long-term device performance [62].

3. Hibiscus (Roselle) Flower Extract: Hibiscus (Roselle) flower
extract contains various pigments, including anthocyanins, which
can be used as sensitizers in DSSCs. The impact of hibiscus flower
extract as a dye in DSSCs can be as follows:

a. Light Absorption: Anthocyanin pigments present in hibiscus
flowers exhibit strong absorption in the visible light region, partic-
ularly in the blue and red wavelengths. This characteristic enables
efficient light harvesting, contributing to enhanced light absorption
and improved DSSC efficiency.

b. Electron Injection Efficiency: Hibiscus flower extract dyes can
facilitate efficient electron injection into the semiconductor, pro-
moting efficient charge separation and reducing recombination.
This attribute positively influences the overall performance and ef-
ficiency of the DSSC.

c. pH Sensitivity: Anthocyanin pigments in hibiscus flower ex-
tract can exhibit pH-dependent properties. It is important to con-
sider the pH conditions during the extraction process and optimize
the pH of the electrolyte to maintain stable dye performance and
maximize the efficiency of the DSSCs [63].

4. CONCLUSION

In conclusion, the anode material, cathode composition, and dye se-
lection all have an impact on the efficiency of dye-sensitized solar
cells (DSSCs). The anode material (Ti0O,—MWCNT—-Ag nanoparticles)
improves efficiency by increasing dye adsorption surface area and
boosting electron transport. The dye used, such as Z907, is critical
in achieving effective light absorption and energy level alignment
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for electron injection. Because of increased charge transfer, extrac-
tion of photo-generated electrons, and optimal dye adsorption, the
cathode composition C; (polypyrrole, SDS surfactant, and MWCNT)
performs better with Z907 dye. Other colours, including as pome-
granate juice, spinach leaf extract, and hibiscus flower extract,
have an effect on DSSC efficiency due to their light absorption and
electron injection efficiencies. Understanding these interactions is
critical for developing high-efficiency DSSCs and moving renewable
energy technologies forward.
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