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HIGHLIGHTS

1. Ag NPs used to improve the efficiency of porphyrin-sensitized solar cells.
2. Ag@ZIF-8 core-shell NPs used to overcome the challenge of corrosion of Ag NPs.
3. The substituents of porphyrin alter the photovoltaic action of the solar cells.
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Surface plasmon resonance of silver nanoparticles (Ag NPs) was used to improve light absorption of porphyrins
in plasmon-enhanced porphyrin-sensitized solar cells (PSSCs). Porphyrins with different substituents consisting
-H, -Me, -MeO, -F, -Cl, -Br, -CO2H, -SO3sH, -NO,, and -NH; were used to study the effect of the interactions
between photoactive dye molecules and plasmonic Ag NPs on the performance of PSSCs. The obtained results
revealed that zinc tetra(4-carboxyphenyl)porphyrin and zinc tetra(4-aminophenyl)porphyrin have made the
biggest impact on the performance of plasmon-enhanced PSSCs. Computational studies were done to study the
electronic properties of porphyrin molecules with electron-withdrawing and electron-donating substituents
interacted with Ag NPs. The theoretical studies confirmed that the electronic nature of substituents of porphyrins
has a considerable effect on the electronic properties of porphyrin-AgNPs systems. In continue, Ag@ZIF-8 core-
shell NPs were prepared to overcome the challenge of corrosion of Ag plasmonic nanoparticles. The results
showed that using porphyrin-Ag@ZIF-8 systems, in many cases, the performance of PSSCs is increased relative to
corresponding porphyrins but is decreased relative to porphyrin-AgNPs systems.

1. Introduction

Dye-sensitized solar cells (DSSCs) showed high power conversion
efficiency (PCE) up to 14% [1]. By using abundant and non-toxic ma-
terials and the low cost of fabrication processes, they are attractive solar
energy conversion technology [2-7]. Covering wide band gap semi-
conductors by the light harvester molecules in conjunction with elec-
trolytes are all the components needed to achieve considerable
solar-to-electric PCE using DSSCs [8-10]. By co-sensitization of wide
band gap semiconductors by light harvester dyes it is possible to access
noticeable absorption spectra of light [11]. In efficient co-sensitization
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of semiconductor by dye, some properties are essential for selected
dyes; each dye could be able to be absorbed strongly on semiconductor
surface and their molecules must be capable to transfer charge effi-
ciently into the semiconductor. Their recombination must be low, and
their regeneration can be done with the redox couple [12,13]. PCE of
15% will be accessible using I /I3~ redox couple, if DSSCs can absorb
about 80% of the light of solar spectrum from 350 to 900 nm [14,15].
The surface coverage as well as molar extinction coefficient of the
sensitizing dye and the total surface area of the semiconductor film are
determining keys for light absorption in DSSCs. The sensitizing dye has
mostly been made from ruthenium-based complexes [16]. Although,
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molar extinction coefficients of Ru-based dyes are generally low, but
their absorption spectra are fairly broad. To address this issue, organic
dyes with considerable molar extinction coefficients are developed
recently [13]. Unfortunately, some organic dyes showed the narrow
spectral bandwidths. Therefore, introducing new systems in which
co-sensitization of semiconductor could considerably improve the effi-
ciency of solar cells are important [17-21]. Light absorption is done by
the dye molecules in DSSCs and the electron transport occurs in the
nanostructured TiO. In DSSCs, the light absorption and charge trans-
port do not take place in the same material; so, the absorption of light
and collection of charge carriers may be affected in opposite ways by
applying different changes in the solar device [22]. By changing dyes
and employing light absorbers in DSSCs, light harvesting or carrier
collection can be improved. Therefore, efforts to find more practicable
approaches to improve the device performance without altering other
properties of DSSCs has been continued [3]. Recently, surface plasmon
resonance (SPR) of metal nanoparticles (MNPs) has showed unique
capability to improve light absorption in semiconductor
nanostructure-based light-harvesting assemblies of DSSCs with minimal
effect on other efficiency factors of device [23-29].

Plasmons in metallic structures (known as plasmonics) are the col-
lective oscillations of free electrons as the result of their response to
incident waves [30-32]. It is reported that the coupling of plasmonic
nanoparticles (PNPs) with semiconductor nanostructures of DSSCs
would change the photovoltaic behaviors of light-harvesting assemblies
[27,29,33,34]. Studies showed that the role of PNPs in
plasmon-enhanced DSSCs are based on various possible reasons; for
example, improved light absorption of PNPs as a result of their
light-trapping effects, effective charge separation due to localized elec-
tromagnetic field of PNPs, improved electron transfer to the adsorbed
species, and the effects of electron storage to drive the Fermi level to
more negative potentials [23,35]. Since the marriage between semi-
conductor and PNPs in which PNPs is contacted directly with the dye
and the electrolyte, recombination of photogenerated carriers and
corrosion of PNPs by electrolytes is occurred, core-shell nanostructures
of PNPs have been applied to address these issues [36,37]. In this work,
we combine the use of porphyrins and silver nanostructures and the
effect of plasmonic nanoparticles, to study the light harvesting of dyes in
conjunction with plasmonic nanoparticles in porphyrin-sensitized solar
cells (PSSCs). In continue, Ag@ZIF-8 core-shell NPs were prepared using
the shell of ZIF-8, a type of zinc-based zeolitic imidazolate framework to
overcome the challenge of recombination of photogenerated carriers
and corrosion of PNPs. Also, ZIF-8, as highly porous MOF, can act as the
scattering layers of photoanodes in PSSCs and prevent the penetration of
light beyond the photoanode to increase the efficiency of the prepared
cell.

2. Experimental methods
2.1. Materials

Pyrrole (C4HsN, >97.0%), the required benzaldehyde derivatives
(benzaldehyde (C;HgO, >99.0%), 4-methylbenzaldehyde (CgHgO,
>97.0%), 4-methoxybenzaldehyde (CgHgO2, >98.0%), 4-fluorobenzal-
dehyde (C;HsFO, >98.0%), 4-chlorobenzaldehyde (C;HsClO,
>98.0%), 4-bromobenzaldehyde (C;HsBrO, >98.0%), 4-nitrobenzalde-
hyde (C;HsNOs3, >98.0%), and terephthalaldehydic acid (CgHgOs,
>98.0%)), terpineol (CjpoH180, >80.0%), zinc acetate dihydrate
(C4Hg04Zn.2H0, >99.0%), sodium hydroxide (NaOH, >97.0%), so-
dium hydrogen carbonate (NaHCOs, >99.5%), and tetrapropyl ortho-
titanat (Cy2Hog04Ti, > 98.0%) were purchased from Merck. Ethyl
cellulose was purchased from Aldrich. All solvents (propionic acid,
acetic acid, methanol, ethanol, acetone, acetic anhydride, chloroform,
acetonitrile, and tert-butanol), concentrated HCI, concentrated sulfuric
acid, and concentrated NH4OH were obtained from Aldrich or Merck
and used without further purification. FTO substrates, Pt paste, and
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standard iodine based electrolyte were obtained from Sharif-Solar
(IRASOL). Surlyn was purchased from SUNLAB. Titanium oxide nano-
powder (TiO,, anatase, 99+%, 10-25 nm) was obtained from US
Research Nanomaterials, Inc.

2.2. Synthesis and characterization of meso-tetraphenylporphyrin
derivatives (HoTXPP) and zinc meso-tetraphenylporphyrin derivatives
(ZnTXPP)

The porphyrins HoTPP, HoT(Me)PP, HyT(MeO)PP, HoT(F)PP, HyoT
(CHPP, HoT(Br)PP, and HyTCPP were prepared by the methods
described in the literature (Scheme 1) [38-40]. Briefly, propionic acid
(30 mL) was brought to boil and the corresponding benzaldehyde (4.0
mmol) was added. In continue, a fresh solution of pyrrole (4.0 mmol) in
propionic acid (10 mL) was added to the prepared solution, dropwise.
The mixture was refluxed for 1.5 h. After cooling to r.t., it was crystal-
lized in the refrigerator overnight. The resulted product was filtrated
and then the black solid residue was washed with hot water and meth-
anol several times. Using Soxhlet methanol extraction, the purified
H,TXPP was obtained. Then, it was dried at r.t.

HoTSPP was synthesized using HyTPP by previously reported
methods (Scheme 1) [41,42]. Briefly, HoTPP (3.25 mmol) was added to
the 20 mL of concentrated sulfuric acid and grounded together until a
homogenous paste was obtained. After the addition of 50 mL of conc.
H3S04, the mixture was heated at 110 °C for 4 h and then allowed to
stand at r.t. for 48 h. The prepared solution was filtered and the resulted
filtrate was diluted carefully by the addition of distilled water. The ob-
tained bright green precipitate was further purified by methanolic
ammonia and acetone.

The preparation of H,TNPP and H,TAPP is done based on the re-
ported method (Scheme 1) [43]. p-nitrobenzaldehyde (73.0 mmol) was
added to the stirring solution of acetic anhydride (12.0 mL) in propionic
acid (300 mL). The resulting solution was brought to reflux. Then, a
fresh solution of distilled pyrrole (73.0 mmol) in propionic acid (10.0
mL) was added. The stirring mixture was refluxed for 30 min. The re-
action mixture was allowed to cool and stand for 24 h in the refrigerator.
After filtration, the dark solid was washed with distilled water and dried
at r.t. Finally, the black produced powder was added to the stirring so-
lution of pyridine (80.0 mL) and refluxed for 1 h. The reaction mixture
was cooled to r.t. and then stored in the refrigerator overnight. The
mixture was filtered and the residual solid was washed repeatedly with
acetone to obtain pure HoTNPP. HoTAPP was synthesized using the
reduction of HyTNPP as a starting material. For this purpose, a solution
of HyTNPP (2.50 mmol) in concentrated HC1 (100 mL) was prepared
under the bubbling of Ar for 1 h. A solution of SnC15.2H20 (40.0 mmol)
in concentrated HC1 (15 mL), which was bubbled with Ar, was added to
the prepared solution. The final mixture was heated (water bath, 80 °C)
under stirring for 30 min. The hot-water bath was carefully replaced by a
cold-water bath and then an ice bath. Neutralization of the solution was
done under Ar by the slow addition of concentrated NH4OH. The crude
product was filtered and the greenish solid residual was stirred vigor-
ously with a solution of NaOH (5%). After filtration, the HyTAPP was
washed with H,O, dried. At the end, Soxhlet extraction with chloroform
was performed to obtain pure HyTAPP.

Metalloporphyrins ZnTPP, ZnT(Me)PP, ZnT(MeO)PP, ZnT(F)PP, ZnT
(CDPP, ZnT(Br)PP, ZnTSPP, ZnTNPP, and ZnTAPP were synthesized by
the previously described approaches (Scheme 1) [39,44,45]. In brief,
ZnTXPP was prepared by the reaction of HoTXPP (1.0 equivalent) with
zinc(Il) acetate dihydrate (1.2 equivalent) in methanol for 3-4 h.
Finally, metalloporphyrins were filtered, washed, and dried at r.t. In the
case of ZnTCPP synthesis [46,47], after filtration the product of reaction
consisting of HyTCPP and 1.2 eq of Zn(OAc),.2H30, the crude product
was washed with methanol and dried, and then was dissolved in the
aqueous solution of sodium bicarbonate (1.0 M). ZnTCPP product was
precipitated with dropwise addition of a 1.0 M acetic acid solution. After
filtration, the final product was washed with distilled water and
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Scheme 1. Synthesis of H,TXPP and ZnTXPP derivatives.

methanol and dried at r.t.
The NMR and UV-Vis data related to the synthesized porphyrins are
provided in the electronic supplementary information (ESI).

2.3. Hybrid nanostructure synthesis

The procedure described by Murphy et al. was used to prepare AgNPs
and ZnTXPP-AgNPs hybrid nanostructures [48]. In brief, to the solution
of silver nitrate in deionized (DI) water (125 mL, 1 mM), a solution of
sodium citrate (5 mL, 47 mM) and citric acid (5 mL, 52 mM) in DI water
was added with vigorous stirring. The vigorous stirring is continued for

15 min, then, the dropwise addition of sodium borohydride solution
(0.9 mL, 130 mM) in DI water was done. ZnTXPP-AgNPs was prepared
by mixing an ethanolic solution of ZnTXPP with Ag nanoparticles in
water. For this purpose, ZnTXPP powder was dissolved in ethanol,
sonicated for 30 min, and stirred for 4 h to prepare an ethanolic solution.
Finally, hybrid nanostructures were prepared using the mixing of the
prepared ethanolic media by an aqueous suspension of Ag NPs.

To prepare the Ag@ZIF-8 core-shell system the previously reported
method was used [49,50]. In brief, three solutions including the Ag NPs
(0.16 mg mLfl, 500 mL), Zn(NO3)3.6H20 (0.278 M, 10 mL), and
2-methylimidazole (0.556 M, 10 mL) were prepared. MeOH was used as
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the media. The three prepared solutions were mixed and the reaction
media was magnetically stirred for 3 h by keeping the temperature at
15 °C. After that, the reaction media was left a side without stirring to
give enough time for the growth of the ZIF-8 on the surface of the Ag
NPs. The obtained Ag@ZIF-8 NPs were separated by using centrifuga-
tion. The obtained NPs were washed by MeOH four times and then dried.
To prepare the ZnTXPP-Ag@ZIF-8, the solution of the ZnTXPP and
Ag@ZIF-8 NPs in the EtOH were mixed. The stirring of the mentioned
mixture was resulted the ZnTXPP-Ag@ZIF-8.

2.4. Pastes and photoanode preparation

The photoanode was fabricated by previously reported procedures
[51-54]. The transparent TiO5 paste consisting a mixture of TiOp NPs
(20 nm), ethyl cellulose, terpinol, and acetic acid in ethanol was pre-
pared and followed by stirring and sonicating. The reflector TiO, paste
was prepared with the same method using 300 nm TiO4 NPs. Fluorinated
tin oxide (FTO)-on-glass substrates (15 Q/cm?) were cleaned by washing
with detergent and sonicating in DI water, HCI (0.1 M), acetone, and
ethanol for 20 min, respectively. The FTO glasses were dried under
flowing N3 gas. The cleaned FTO substrates were soaked into titanium
isopropoxide (Ti(i-pro)s, 40 mM) solution at 50 °C for 30 min to form a
compact TiO; layer. After that, the substrates were rinsed with DI water
and ethanol and dried. After the preparation of viscous white TiOg
pastes, the transparent paste and reflector paste were printed onto the Ti
(i-pro)4-treated FTO glasses by the doctor-blading method, respectively.
The prepared anode was gradually heated in a muffle furnace under air
flow at 125 °C (15 min), 325 °C (5 min), 375 °C (5 min), 450 °C (15 min),
and 500 °C (30 min) to the TiO5 layers be annealed. The annealed TiO,
layers were once again treated with 40 mM Ti(i-pro)4 solution at 50 °C
for 30 min, as previously described. The prepared anode was rinsed with
DI water and methanol and sintered at 500 °C for 30 min in a muffle
furnace. After cooling to 80 °C, the prepared photoanode was immersed
into 0.5 mM dye solution in a mixture of acetonitrile/tert-butanol (vol-
ume ratio, 1:1) and kept at room temperature for 16 h. Washing the
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physically-adsorbed dye molecules.

2.5. Fabrication of DSSCs

To prepare the Pt counter electrode, FTO substrate with drilled holes,
was washed with the same method as used for the working electrode.
The Pt paste was printed onto cleaned FTO-glass by doctor blade
method. The prepared paste was annealed at 460 °C for 15 min in a
muffle furnace under atmosphere. For fabricating DSSCs, the dye-
adsorbed TiO, electrode and counter electrode were assembled into a
sandwich-type cell using a 50 pm thick thermoplastic spacer (Surlyn)
with an open area of 0.25 cm?. The photoanode was sealed to counter
electrode by heating at 120 °C for about 90 s. An acetonitrile solvent-
based electrolyte, composed of 0.05 M iodine, 0.1 M lithium iodide,
0.6 M 1,2-dimethyl-3-propylimidazolium iodide, and 0.5 M 4-tert-
butylpyridine, was injected into the cell and sealed with a piece of the
Surlyn spacer (Fig. 1).

2.6. Characterization

The optical absorption characteristics of the plasmonic NPs, the
synthesized dyes, and hybrid nanostructures were evaluated using a
Shimadzu UV-2100 spectrophotometer. Scanning electron microscopy
(SEM) observations were carried out on a scanning electron microscope
(TESCAN Vega Model). All samples were sputtered with gold before
observation. Transmission electron microscopy (TEM) characterization
was performed using LEO 906 transmission electron microscope (Zeiss,
Germany) at 100 kV acceleration voltage. X-ray photoelectron spec-
troscopy (XPS) analysis was carried out using Thermo Fisher Kalpha
instrument with Al Ko Monochromatic (1486.68 eV). Impedance studies
were carried out using IviumStat instrument. NMR spectra were recor-
ded on a Bruker Spectrospin Avance 400 spectrometer 400 MHz;
chemical shifts are reported in parts per million (ppm).

Photovoltaic measurements were performed under illumination
generated by an AM 1.5 solar simulator (Fan Daghigh Kosar, SIM2002)
with a 300 W xenon lamp and an air-mass 1.5 global filter. The power of

Electrode

Cathode

,’/ R 8 TiO, NPs
e

@ : Dye (ZnTXPP, ZnTXPP-AgNPs, ZnTXPP-Ag@ZIF-8)

Fig. 1. Schematic representation of PSSCs.
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the simulated light was calibrated to 100 mW/cm? (1 SUN) by using a
reference silicon solar cell. The J-V curves were obtained by applying an
external bias to the cell and measuring the generated photocurrent with
a Fan Daghigh Kosar model IV2000 digital source meter. The voltage
step and delay time of the photocurrent were 15 mV and 1 s,
respectively.

3. Results and discussion

To prepare Ag NPs, to the vigorously stirring solution of AgNOs,
sodium citrate, and citric acid in DI water, an aqueous solution of NaBH,4
was added dropwise. Growth of the plasmon peak was monitored by
UV-Vis absorption spectrophotometry and obtained data are presented
in Fig. 2-a. The wavelength of the maximum absorption around
400-500 nm is attributed to the surface plasmon resonance of Ag NPs
[55,56]. The addition of NaBHy4 is continued until the plasmon peak
stopped growing, in which a complete reduction of silver ions occurs.

The SEM micrograph of the prepared Ag NPs is shown in Fig. 2-b. In
SEM micrograph, spherical nanoparticles are observable in the size
range of 20-30 nm. The size of these nanoparticles deduced from SEM is
in agreement with the one measured by TEM (Fig. 2-c) that indicates a
distribution of Ag nanoparticle sizes ~10-25 nm in diameter. It has been
previously reported that the heterogeneous mixture of shapes and sizes
are the result of sodium citrate usage in Ag NPs synthesis [48,57-60].
DLS was used to determine the size distribution of synthesized silver NPs
(Fig. 2-d,e). The size distribution histogram of DLS indicated that the
average size of the synthesized Ag NPs is 25.5 nm.

SEM observations of Ag@ZIF-8 NPs display that the diameter of the
product is about 120 nm with similar shape (Fig. 3-a). Fig. 3-b is the TEM
image of Ag@ZIF-8 NPs that is showing the ZIF-8 shell layer covering Ag
NPs which is essential for the protection of the plasmonic Ag core from
corrosion by the electrolyte during solar cell operation. Also, the size
distribution histogram of DLS showed a relatively wide size distribution
of particles (Fig. 3-c,d) that confirmed the obtained results of SEM
analysis.

The energy-dispersive X-ray (EDS) elemental mapping of the pre-
pared Ag@ZIF-8 NPs discloses that the element Ag and the elements C,
N, and Zn attributed to ZIF-8 are homogeneously distributed in the
prepared system. The result of the DES analysis is presented in Fig. S1
(electronic supplementary information (ESI)) that the obtained results
confirmed the presence of the consisting elements C, N, Zn, and Ag in the
prepared Ag@ZIF-8 NPs.

To ensure the presence of the elemental Ag as Ag@ZIF-8, XPS study
was carried out. The results are presented in Fig. 4. In this figure, the
binding energies of the elements are provided. Based on the obtained
results the presence of the C, N, Zn, and Ag can be confirmed. Also, the
absence of the other peaks is showing the purity of the prepared com-
pound. From Fig. 4-b, the binding energy of the Ag 3d5/2 and Ag 3d3/2
were found to be 368.1 and 374.1 eV. These two peaks are because of the
Ag 3d of Ag@ZIF-8 [61]. The mentioned peaks can be used to confirm
the presence of the zero valence Ag NPs that were encapsulated by ZIF-8.
Also, the observation of the mentioned peaks can confirm the stabilizing
of the Ag NPS from oxidation by ZIF-8. The binding energies equal to the
399.1 and 386.1 eV are related to the N 1s and C 1s, respectively. The
peaks at the 1022.1 and 1045.1 eV are related to the Zn 2p3/2 and Zn
2p1/2, respectively [61].

To better understand the influence of substituents on electronic
structures of the frontier orbitals and explore the electronic character-
istic on the performance of porphyrins and the prepared devices, density
functional theory (DFT) calculation was carried out based on (U)B3LYP/
6-311G(d) basis set using Gaussian 09 (Rev. A.01) program. In the case
of the Ag containing calculations, the 6-311G(d) basis set for all atoms
other than Ag was used. For Ag atom, LANL2DZ basis set was used. The
calculated HOMO and LUMO orbitals of porphyrins employing DFT
calculations are presented in Fig. S2 (ESI), in which all the LUMOs of
H,oTXPP and ZnTXPP porphyrins delocalized mostly over the porphyrin
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ring. Also, for HoTXPP and ZnTXPP porphyrins, the HOMO delocalized
mainly on the central ring of porphyrins. In all of the presented HOMO
and LUMO orbitals, positive and negative lobes are showed by orange
and purple colors. As it is presented in Fig. S2 (ESI), electron distribu-
tions in the frontier orbitals of all of the HoTXPP and ZnTXPP porphyrins
are mostly over the porphyrin ring due to the perpendicular position of
phenyl rings to the porphyrin ring, in which it is not be able to contribute
in electron distributions [62]. It is well known that the dyes consisting
anchoring group with electron density distribution of LUMO have
different electronic behavior rather than those that have anchoring
group which do not participate in electron conjugation when the excited
adsorbed dye is coupled to TiO2 NPs [62]. The energy levels of frontier
orbitals and the main excitation properties for the HyTXPP and ZnTXPP
porphyrins are shown in Table 1. As it is presented in Table 1, there are
one main electronic transitions in the visible region for all of the H,TXPP
porphyrins. Also, two main electronic transitions in the visible region
are observable for all of the ZnTXPP porphyrins.

The energy levels of frontier orbitals and the main excitation prop-
erties for the ZnTXPP-AgNPs (Fig. S3) are listing in Table 2.

Substituted porphyrins with various kind of electron withdrawing
and electron donating substituents with inductive and resonance effects
were selected and prepared to study the role of hybrid molecular-
plasmonic nanostructures in the performance of DSSCs. Because of the
strong coupling of surface plasmons of PNPs to the molecular electronic
transitions of the photoactive molecules, hybrid molecular-plasmon
states will be created in the metallic nanoparticle-photoactive mole-
cule systems [48]. Also, the localized surface plasmon resonance (LSPR)
can interact with the excited states of the molecules in the hybrid
molecular-plasmonic nanostructures. The mentioned interactions lead
to change in the photonic properties. The overall result is an improve-
ment in charge and energy transfer. Strong coupling of the photoactive
molecules with surface plasmon of PNPs can be seen in systems in which
the absorption of the molecule is near to the frequency of the LSPR. Due
to the strong absorption of porphyrin molecules in the visible range,
porphyrins are capable to overlap significantly with the plasmon band of
Ag NPs. It was previously reported that porphyrins coupled to metallic
nanostructures could show charge transfer and plasmon-enhanced
electrical conduction [48]. As mentioned previously, incident light
creates LSPR in metallic NPs via excitation of coherent oscillation of the
free electrons. To study the interaction of photoactive porphyrin mole-
cules with silver metallic nanostructures, the absorption spectra for
ZnTXPP in the presence and absence of Ag NPs were examined. The
obtained data are presented in Fig. S4 (ESI).

The role of substituents of the prepared ZnTXPP in interaction with
Ag NPs was investigated to find the best dyes to be used as sensitizer in
DSSCs. The prepared porphyrins were chosen for comparison based on
the electronic character of their functional groups. For this purpose,
various kinds of electron acceptor and electron donor substituents
competing for inductive and resonance effects in the substituted
porphyrin were selected and prepared. Therefore, absorption spectra of
ZnTPP, ZnT(Me)PP, ZnT(MeO)PP, ZnT(F)PP, ZnT(Cl)PP, ZnT(Br)PP,
ZnTCPP, ZnTSPP, ZnTNPP, and ZnTAPP, and all of them with the same
concentration of Ag NPs are studied and their results are presented in
Fig. S4 (ESI). Nitro, carboxyl, and sulfonic acid substituents in ZnTNPP,
ZnTCPP, and ZnTSPP are electron withdrawing groups with resonance.
It is leading to make rings to be electron poor relative to ZnTPP. The
amino and methoxy groups have electron-donating nature via reso-
nance. Alkyl substituents are electron-donating groups due to weak
resonance effects come from c-conjugation (hyperconjugation), so the
porphyrin ring in ZnT(Me)PP is more electron rich than that of ZnTPP. In
ZnT(F)PP, ZnT(C)PP, and ZnT(Br)PP porphyrins; the halogen sub-
stituents are electron withdrawing by inductive effect. It makes the
porphyrins ring more electron deficient than that of ZnTPP. Also, the
halo substituents through their electron donating resonance effect, lead
the porphyrin ring of ZnT(F)PP, ZnT(Cl)PP, and ZnT(Br)PP to have a
lower ability to interact with Ag NPs. Because of the slightly electron
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Table 1

The energy levels of frontier orbitals and the main excitation properties for the
H,oTXPP and ZnTXPP porphyrins. HOMO/LUMO energy unit: eV. The (U)
B3LYP/6-311G(d) level of theory is used to perform both structure optimization
and time-dependent density-functional theory (TD-DFT) calculations.

Dye HOMO LUMO  Wavelength f (oscillating Orbitals
(nm) strength)
H,TXPP
H,TPP -5.20 —2.43 376.93 1.2672 HOMO-1 —
LUMO
HoT(Me) —-5.10 -2.35 37891 1.3697 HOMO-1 —
PP LUMO
HoT —5.01 -2.29 388.51 1.0595 HOMO-1 —
(MeO) LUMO+1
PP
H,TFPP —5.46 —2.68 377.35 1.2431 HOMO-1 —
LUMO
H,T(CI) —5.57 -2.79  378.32 1.3510 HOMO-1 —
PP LUMO+1
H,T(Br) —5.56 -2.79 378.84 1.3936 HOMO-1 —
PP LUMO+1
H,TCPP —5.57 —2.82 38515 1.2977 HOMO-1 —
LUMO+1
H,TSPP —5.94 -3.19  384.97 1.3511 HOMO-1 —
LUMO+1
H,yTNPP —6.08 —-3.34 388.92 0.5220 HOMO-1 —
LUMO+5
H,TAPP —4.73 —2.10  416.55 0.6231 HOMO-1 —
LUMO+1
ZnTXPP
ZnTPP —4.99 -211 37791 1.3045 HOMO-1 —
LUMO
377.87 1.3089 HOMO-1 —
LUMO+1
ZnT(Me) —5.08 -2.25  380.26 1.3790 HOMO-1 —
PP LUMO+1
380.15 1.3785 HOMO-1 —
LUMO
ZnT —4.98 -2.20  389.49 1.2444 HOMO-1 —
(MeO) LUMO+1
PP 388.98 1.2129 HOMO-1 —
LUMO
ZnT(F)PP —5.22 —2.33 382.16 1.3080 HOMO-1 —
LUMO+1
382.16 1.3077 HOMO-1 —
LUMO
ZnT(Cl) —5.54 —-2.72 381.75 1.4111 HOMO-1 —
PP LUMO+1
381.59 1.3948 HOMO-1 —
LUMO
ZnT(Br) —5.55 —2.70  380.51 1.4496 HOMO-1 —
PP LUMO+1
380.49 1.4478 HOMO-1 —
LUMO
ZnTCPP —5.57 —2.73  385.72 1.3631 HOMO-1 —
LUMO
385.69 1.3635 HOMO-1 —
LUMO+1
ZnTSPP —5.96 -3.12 38276 1.4584 HOMO-1 —
LUMO
382.50 1.4579 HOMO-1 —
LUMO+1
ZnTNPP —5.91 —3.08  376.07 1.1103 HOMO-1 —
LUMO
376.04 1.1029 HOMO-1 -
LUMO+1
ZnTAPP —4.77 -2.02  366.71 0.8636 HOMO-5 —
LUMO
366.53 0.8557 HOMO-5 -
LUMO+1

withdrawing nature of carboxyl substituent, ZnTCPP does not have
strong interaction with Ag NPs in compare with ZnTAPP. The NHj
electron donating groups are enable to make stronger interaction. The
mentioned observation confirms that porphyrin substituents play a role
in the interaction with the surface of Ag NPs. The increased absorption
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Table 2

The energy levels of frontier orbitals and the main excitation properties for the
ZnTXPP-AgNPs. HOMO/LUMO energy unit: eV. The (U)B3LYP method by using
6-311G(d) basis sets for all atoms except Ag and LANL2DZ basis sets for Ag atom
is used to perform both structure optimization and time-dependent density-
functional theory (TD-DFT) calculations.

HOMO LUMO  Wavelength f (oscillating Orbitals
(nm) strength)

ZnT(MeO) —4.74 —2.24  551.35 0.0216 HOMO-1 —
PP- LUMO
AgNPs 550.24 0.0179 HOMO —

LUMO+1

ZnT(F)PP- —4.94 —2.62  545.86 0.0133 HOMO-1 —

AgNPs LUMO
545.69 0.0120 HOMO-1 —
LUMO+1

ZnT(Cl)PP- —4.96 —-2.73 542.73 0.0103 HOMO-1 —

AgNPs LUMO
541.79 0.0069 HOMO-1 —
LUMO+1

ZnT(Br)PP-  —4.87 -2.74  547.37 0.0191 HOMO-1 —

AgNPs LUMO
547.03 0.0172 HOMO-1 —
LUMO+1

ZnTCPP- —4.06 -2.89  838.19 0.0464 HOMO —
AgNPs LUMO+2

ZnTSPP- —4.48 -3.14 542.22 0.0098 HOMO-2 —
AgNPs LUMO+1

541.96 0.0079 HOMO-1 —
LUMO+1

ZnTNPP- —-4.70 -3.32 1233.68 0.2293 HOMO —
AgNPs LUMO

ZnTAPP- —4.03 —2.13 42445 0.0694 HOMO —
AgNPs LUMO+3

of dye molecules observed in some of the porphyrin-AgNPs systems
could be occurred due to the increased light scattering induced by LSPs,
which increased the optical path. Also, these observations could be
related to the probable interaction of dye molecular dipole and
enhanced electric field surrounding the plasmonic NPs.

In the case of ZnTPP-AgNPs, ZnT(Me)PP-AgNPs, ZnT(F)PP-AgNPs,
ZnT(C)PP-AgNPs, ZnT(Br)PP-AgNPs, ZnTCPP-AgNPs, and ZnTNPP-
AgNPs that create donor-acceptor systems, red-shifted broad absorp-
tion is observable due to charge-transfer bands [63,64]. ZnT(MeO)
PP-AgNPs, ZnTSPP-AgNPs, and ZnTAPP-AgNPs, are showing
blue-shifted broad absorption because of charge-transfer bands. Charge
transfer absorption observed in porphyrin-AgNPs systems is evidence of
charge-transfer complexation between porphyrin-silver NPs systems. In
the  ZnTCPP-AgNPs, ZnTSPP-AgNPs, ZnTNPP-AgNPs  and
ZnTAPP-AgNPs systems, chemisorption of porphyrin molecule to Ag NPs
could be occurred due to the presence of anchor groups on porphyrin.
The -CO5H, -SO3H, -NO», and -NHj functional groups of porphyrin
molecules allow ZnTCPP, ZnTSPP, ZnTNPP, and ZnTAPP to be strongly
adsorbed on the surface of Ag NPs, respectively. Therefore, the notice-
able red-shifted absorption in ZnTCPP-AgNPs and ZnTNPP-AgNPs, and
the blue-shifted absorption in ZnTSPP-AgNPs and ZnTAPP-AgNPs has
been assigned as charge transfer band arising from the interaction be-
tween ZnTXPP and Ag NPs.

Absorption spectra of ZnTPP-Ag@ZIF-8, ZnT(Me)PP-Ag@ZIF-8, ZnT
(MeO)PP-Ag@ZIF-8, ZnT(F)PP-Ag@ZIF-8, ZnT(Cl)PP-Ag@ZIF-8, ZnT
(Br)PP-Ag@ZIF-8, ZnTCPP-Ag@ZIF-8, ZnTSPP-Ag@ZIF-8, ZnTNPP-
Ag@ZIF-8, and ZnTAPP-Ag@ZIF-8, are examined and the resulted
data are presented in Fig. S5 (ESI). From the obtained data, it was found
that no noticeable shift in the absorption of ZnTXPP is observable in the
presence of Ag@ZIF-8 for all of the studied porphyrins. As mentioned
previously, the red-shifted absorption in ZnTCPP-AgNPs and the blue-
shifted absorption in ZnTAPP-AgNPs related to ZnTCPP and ZnTAPP,
respectively, has been assigned as charge transfer band arising from the
chemisorption of ZnTCPP and ZnTAPP molecule to Ag NPs. But, in the
ZnTCPP-Ag@ZIF-8 and ZnTAPP-Ag@ZIF-8 system, considerable
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shifting in the absorption is not observed due to the lack of charge-
transfer bands in the presence of ZIF-8 shell around of Ag NPs, which
confirmed Ag NPs is surrounded with a uniform and continuous ZIF-8
shell.

To investigate the plasmonic effect on device performance, we
compared the performance of plasmon-enhanced PSSCs and standard
PSSCs with only ZnTXPP and ZnTXPP-AgNPs as the sensitizing systems.
The ZnTXPP-only PSSCs were fabricated using immersion of photoanode
in the solution of ZnTXPP, while the ZnTXPP-AgNPs were used as a
sensitizer to fabricate the plasmon-enhanced PSSCs. The photocurrent
density voltage characteristics (J-V curves) of the plasmon-enhanced
PSSCs and ZnTXPP-dyed-only PSSCs with the same photoanode thick-
ness, are presented in Fig. 5 and Fig. 6. As seen in Table 3 and Table 4,
the ZnTCPP-dyed-only PSSCs showed a PCE (1) of 1.05%, whereas the
plasmon-enhanced PSSCs dyed with ZnTCPP-AgNPs exhibited a PCE of
3.14% (increased by about 200%). Compared with the ZnTCPP-dyed
only PSSCs, the fill factor (FF) of the plasmon-enhanced PSSCs was
close, while the short-circuit current density (Jsc) significantly increased
by about 150%, from 3.51 mA cm 2 t0 8.77 mA cm 2. Also, open-circuit
voltage (Voc) was increased by about 20%, from 0.55 V to 0.66 V. Since
overall conversion efficiency (1) = Jsc.Voc.FF/Py, where Py is the in-
tensity of incident light, the improvement of PCE in the plasmon-
enhanced PSSCs is mainly due to the increased photocurrent corre-
sponding to enhanced dye absorption by the plasmonic effect. Fig. S4
shows the absorption spectra of Ag NPs and ZnTCPP-AgNPs. The Ag NPs
exhibit surface plasmon absorption in the visible area, confirming the
plasmonic activity of Ag NPs. As can be seen from Fig. S4, the absorption
bands of ZnTCPP and ZnTCPP-AgNPs seen at 424 and 438 nm, respec-
tively; the ZnTCPP-AgNPs is showing red-shift as compared to the
ZnTCPP. Also, ZnTCPP-AgNPs is showing significant broadening Soret
and Q-band absorbance compared to ZnTCPP.

The cell parameters of the PSSCs employing ZnTXPP- and ZnTXPP-
AgNPs-loaded TiOz photoanodes are summarized in Tables 3 and 4,
and the J-V characteristics of the prepared cells are presented in Figs. 5
and 6. ZnTPP is used as base porphyrin to compare cell characteristics of
functionalized porphyrin with various electron-donating and electron-
withdrawing substituents. Excluding the magnitude, the trends
observed in the photocurrents and photovoltages for porphyrins con-
taining electron withdrawing substituents with inductive effect were
similar to unsubstituted porphyrin ZnTPP. The PSSCs employing ZnT
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(MeO)PP-loaded TiO; as photoanode, in which methoxy is electron
withdrawing substituent with inductive effect, show an slight increase in
short-circuit current compared to ZnTPP. In contrast, the open-circuit
voltage of the PSSCs containing ZnT(MeO)PP dye is similar to the
ones employing ZnTPP-loaded TiO5 as a photoanode. Distinctively,
different trends were seen in DSSCs that employed porphyrins consisting
electron withdrawing and electron donating substituents with resonance
effect as a dye. The DSSC employing the photoanode sensitized by
ZnTCPP dye exhibits noticeable changes in the photocurrent from 1.05
mAcm 2 (ZnTPP-loaded TiO, as photoanode) to 3.51 mAcm 2 (ZnTCPP-
loaded TiO, as photoanode) with an increase of 98 mV in open-circuit
voltage as compared to the ZnTPP-sensitized photoanode. Changes in
the cell characteristics with photoanode sensitized by ZnTAPP dye
relative to ZnTPP are also considerable from 1.05 mA cm ™2 (ZnTPP-
loaded TiO5) to 3.07 mA cm 2 (ZnTAPP-loaded TiO3) in photocurrents
and 78 mV increasing in photovoltage. The significant increase in Voc
observed in PSSCs employing ZnTCPP- and ZnTAPP-loaded TiO5 as
photoanode confirmed that a mechanism other than electron-induced
effect is also operative in determining the performance of DSSCs. The
mentioned mechanism includes the nature of carboxyl and amine
functional groups to chemisorb by TiO,. Chemisorption of ZnTCPP and/
or ZnTAPP onto TiOs lead to increasing the concentration of loaded dye
and consequently an increase in absorption of the incident light.
Chemisorption versus electronic effect in PSSCs is observable in other
prepared cells, as presented in Table 3 and Fig. 5.

As it is observable in Fig. 6 and Table 4, the cell characteristics have
distinctively different trends in the case of ZnTXPP-AgNPs-sensitized
cells relative to ZnTXPP-sensitized ones, which plasmonic versus elec-
tronic effect is responsible to the observed results. The results is showing
an increase in Vo for ZnTPP-AgNPs relative to ZnTPP, but a noticeable
decrease in the Jgc, FF, and n of ZnTPP-AgNPs. The similar trends are
observable for ZnT(MeO)PP and ZnT(MeO)PP-AgNPs sensitized solar
cells.

The photovoltaic parameters of ZnT(F)PP and ZnT(F)PP-AgNPs are
showing an improvement in cell characteristics of ZnT(F)PP-AgNPs
relative to ZnT(F)PP-sensitized one. Plasmon-induced enhancement of
light absorption and enhancement in photoconversion efficiency
induced by plasmonic effect are responsible for observed results. Also,
plasmon-induced increasing light absorption and photoconversion effi-
ciency is observable for ZnT(Me)PP-AgNPs, ZnT(Cl)PP-AgNPs, and ZnT
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Table 3
Characteristic values of the PSSCs using the ZnTXPP-loaded TiO, as the photo-
anodes under irradiation intensity of 1 sun (100 chm’z, AM1.5).

Electrode Jsc (mAem—2) Voc (mV) FF 0 (%)
ZnTPP 1.05 453 0.61 0.29
ZnT(Me)PP 0.77 453 0.58 0.20
ZnT(MeO)PP 1.48 457 0.54 0.36
ZnT(F)PP 0.80 500 0.55 0.22
ZnT(Cl)PP 0.46 469 0.48 0.10
ZnT(Br)PP 0.62 427 0.53 0.14
ZnTCPP 3.51 551 0.54 1.05
ZnTSPP 0.18 406 0.49 0.04
ZnTNPP 1.23 458 0.60 0.33
ZnTAPP 3.07 531 0.61 1.00
Table 4

Characteristic values of the PSSCs using the ZnTXPP-AgNPs-loaded TiO, as the
photoanodes under irradiation intensity of 1 sun (100 mWem ™2, AM1.5).

Electrode Jsc (mAcm™?) Voc (mV) FF n (%)
ZnTPP-AgNPs 0.55 547 0.44 0.13
ZnT(Me)PP-AgNPs 1.54 471 0.55 0.40
ZnT(MeO)PP-AgNPs 1.17 583 0.54 0.37
ZnT(F)PP-AgNPs 2.03 557 0.54 0.61
ZnT(Cl)PP-AgNPs 1.39 516 0.40 0.28
ZnT(Br)PP-AgNPs 2.67 469 0.66 0.83
ZnTCPP-AgNPs 8.77 660 0.54 3.14
ZnTSPP-AgNPs 0.58 469 0.40 0.11
ZnTNPP-AgNPs 1.53 531 0.46 0.38
ZnTAPP-AgNPs 4.51 528 0.39 0.93

(Br)PP-AgNPs, as it is presented in Table 4. In the normal DSSCs, charge
injection from the excited dye into TiO5 nanoparticles is done in pho-
toanode, and solar cell performance is continued by the transport of
electrons to the collecting electrode surface. When ZnTXPP-AgNPs are
presented as the loaded dye in photoanode, localized plasmonic effects
on the absorption of dye effect on cell characteristics.

From the obtained data, V¢ in PSSCs in the presence of ZnTXPP-
AgNPs is increased relative to porphyrin ones except ZnTAPP-AgNPs.
The PSSCs employing ZnTXPP-AgNPs exhibit an increment in open-
circuit voltage as compared to the ZnTXPP photoanode with notice-
able changes in the photocurrent (Fig. 6). In the case of ZnTCPP-AgNPs,

10

the significant increase in Vo is observable relative to another ZnTXPP-
AgNPs systems; it is suggesting that the performance of DSSCs is influ-
enced by other mechanisms than plasmon-induced enhancement. In the
systems with Ag NPs in contact with dye molecules, TiO5 nanoparticles
are accepting electrons from the ZnTXPP-AgNPs. PNPs store a fraction of
electrons captured from photo-excited semiconductor NPs and does not
quickly discharge electrons to the surrounding medium; as a result, they
achieve to a charge equilibration with a photo-excited semiconductor
and drives the Fermi level to more negative potentials [65,66]. Fermi
level equilibration in the mentioned systems lead to shift of the apparent
Fermi level to a more negative potential, and consequently, an increase
in the open-circuit voltage of the DSSCs [65]. It is reported that Ag NPs
contacted with TiO5 NPs capture electrons from photoexcited TiO NPs
and resulting in the storage of electrons by Ag NPs. Electron stored by Ag
NPs undergoes charge equilibration with a photoexcited TiO, NPs and
drives the Fermi level to more negative potentials [65]. Also, stored
electrons by Ag NPs have another influence on the performance of DSSCs
using prevention of back electron transfer [65]. Therefore, the signifi-
cant increases in Voc of ZnTCPP-AgNPs is probably due to electron
storage in Ag NPs and chemically absorption of ZnTCPP molecules on
the surface of Ag NPs. From the results (Fig. 6 and Table 4), the PSSCs
employing ZnTXPP-AgNPs as photoanode show changing in
short-circuit current relative to ZnTXPP. The change in photocurrent is
relevant to the nature of the substituent of porphyrins.

The light absorption of the porphyrin molecules in the Soret and Q-
bands are strong, but in the other spectral region, the absorption of the
porphyrin is not noticeable. As mentioned previously, using ZnTCPP-
AgNPs and ZnTAPP-AgNPs systems, improved light harvesting is
occurring by broadening and shifting of the absorbance of the Soret and
Q-bands. ZnTCPP-AgNPs is showing significant broadening and shifting
of Soret and Q-band absorbance compared to ZnTPP-AgNPs, yielding
improved light harvesting in the blue and green regions of the spectrum.
ZnTAPP-AgNPs is also demonstrating broadening and shifting in light
absorption. The enhancement in light absorption of ZnTCPP-AgNPs is
resulted in improved Jsc (3.51 versus 8.77 mA em ™2 for ZnTCPP and
ZnTCPP-AgNPs, respectively) when utilized in the PSSCs [13,35].

As it is reported, the DSSCs are promising candidates for the con-
version of weak light to electricity [67-69], the cell efficiencies using the
ZnTCPP-AgNPs-loaded TiO2 as the photoanode were measured under
irradiation intensity of 1, 1/2, and 1/4 sun (AML1.5), and detailed cell
parameters are collected in Table 5 and Fig. 7. From the obtained results,



R. Ghadari et al.

Table 5
Detailed photovoltaic parameters of PSSCs using the ZnTCPP-AgNPs-loaded
TiO, as the photoanode measured at a set of incident light intensities.

Incident power intensity (Pi,) Jsc (mAem™~2) Voc (mV) FF n (%)
1/4 SUN 2.64 609 0.50 3.22
1/2 SUN 4.58 645 0.54 3.17
1 SUN 8.77 660 0.54 3.14

the cell performance is considerable at a light intensity of 1/4 SUN.

To further investigate the plasmonic effect on device performance,
the performance of plasmon-enhanced PSSCs using ZnTXPP-AgNPs and/
or ZnTXPP-Ag@ZIF-8 as sensitizer was compared. The ZnTXPP-Ag@ZIF-
8 were prepared using a coating of the Ag core by the shell of ZIF-8. The
photocurrent density voltage characteristics (J-V curves) of the
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plasmon-enhanced DSSCs using ZnTXPP-Ag@ZIF-8 are presented in
Fig. 8 and Table 6. The ZnTPP-Ag@ZIF-8 showed a PCE(n) of 0.11%,
whereas the ZnTPP-AgNPs exhibited a PCE of 0.13% (decreased by
15%). Compared with the ZnT(Br)PP-dyed-only DSSC, the FF and Vo of
the ZnT(Br)PP-Ag@ZIF-8 have small differences in magnitude (FF
increased by 7% and Vg increased by 10%), while the Jgc increased by
56%, from 0.62 mAcm ™2 to 0.97 mAcm 2. Since 1) = Jg¢.Voc.FF/P, the
improvement of PCE in the ZnT(Br)PP-Ag@ZIF-8 system is mainly due
to the increased Jsc corresponding to enhanced dye absorption by the
plasmonic effect.

The open-circuit voltage of DSSCs employing ZnTXPP-Ag@ZIF-8 as
photoanode is more than the one employing ZnTXPP except ZnTAPP-
Ag@ZIF-8. It is reported that ZIF-8 usage in DSSCs to coating TiO»
NPs results in a significantly increased Voc than none-covered ones, as
well as the much higher dye loading in the presence of ZIF-8 on the
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Fig. 7. J-V curves of the PSSCs using the ZnTCPP-AgNPs-loaded TiO, under various light intensities of AM1.5 sunlight.
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Table 6
Characteristic values of the PSSCs using the ZnTXPP-Ag@ZIF-8-loaded TiO, as
the photoanodes under irradiation intensity of 1 sun (100 mWem ™2, AM1.5).

Electrode Jsc (mAem ™~ 2) Voc (mV) FF N (%)
ZnTPP-Ag@ZIF-8 0.43 516 0.52 0.11
ZnT(Me)PP-Ag@ZIF-8 0.56 531 0.48 0.14
ZnT(MeO)PP-Ag@ZIF-8 0.72 500 0.46 0.17
ZnT(F)PP-Ag@ZIF-8 0.80 531 0.59 0.25
ZnT(C)PP-Ag@ZIF-8 0.53 531 0.44 0.12
ZnT(Br)PP-Ag@ZIF-8 0.97 469 0.57 0.26
ZnTCPP-Ag@ZIF-8 3.84 578 0.47 1.04
ZnTSPP-Ag@ZIF-8 0.30 422 0.43 0.05
ZnTNPP-Ag@ZIF-8 1.65 500 0.54 0.45
ZnTAPP-Ag@ZIF-8 3.40 528 0.58 1.04

photoanode. Therefore, the DSSCs efficiency was enhanced with the
help of the ZIF-8 layer [70-72]. Also, it is reported that MOFs containing
photosensitizing organic linkers could be applied as the sensitizer for the
photoanodes in DSSCs, but, the photocurrent is still needed to be
increased. Sensitization of DSSCs by some MOFs still shows limited cell
efficiencies due to the electrically insulating property of these frame-
works [73,74]. The utilizing MOFs light-harvesting materials as the
sensitizer in photovoltaic devices is still a challenge and it needs further
investigation. Therefore, employing MOFs to improve the functioning of
the DSSCs must be adapted to achieve performance enhancements. The
respectable strategy to improve the performance of MOFs sensitized
solar cell may be utilizing modified MOFs-containing systems to achieve
a higher conductivity or a faster charge-transport rate in MOFs [70].

To study electron recombination process, electrochemical imped-
ance spectroscopy (EIS) was used. In this study, the Ry is showing the
overall series resistance of the corresponding circuit. The obtained EIS
Nyquist plots are represented in Fig. S9. Two semicircles can be seen in
the plots. The semicircle that is positioned at the right side is related to
the charge transfer resistance, R, between the dyed-TiOs/electrolyte
interfaces. The results related to the R of investigated cells are pre-
sented in Table 7. The calculated R is 27.94, 35.13, and 32.55 Q for
ZnTCPP, ZnTCPP-AgNPs, and ZnTCPP-Ag@ZIF-8, respectively. The
decrease in the R is showing an increase in the charge recombination
and as a result a lower amount of the Vgc. The semicircle at the left hand
is showing the charge transfer resistance at the interface of the Pt
electrode and electrolyte interface (Rp¢). Based on the results presented
in Fig. SO the change in the Rp; is not in a considerable amount, because
of the similarity of the Pt electrode and electrolyte in the devices.

The electron lifetime can be calculated by using the equation 1, = R¢t
x Cy, in which the C, is chemical capacitance. The calculated lifetime for
cells sensitized by ZnTCPP, ZnTCPP-AgNPs, and ZnTCPP-Ag@ZIF-8 are
29.29, 34.75, and 37.56 ms, respectively.

In the prepared PSSCs, I /I3~ was employed as the redox shuttle. In
PSSCs, I /I3~ allowed to come into direct contact with the ZnTXPP-
AgNPs and ZnTXPP-Ag@ZIF-8 nanostructures which can etched them
since I" /I3~ is extremely corrosive toward Ag NPs. The etching of Ag
NPs will changed the characteristic absorption feature of the prepared
systems [36]. To examine the stability of the fabricated cells, the pre-
pared ZnTCPP-AgNPs and ZnTCPP-Ag@ZIF-8 hybrid nanostructures
were exposed to the electrolyte. The changes in the intense absorption of
ZnTCPP in the prepared ZnTCPP-AgNPs and ZnTCPP-Ag@ZIF-8 nano-
structures after a 16 h of exposure to I /I3~ can be used to determine the
stability of the fabricated cells.

Table 7
Parameters obtained by fitting the impedance spectra of the PSSCs with
sensitizers.

Sensitizers R (Q) R () Rp; (Q) T, (ms)
ZnTCPP 5.50 27.94 4.09 29.29
ZnTCPP-AgNPs 5.51 35.13 4.08 34.75

ZnTCPP-Ag@ZIF-8 5.52 32.55 4.06 37.56
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As mentioned earlier, red-shifted broad absorption is observable in
ZnTCPP-AgNPs relative to ZnTCPP, due to charge-transfer between
molecular-silver NPs system. When " /I3~ in the electrolyte allowed to
come into direct contact with the ZnTCPP-AgNPs, the characteristic
absorption feature of the system was changed (Fig. S10). But, no
noticeable shift in the absorption of ZnTCPP-Ag@ZIF-8 is observable
after a 24 h of exposure to I /I3~ in the electrolyte. The change in the
red-shifted broad absorption of ZnTCPP in the prepared ZnTCPP-AgNPs
after a short period of time of exposure to I" /I3~ showed that the sta-
bility of the fabricated cell using ZnTCPP-AgNPs is lower than ZnTCPP-
Ag@ZIF-8 one (Fig. S10). In the case of Ag@ZIF-8, a shell layer of ZIF-8
isolates the Ag NPs from I"/I3™, preserving silver nanoparticles.

To perform the stability test of the cells, two different test were
performed. In one series, the cell including ZnTCPP-AgNPs were used.
The data related to the prepared cell immediately after cell assembly and
after 7 days is provided in Table 8 and Figure S11 (ESI). The results are
showing that the performance of cell is decreased in a considerable
amount. In this case, the reaction between the Ag NPs and electrolyte
cause to destroy the Ag NPs; in this situation, there is less improvement
of cell efficiency via plasmonic effect. In other case, the cell including
ZnTCPP-Ag@ZIF-8 is analyzed immediately after cell assembly and after
7 days. In this case, the ZIF-8 is playing its role to protect the Ag NPs
from contact with electrolyte; as a result, the Ag NPs can perform their
role to improve the cell performance after the mentioned time.

4. Conclusion

The LSPR of Ag NPs was used to improve the light absorption of
porphyrins in plasmon-enhanced PSSCs. Porphyrins with different sub-
stituents consisting —H (as base porphyrin), -Me, -MeO, -F, -Cl, -Br,
—CO2H, -SO3H, -NOy, and -NH; were selected and used to study the
effect of light-harvesting donor and/or acceptor dyes in conjunction
with plasmonic nanoparticles on the performance of PSSCs. The ob-
tained results revealed that the performance of PSSCs by using por-
phyrins with electron withdrawing substituents are better than PSSCs
containing electron donating groups. ZnTCPP and ZnTAPP dyes have
made the biggest impact on the performance of plasmon-enhanced
PSSCs due to their ability to chemically absorb on the surface of Ag
NPs. Computational studies were applied to examine the electronic
properties of porphyrin molecules with various substituents interacted
with Ag NPs, which indicated that the electronic nature of substituents
has a noticeable effect on the electronic properties of porphyrin-AgNPs
systems. Furthermore, Ag@ZIF-8 core-shell NPs were used to prevent
corrosion of Ag PNPs. Also, Ag@ZIF-8 was used as the scattering
component of photoanode in PSSCs to improve light absorption. From
the obtained data, porphyrin-Ag@ZIF-8 systems improved the perfor-
mance of PSSCs relative to corresponding porphyrins but the results
were not as good as porphyrin-AgNPs systems.
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