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ABSTRACT: The preparation of flexible electrode, including working electrode Anode (CE) Cathode (WE)
(WE) and counter electrode (CE), for dye-sensitized solar cells (DSSCs) utilizing )

metal oxides using environmentally friendly sustainable TEMPO-oxidized cellulose h Cs
nanofibers (TOCNTFs) is reported in this work. A new type of flexible electrode for o umo £ >
the DSSCs, which were made of cellulose nanofiber composites with nickel 3le Iy ‘ ’ o
hydroxide [CNF/Ni(OH),] substrate films and cellulose nanofiber composites = I- ’ ) 9
with polypyrrole (CNF/PPY). Nickel hydroxide, Ni(OH),, has been prepared 9 ) . x
hydrothermally in the presence of TOCNFs, [TOCNF@Ni(OH),]. Similarly, the z i\ 9
conductive polymer substrate has also been prepared from a composite consisting 8 HOMC‘) Va

of TOCNF and PPY, TOCNF@ PPY film, by means of polymerization for the CE. = HOMG }\h'f

Overall, the prepared electrodes both WE from CNF/Ni(OH), substrates and CE Electrolyte N\

from the TOCNF@PPY substrate film were revealed as the novelty of this work N719  C-dots NO

and which no one has introduced previously. Although NiO nanoparticles (NPs)
coated on the Ni(OH),/TOCNF electrode also produced a good power conversion efficiency, PCE (0.75%); nevertheless, the NiO
NP treatment with carbon dots boosted the efficiency up to 1.3%.

1. INTRODUCTION Recently, cellulose is becoming a smart material owing to
applications in various fields like electronics, bioadhesives, and
gas sensors.”” " Biodegradability, as well as the functionality

of organic materials when forming hybrids with inorganic

The most important consideration when creating a new energy
generation system is renewable energy.' > It is one of the
systems or approaches being used to address the problems of

energy scarcity and environmental pollution. Based on their materials, are the other advantages of cellulose.”*** Presently, a
superior advantages in terms of electricity performance, dye- flexible poly(ethylene terephthalate) (PET) substrate is
sensitized solar cell (DSSC) devices hold the greatest promise employed to prepare a working electrode (WE) after they
for resolving energy crises and resolving climatic/atmospheric have been coated with numerous semi-conductive substances
issues while also being environmentally friendly and afford- and coupled with platinum foil as working and counter
able.””® But one of the problems with technology today is the electrodes (CEs), respectively, to produce new flexible
use of a bulky expensive nonelastic glass substrate in DSSCs. DSSCs.”* Nevertheless, because non-biodegradable PET
The nanostructure of material is used for better performance substrates are unfriendly to the environment, the use of natural
with respect to bulk materials.” Traditionally, indium tin polymers, such as cellulose, is more advanced and encouraged
oxide, for which its components indium element is scarce on because this biopolymer is plentiful on the Earth, cheap, widely
earth, and the production of the electrode results in some air available, viable, and good for the environment.*® In this case,

pollution.'” Nowadays, the majority of researchers concentrate
on adapting the technology to a flexible substrate because of its
lightweight, cost-efficiency, and metal sheet."' ™" In fact, the

the flexible electrode composed of cellulose nanofiber (CNF)
film can be lighter and more comfortable to carry, allowing it

DSSCs have inspired researchers due to their low cost, -

flexibility, ease of material preparation, and deposition at room Received: January 18, 2023 Ao

temperature.'*~"? Specifically, in such a case, the flexible Acce?ted‘ Apr?l 10, 2023 i)

electrode can assembled conveniently into a small electrode. Published: April 22, 2023 0N
Thus, from the flexible materials, cellulose is the most ]

abundant organic polymer on earth, and it is an inexpensive, —

widely available, and environmentally friendly polymer.*’~**
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to be used in place of commercially available flexible
electrodes. The development of new kinds of flexible films,
namely, the CNF film made from sustainable wood pulps, has
been resisted.”"””> Nevertheless, by incorporating conductive
materials, the non-conductive cellulose film can be converted
into a conductive substrate and utilized as a flexible
electrode.””**™*° CNF films can be used to embed active
polymers, metal oxides, and carbon materials. So that the
conductive film has been prepared and used as electrode
devices, such as in flexible supercapacitors, fuel cells, solar cells,
and so on.”” In this study, CNF films containing metal oxides
(NiO) and carbon dots (C-dot) were compared to the energy
conversion of flexible nanocomposite DSSCs containing NiO
nanoparticles (NPs) and NiONPs@C-dots. As a result, this
study will pave the way such that CNF films will be applicable
for both WE and CE using a biodegradable method, such as
the flexible electrode, and be applied for DSSCs.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of TOCNF. The TOCNF has been
processed as previously reported.”® The wet wood pulps of
(1 g) have been soaked and dissolved in water (100 mL),
which also contains sodium bromide (0.1 g) and TEMPO (16
mg). TEMPO-mediated oxidation has been overdone with
sodium hypochlorite (NaClO, 12 wt %, 130 mL) added to the
cellulose pulp. Dropwise additions of sodium hydroxide (0.1
M) and hydrochloric acid (0.1 M) were made to the
suspension pulp to initiate the reaction, and the maintained
pH value was changed to 10 to functionalize. The pulp was
continuously stirred for 24 h at 300 rpm and room
temperature. As a result, the TEMPO-oxidized cellulose
pulps were extracted, purified and thoroughly washed with
water using a centrifuge at 6000 rpm for 10 min. The
suspension’s pH level eventually reached 7.”°% Sodium
borohydride (1 g, NaBH,) has been added to the gel of
TEMPO-oxidized cellulose pulps, which was suspended in
water, in order to slow down the reaction (500 mL). So, the
mixture was stirred for 8 h at 300 rpm at room temperature.
Similar to how reduced TEMPO-oxidized cellulose gel was
purified, the suspension was washed with water and
centrifuged for 10 min at 6000 rpm. The pH of the suspension
was then risen to 7. As a result, we refrigerated the TEMPO-
oxidized CNF (TOCNF) dispersion for 24 h at 4 °C. In water,
TEMPO-oxidized cellulose gel (0.4 wt %) was present (60
mL). For the purpose of preventing suspension overheating,
the dispersion was sonicated using ultrasonication with a half-
inch probe in an ice bath for 80 min. During the procedure, the
ultrasonicator’s tip was inserted into the ice-bath-cooled
dispersion.

2.2. Synthesis of Nickel Hydroxide [Ni(OH),]. Nickel
hydroxide [Ni(OH),] were synthesized using the hydro-
thermal method (see in Figure 1) at 140 °C.*>*' Nickel
chloride (NiCl,, 0.387 g) and different concentrations of
sodium carbonate (NaCO;, 3.669, 3.42, 3.145, 2.948, 2.66, and
2 M) were dissolved in deionized (DI) water (40 mL) and
sonicated for 20 min. Then, continuous magnetic stirring took
place for 10 min to disperse homogeneously at room
temperature. The green color solution was kept in the
autoclave and heated at 140 °C for 6 h. After the complete
reaction of 6 h in an autoclave, it is cooled down to room
temperature and filtered using a 0.2 um cellulose acetate
membrane and is cleaned well using DI water. Ni(OH), is

NaCO; o
NiCl, NaCO, ° °

Stirring for 10min Autoclave

—_—
At 140°C for 6hrs

+

In 40mI/H,0

Sonicate for|25 min

Centrifuging

Figure 1. Synthesis process of Ni(OH),.

converted to NiO nanowires (NWs) by calcinating at specific
temperatures.

2.3. Synthesis of TOCNF and Polypyrrole. At first, the
TOCNTF solution (0.4 wt %, 1S mL) appears to be a gel that
was taken (poured) into a Petri dish and dried completely in
an oven at 40 °C. The dried TOCNF film should be cut (2 X 2
cm?), then pyrrole monomers should be dropped on it (120
uL). The TOCNF film should then be shaken for 3 min while
being turned over in the ice bath. Ammonium persulfate (APS,
204 mg) was dissolved in hydrochloric acid and then
polymerized in situ (7 mL, 1 M). In order to add these
solutions dropwise to the TOCNF@polypyrrole film
(TOCNF@PPy) (see in Figure 2) that was in an ice bath,

$<((\\‘<\ Pyrrole

g —>
dropwise

Washing using H20,
and dried at ambient
temp.

unyeys g

3

Figure 2. Preparation of TOCNF@PPy film.

the mixture was kept in place for 3 h to allow for the reaction
to occur. After the reaction, the film was rinsed with water and
ethanol to remove the extra compound and finally dried in air.

2.4. Synthesis of NiO NPs and NiONPs@C-Dots. The
calcination method was used for the synthesis of NiO NPs.*
C-dots were synthesized by the hydrothermal method.*’ C-
dots at an EDA/CA molar ratio of 1:1 were dispersed in water
under 15 min sonication. Separately, NiO NPs were dispersed
in water and sonicated for 15 min. Then, the two dispersions
were mixed and stirred. The solid was collected by
centrifugation, washed, and then dried in a vacuum oven at
40 °C for 3 h.

2.5. Measurement and Assembly of the Electrode for
DSSCs. The TOCNF-Ni(OH),/NiONP and TOCNF-Ni-
(OH),/NiONP@C-dot films that were created for the WE in
DSSCs. These films were dried at room temperature before
being cut into (2 x 2 cm?). N719 dye (40 yL, S mM in
ethanol) was applied to the (1 X 1 cm” film region and allowed
to dry for 15 min at room temperature before being used as the
WE to absorb light. As a CE of TOCNF-PPy film 2 X 2 cm*
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was also prepared. As a result, the CE of TOCNF-PPy film and
WE of TOCNF-Ni(OH),/NiONP or TOCNEF-Ni(OH),/
NiONP@C-dot films have been assembled together. Redox
electrolytes were injected (filled) in the area of 0.3 M KI, 0.05
M 12, and 10 mL of acetone nitrate solvent (1 X 1 cm?*). The
J—V curve for DSSC measurement was completed using a blue
(430 nm) light source of a light-emitting diode.

3. RESULTS AND DISCUSSION

3.1. Structural and Surface Morphology of NiONPs
and NiONPs@C-Dots. The X-ray diffraction (XRD) curve for

o
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Figure 3. (a) XRD curve of NiO NPs and NiO NPs@c-dot NPs, (b)
XPS survey of NiO NPs and NiO NPs@c-dot NPs, (c) high-

resolution curve of Ni 2P peaks, and (d) high-resolution curve of O
1S peak.

Figure 4. (a) TEM image of NiO NPs, (b) TEM image of NiO
NPs@c-dots, (c) SEM image of NiO NPs, and (d) SEM image of
NiO NPs@c-dots NPs.

NiONPs and NiONPs@C-dots are shown in Figure 3. The
peaks and the peak positions are in relatively good agreement

with the previously reported cubic phase structure of NiO NPs,
which correspond to the wurtzite structure of NiO. The peak
positions appearing in the XRD curve can be readily indexed as
(111), (200), (220), (311), (222), and (300) crystal planes of
the bulk NiO, respectively. All these diffraction peaks can be
perfectly indexed to the face-centered cubic (FCC) crystalline
structure of NiO, not only in the peak position but also in their
relative intensity of the characteristic peaks, which is in
accordance with that of the standard spectrum (JCPDS, no.
04-0835). The XRD pattern shows that the samples are single
phase and no other impurity distinct diffraction peak except
the characteristic peaks of FCC phase NiO was detected. This
result shows that the physical phases of the NiO NPs have
higher purity prepared in this work. More insights on the
information about the electronic structure and composition of
nickel (Ni), oxygen (O), and carbon (c) are obtained by XPS
analysis, which is shown in Figure 3b. Wide XPS survey spectra
reveal the presence of Ni and O in NiO samples, while Ni, O,
and C in the NiO@c-dot sample. The high-resolution and de-
convoluted peaks of Ni 2p are shown in Figure 3c.
Characteristic Ni 2p (Ni 2p;/, and Ni 2p,,) peaks appeared
at strong twin peaks, which are corresponding to Ni—O and
Ni—OH bonds, respectively.***> The high-resolution O 1S
peak is shown in Figure 3d. The O 1S peak is de-convoluted in
three peaks. The first one (O1) is observed at 529.3 eV, which
is associated with Ni—O. The second peak (O2) is recorded at
531.2 eV, which is due to Ni-OH/C=0. The O3 peak is
observed at 533 eV, which is attributed to [OH(H,0)/C—
OH].*®

The representative transmission electron microscopy
(TEM) images of NiO NPs and NiO@c-dots are shown in
Figure 4ab, respectively. TEM analysis of the products
provided information on the size and morphology of NiO
NPs and their state of agglomeration. It can be seen from
Figure 4a that the NiO NPs had spherical shapes and were well
dispersed with a smooth surface and uniform size. Few small
particles aggregate into secondary particles because of their
extremely small dimensions and high surface energy. SEM
images of NiO NPs and NiO@c-dots NPs are shown in Figure
4c¢,d, respectively. As revealed in Figure 4d, the SEM image of
NiO NPs@c-dot NPs has similar morphology with of NiO
NPs, which was assigned to by addition of C-dots the
morphology of NiO NP has been not influenced.

3.2. BET Analysis NiONPs and NiONPs@C-Dots.
Nitrogen (N,) adsorption—desorption isotherms of NiO NPs
and NiONPs@C-dots are shown in Figure Sa. The specific
surface area was analyzed using the Brunauer—Emmett—Teller
(BET) method and the pore diameter and volume were
determined using the Barrett—Joyner—Halenda method. Pore
size distributions (PSD) of NiO NPs and NiONPs@C-dots
are shown in Figure Sb. The BET parameters (in m’/g, nm,
and cm®/g) obtained from N, adsorption and desorption have
been evaluated at 77 K. The surface area of NiO@C-dots was
higher than that of NiO, in the P/P, range at 56.65 and 32.31
m?*/g, respectively, whereas the pore sizes obtained were 9.93
and 21.38 nm, for NiONPs@C-dots and NiO NPs,
respectively. As a result, the aforementioned PSD indicates
that the NiO NP layer are mesoporous. The appearance of the
adsorption hysteresis loop is compatible with the IV (a) type
curve. This hysteresis loop type represents the pore structure
of the adsorbent. Its hysteresis loops are of type H3. It is
indicated that it is made of mesoporous materials. The pore
sizes of NiIONPs@C-dots and NiO NPs were observed to be
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Figure S. (a) N, adsorption—desorption isotherms of NIONPs@C-dots and (b) PSD dV/d(logD) (red for NIONPs@C-dots, black for NiO NPs).
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Figure 6. FTIR curve of TOCNF, Ni(OH),, TOCNF-Ni(OH),/
NiONPs, and TOCNF/Ni(OH),/NiONPs@C-dots.

9.93 and 21.38 nm, respectivelgr, which are consistent with the
findings in TEM pictures.””** C-dots have a higher surface
area than metal oxides due to its particle size being less than 10
nm. This means for a particle size being reduced, a surface area
would have been high. The high surface area was more
effective to accumulate and keep the charge-absorbed light.
3.3. Fourier-Transform Infrared Spectroscopy. Infra-
red absorption spectra were obtained and analyzed to
recognize the portion of molecules/functional groups of the
TOCNEF, Ni(OH),, TOCNE/Ni(OH),@NiONPs, and
TOCNF/Ni(OH),/NiO NP@C-dots. The Fourier-transform
infrared (FTIR) spectrum of pulp (TOCNF) has been shown

in Figure 6 and Table 1. A characteristic absorption band of
the O—H stretching mode of vibration at 3462 cm™" and C—H
(stretching) at 3928 cm ™!, while antisymmetric and symmetric
COO~ stretching appeared at 1614 and 1398 cm™/,
respectively. Furthermore, the band apgpearing at 1150 cm™
was attributed to C—O—C stretching.” Both 1614 and 1398
cm ™! confirmed the new introduction of the carboxylate group
after the oxidation of pulp. Three Ni(OH), peaks have
appeared at 3392, 1624, and 447 cm™!, which have been
attributed to O—H (stretching), O—H (bending), and Ni—O
(stretching). The original peaks of Ni(OH), and TOCNF have
appeared in correspondence with the TOCNF/Ni(OH),@
NiONPs and TOCNF/Ni(OH),/NiONP@C-dot film. Thus,
the reaction between TOCNF and Ni(OH), has confirmed,
which is a vital issue to make more wires. However, the new
absorption band does not appear after the TOCNF, and the
Ni(OH), were composed together.

3.4. CNF Film Surface Treated Using Octadecylamine.
Basically, when octadecylamine (ODA) was applied onto
TEMPO-CNFs, it resulted in higher thermal stability and
reduced residue from the CNF. It can convert the carboxyl
group to an amidation group, which means it can change
surface optical properties. To modify the surface of the CNF,
first EDC (1.53 mg) and NHS (0.92 mg) were dissolved in 2
mL of DI water and stirred for 20 min at room temperature.
Simultaneously, ODA (2.2 mg) was dissolved in 2 mL of
isopropyl alcohol and then stirred for 20 min. The dried CNF
film (2 X 2 cm*) was cut and dipped in the solution of EDC
and NHS after 1 hr. The CNF film was washed to remove
excess amount of EDC and NHS. Continuously, the ODA
solution was added dropwise on the CNF film treated by EDC
and NHS and was kept for 3 h. After the completion of the

Table 1. FTIR Absorption Bands of TOCNF, Ni(OH),, TOCNF/Ni(OH), @NiONP, and TOCNF Ni(OH),/NiONP@C-

Dots”
assignment and peak distribution Ni(OH), TOCNF/Ni(OH),@NiONP TOCNE/Ni(OH),/NiONP@C-dots TOCNE
O—H(s) 3392 3424 3434 3462
C—H, (s) 2942 2923 2928
O-H 1623(b) 1621 1627 1614
C=0(s) C=0(s) COO~(y)
C—H(b) 1374.99 1376 1398
COO™ (8)
C-0(s) 1024 1025 1149
C-0-C (s)
Ni—0(S) 447 420 414

“Stretching = s; antisymmetric stretching = y; symmetric stretching = §; bending = b.
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Figure 7. Contact angle of modified CNF at d/t weight of ODA (A) 2.2, (B) 3.3, and (C) 4.4 mg.
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Figure 8. Transient photocurrent responses of (A) CNF@Ni(OH), film at the different masses of nickel chloride (NiCl,, as the precursor) (B).
CNEF,,,4/ITO NP at different weights of ODA (a) 2.2, (b) 3.3, and (c) 4.4 mg.

reaction, the film was washed by isopropyl alcohol and then
dried at room temperature. The hydrophobicity of the
modified CNF film was confirmed via the contact angle
measurement using eq 1, and it is demonstrated in Figure 7.
Thus, at different weights of ODA, a higher contact angle was
revealed at 3.3 mg of ODA, which is attributed to the good
hydrophobicity.

0=2 arctan(ﬁ) =2 tan_l(ﬁ)
r r (1)

3.5. Photoelectrochemical Performance Measure-
ment. Photoelectrochemical assessment is a reliable mecha-
nism to explore the effectiveness of electron and hole charge
separation. Also, to investigate the properties of charge
transfer, the transient photocurrent response has been
accomplished for the DSSC based on the CNF/Ni(OH),
substrate for the flexible electrode. Typically, it performs visible
light irradiation to study the materials’ charge-transfer
properties, and the results obtained are shown in Figure 8A.
The photocurrent response of different substrates has been
measured and revealed in Figure 8A(a). First, using the 2.948
M/12.5 g concentration of sodium carbonate (Na,CO,) with
the different masses of nickel chloride (0.2, 0.3, 0.387, 0.442,
0.5, and 0.6 g) and 15 mL CNF film, the transient
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photocurrent responses have been investigated to have further
evidence for the photocurrent response mechanism/behavior.
The CNF@Ni(OH), film with Na,CO; (12.5 g) and NiCl,
(0.387 g) shows higher transient-photocurrent responses than
the other, which shows good photoconducting behavior of the
semiconductors. Therefore, the CNF@Ni(OH),-prepared
electrode can be attributed to the incorporation of NiONP
and NiONP@C-dots, which are known for their semi-
conductor behavior. But, after the surface modification of
CNF was done via the mediated ODA system, the photo-
current response of a CNF modified with different contents of
ODA (2.2, 3.3, and 4.4 mg) were revealed with a different
result. It suggested that when the carboxyl functional group of
CNF is transferred to the amidation functional group due to
the ODA effect, it influences the surface and optical properties
of the CNF. Thus, the photocurrent response of unmodified
CNF film has increased two times, as revealed in Figure
8B,B(a), which will have also been expected to enhance the
power conversion efficiency (PCE) of unmodified CNF
substrates. The lower photocurrent response of CNF@
Ni(OH), substrate and CNF,4/ITO NP suggested that it
has lower light harvesting abilities and less charge separation
because of its transmittance and smoothness being lower than
that of ITO/glass or ITO/PET substrates.
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As shown from the CV curve in Figure 9a, the conductivity
of the composite film consisting of PPy and TOCNF
conductive polymers was tested and had a maximum current
of 1.84 mA/cm’ at the potential window between —0.6 and 1
V, which has a remarkable replacement of Pt electrode after
modification. The different concentrations of pyrrole also
influenced the conductivity of the conductive polymer, as seen
in Figure 9b. The 200 uL is effective when added to TOCNFs
to increase the conductivity of the TOCNE/polypyrrole
(PPY). As a result, after the modification of PPY conducting
polymer by the TOCNF film, the possibility to prepare a
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flexible CE for photoelectrochemical applications in DSSCs
has been confirmed. The Nyquist plot of electrochemical
performance was carried out at 10 mV of amplitude and 1—100
Hz range of frequency, as revealed in Figure 9c. The numerical
values of charge-transfer resistance (R,) of NiO NW and
Ni(OH), were founded 23.02 and 24.3Q, respectively, which
was coated on the ITO glass. As seen from the below result,
the charge-transfer resistance of Ni(OH), is almost the same as
NiONW on the ITO glass substrate. Therefore, the result
recommended that Ni(OH), has semiconductive character-
istics. On the other hand, the TOCNF/Ni(OH), substrate was
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Figure 11. DSSC performance of NiO NPs (blue) and NiO NPs@C-
dots (red) based on the CNF/Ni(HO), substrate.

evaluated for its charge-transfer resistance as a substrate of a
WE for DSSCs instead of ITO glass; after NiO NP and
NiONP@C-dots have been deposited on, the charge-transfer
resistances obtained were found to be 43.51 Q and 32.03,
respectively (see in Figure 9d. However, the charge-transfer
resistance of NiONP was found to be 21.45 Q for the
nonflexible electrode system based on ITO glass. Compara-
tively, the charge transfer of TOCNF/Ni(OH), was 1.5 times
higher than that of NiONPs based on the ITO glass substrate,
suggesting that higher charge-transfer resistance decreases the
conductivities of the electrode because it is assumed that the
TOCNF film is a complete insulator. This factor may have
lowered the PCE of the NiONP based on the TOCNE/
Ni(OH), flexible substrate.

3.6. Current—Voltage Measurement Performance of
DSSC. The ITO-free flexible WE consisting of a composite of
TOCNE/Ni(OH), substrate for photovoltaic properties of
DSSCs has directly been tested to assess its PCE (7). As
displayed in Figure 10, the highest performance of PCE of the

flexible electrode is very low when compared to the value of
NiO NPs, which were deposited on ITO glass. Because the
TOCNF/Ni(OH),@NiO NPs show a small light-photo-
current conversion and higher charge-transfer resistance, it
implied that Ni(OH), is more remarkable for the transfer of
charges in the process of TOCNEF/Ni(OH)j,.

Moreover, our current results 1.3% PCE is very competitive
compared with the recently reported output of NiO NPs based
on ITO glass.“’25 Therefore, it is recommended that a flexible
electrode prepared from the composite of TOCNF/Ni(OH),
substrates is available for DSSCs as the WE. As shown in
Figure 11 and Table 2, the parameters of DSSC, I, V, and
PCE (n %), have been demonstrated and calculated,
respectively. The PCE obtained for NiO NP and NiO NP@
C-dots were 0.22 and 1.45% when using CNF/Ni(HO), as the
substrate.

The PCE of NiO NPs was synergistically increased when the
C-dot was added. It was clearly discussed in our earlier work. It
was suggested that the C-dot could improve the PCE of the
DSSC by facilitating charge separation, which would increase
the performance of the solar cell.

However, DSSC’s PCE utilized a flexible electrode, ITO/
PET is typically smaller than that based on a non-flexible
electrode, and the p-type PCE based on ITO/PET DSSCs is

Table 2. DSSC Performance of NiO NP@C-Dots Based on the CNF/Ni(HO), Substrate as the Photocathode at Different wt %

of NiONP@C-Dots

NiONP@C-dots (wt %) Joc (mA cm™)
0 0.480 + 0.04
15 0.574 + 0.02
25 0.576 + 0.02
30 0.575 + 0.01
50 0.526 + 0.05
75 0.480 + 0.04
85 0.119 + 0.03

V,, (V) FF n %
0.460 + 0.02 0.342 + 0.04 0.75 + 0.02
0.495 + 0.04 0.439 + 0.04 1.247 + 0.04
0.501 + 0.05 0.440 + 0.02 1.27 + 0.03
0.500 + 0.04 0.450 + 0.01 1.30 + 0.10
0.501 + 0.01 0.409 + 0.03 1.07 + 0.03
0.473 + 0.02 0.341 + 0.04 0.77 + 0.02
0.353 + 0.04 0.310 + 0.02 0.13 + 0.04
15255 https://doi.org/10.1021/acsomega.3c00383
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Table 3. Photovoltaic Efficiencies of Flexible DSSCs Made of Various Materials Are Compared

materials CE
ZnO graphite
ZnO
ZnONP@Cdot Pt-PPy/TOCNF

NiO/C-dots TOCNEF/PPY

WE PCE (%) refs
PET 0.45 S0
ITO/PET 1.31 S1
ZnONW/Cdot/TOCNF 1.34 29
Ni(OH),/TOCNF 1.3 present

especially smaller than that of based on n-type ITO/PET
DSSCs. DSSCs with a non-flexible electrode are still
significantly different from the DSSC with flexible electrodes.

Scheme 1 depicts a p-type DSSC in detail, with the WE
(cathode) being made of Ni(OH),@TOCNE/NiONPs/C-
dot/dye elements. The electrons are excited from the ground-
state highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) when visible light is
shone on a sensitizer (LUMO). The sensitizer then introduces
an electron generated into the electrolytes, where it undergoes
a redox reaction between electrolytes (I;7/I”), moving from
the CE (anode) to the WE (cathode) via an open load. The N-
doped in the C-dots generates the creation of a new surface
energy state which is assigned to boost the performance of
DSSCs.™

The PCE value of the substrate-based NiO(OH),/TOCNF
film WEs was 1.3% (see Table 3). This value was greater than
the WEs made of PET at 0.45%. In addition, the 1.3% PCE of
the NiO@C-dot-based NiO(OH),/TOCNEF film substrate
was nearly identical to that of the corresponding flexible
FDSSCs using a commercial ITO/PEN film. However, as
illustrated in Table 3, the Ni(OH),/TOCNF-based flexible
substrate used in flexible solar cells is less effective than the
ITO/PET film substrate and therefore, further development is
anticipated. The PCE of these FDSSC is nearly identical to the
recently reported PEC value of 1.31% ITO/PET-based
substrate by Zhang and Konno.”””"

4. CONCLUSIONS

A flexible electrode from CNF/Ni(OH), and CNF@PPY
substrates as the WE and CE was successfully prepared using
the simple method. These electrodes established for DSSCs
with CNF/Ni(OH), as a substrate of a WE and CNF@PPY as
a CE mounted together have obtained 0.75% PCE with the
NiO NP semiconductor. Though, its PCE has increased from
0.75 to 1.3% once the C-dots were added to NiO NP and has
been deposited on the CNF/Ni(OH), substrate, respectively,
using a sensitizer (N719, 20 uL). The result is significantly
improved to 1.3% after the C-dot (12.5 wt %). Nevertheless,
the CNF/Ni(OH), PCE substrate based on flexible solar cells
is considerably lower than that of the ITO/PET flexible
electrode because we cannot fully regulate its thickness,
uniformity, and transparency. So that it has resisted the
generation of photocurrent density, which can reduce DSSC
PCE performance. Nevertheless, it has revealed encouraging
outcomes for FDSSCs. The newly discovered TOCNE/
Ni(OH), substrate has been investigated for FDSSC electro-
des.
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