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Abstract 

The photovoltaic performance of molybdenum cluster-sensitized solar cells (MCSSCs) has been 

explored with the challenge of enhancing their efficiency due to the low charge transfer efficiency. 

Aromatic sulfonate ligands (NS = naphthalene 2,6-disulfonate = -OSO2-C10H6-SO3
-) were now used 

for the functionalization of the {Mo6Ii
8} cluster cores. The new functional [Mo6Ii

8Ia
3(H2O)a

2(NS-Na+)a] 

cluster unit exhibits enhanced photophysical and photoelectrochemical properties compared to other 

homologues based on the {Mo6Ii
8} cluster cores. In greater detail, the role of the NS functional groups 

was beneficially emphasized for the improved oxidation stability of the cluster in a redox mediator, 

adjusting of the emission lifetime to a suitable range for fast electron injection, and accelerating the 

charge transport process. The best as-synthesized Mo6 cluster-based solar cell resulted in a stable 

photocurrent of 2.38 mA.cm-2 with a fill factor of 0.63 and the power conversion efficiency of 0.97% 
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under AM 1.5 illumination, a 2 times enhancement in comparison to the reference iodide Mo6 cluster-

based cell (0.52 %). Specific attention focused on the increase of the power conversion efficiency up 

to 1.18 % after 330 seconds, then reached the saturation trend. The enhanced charge transfer of the 

metal cluster complex was obtained from facile modifications of the functional apical ligands that 

result in advantageous photophysical and electrochemical characteristics specializing in 

optoelectronic devices. This study provides the general methodology and knowledge for the next 

improvement of the photovoltaic efficiency of the Mo6 cluster-based sensitized solar cells.  

 

Keywords: molybdenum cluster, optoelectronic, charge transfer, solar cell, photoluminescent lifetime.     

 

1. Introduction 

With attention to reducing fossil fuels in energy production, scientists are now evaluating new 

materials and technologies for converting solar light energy into electricity [1]. The high cost of 

manufacturing and raw materials of Si-based solar technology leads to the exploration of third-

generation photovoltaic devices with emerging solar cells based on low-cost and abundant materials, 

ease of shaping, and flexible design. This photovoltaic generation involves various technologies, such 

as organic, perovskite, or organic–inorganic hybrid perovskite solar cells, differing by the nature of 

the photoelectrode materials [2-4]. Dye-sensitized solar cells (DSSCs), quantum dot-sensitized solar 

cells (QDSSCs), and metal cluster-sensitized solar cells (MCSSCs) are based on the same design. They 

contained two electrodes, a photoanode based on the transparent semiconductor layers recovered by 

molecular light-harvesters, i.e. organic dyes, quantum dots, or metal clusters, and a metallic counter 

electrode, separated by an electrolyte composed of a redox mediator. The emergence of light-harvester-

sensitized solar cells was developed by Grätzel and his colleagues in 1991, resulting in an impressive 

power conversing efficiency (PCE) of 7.9 % [5]. Since then, many studies based on the development 

of 0-3D nanostructured semiconductors, photosensitizers, counter electrodes, redox electrolytes, and 

device architectures have allowed improving the energy conversion efficiency of the DSSCs [6-8]. 

The best photovoltaic performance (η %) of DSSCs recently reported 15.2 % under 1.5 global 

simulated sunlight, while it is 15.31 % recorded for QDSSCs [9-10].  

In the dynamics of exploring new potential sensitizers, metal atom clusters were introduced as light-

harvesting materials in the MCSSCs. The Au, Pt, Pd, and Ag-based metal clusters have been 

investigated which led to the overall efficiencies of 2.4 % for thiolate gold, 1.1 % for silver-copper 
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nanoalloy, and 0.26 % for Ag16(SG)9 nanoclusters [11-13]. However, the limitation of MCSSCs based 

on these metal clusters was a lower absorption in the visible range. The photosensitizer plays an 

important role since it absorbs the light energy for supplying photo-excited electrons to generate the 

photocurrent. Therefore, many efforts have been made to strengthen the function of the sensitizers 

such as i) absorption in the visible light range, ii) the quenching of the photoexcited electron, iii) the 

stabilization and regeneration of sensitizer in the redox mediator, and iv) the beneficial electron 

transfer and electron lifetime in the redox electrolyte [14-17].  

A metal cluster family with a unique electron structure has been introduced as a broadly visible light 

absorber. The face-capped [(Mo6Xi
8)La

6]-2 cluster (Xi = halogen, La = halogen, functional groups, H2O, 

etc.) was built on an octahedral Mo6 cluster that bonded with 8 inner ligands in face-capping positions 

and 6 apical ligands in terminal positions [18-20]. The charge of the negatively charged cluster was 

balanced by inorganic or organic counter-cations (e.g.; alkali cation or quaternary ammonium) [21-

22]. The nanosized Mo6 cluster appeared attractive as a photosensitizer due to its high photostability, 

large Stoke shift for reducing the absorbing energy, and feasible modification of the chemical 

composition for adjusting the optical bandgap [18, 23]. The Mo6 cluster was able to create a 

photoexcited electron under visible light irradiation, however, the material itself limited charge 

transfer for optoelectronic applications. For this reason, the incorporation of the Mo6 cluster with a 

semiconductor has essentially been studied to enhance the charge transfer via covalent bonds or ionic 

interactions. Several designs have been studied using TiO2 for solar cells, double layer hydroxides or 

tin pyrophosphate semiconductors for photoconductivity sensors, and graphene oxide for enhanced 

photoinactivation [18, 24-26].  

Recently, a general study revealed the photovoltaic efficiency of the Mo6 cluster as an absorber in n 

and p-type solar cells prepared by using an electrophoretic deposition process (EPD), resulting in the 

best performance efficiency of 0.44 % [18-19, 27]. The lack of knowledge about the photophysical 

and photoelectrochemical behaviors of the Mo6 cluster in the redox mediator of MCSSCs inspired the 

investigation of the study. According to the Shockley-Queisser (SQ) limitation for a single p-n junction, 

the optimal band gap (Eg ) of the absorber is situated around 1.3 eV [28]. In a previous study, the band 

gap of the Mo6 cluster iodides was measured at 1.9 eV and it is stable when iodide apical ligands of 

the Cs2[{Mo6Ii
8}Ia

6] precursor were replaced by several water molecules to form the [Mo6Ii
8Ia

4 

(H2O)a
2].x H2O cluster [19, 24, 27]. By integrating such Mo6 clusters as sensitizers in n- and p-type 

MSSCs, a proof of concept was obtained. Such molecular clusters can be used as light harvesters to 
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photoinduce both electron and hole transfers. The ambipolar behavior of such Mo6-based layers was 

more recently demonstrated [27]. However, with a short-circuit (Jsc) current of 1.13 mA.cm-2 and an 

open circuit (Voc) of 529 mV, the recorded performances were low [19]. They were attributed to a non-

effective charge transfer. The iodide Mo6 cluster had a weak photoluminescence, however, its emission 

lifetime was beneficially revealed in the microsecond range [20]. The photophysical properties, 

absorbance, and photoluminescence could be modified by the nature of the inner and/or apical ligands 

and affected by the number of valent electrons in a cluster unit [20]. This study confirmed a relative 

relation between the chemical composition of the apical ligands of the cluster and the emission lifetime. 

A photosensitizer should be luminescent with a favorably long emission lifetime in a range between 

µs and ns, being faster than the process of charge injection (0.1 ns) [2]. With the emission lifetime in 

the microsecond range, the photoexcited electrons on the Mo6 cluster are able to be injected into the 

conduction band of the semiconductor electrode in the MCSSCs. Although the Mo6 clusters do not 

have an optimal absorption in the visible range when compared to porphyrin; for example, a broad 

absorbing spectrum, limited self-quenching of the excited state at a high concentration and low 

photobleaching it can compensate for these drawbacks [29]. 

 

Under these circumstances, the goal of this study is to introduce functional groups at the terminal 

positions of the Mo6 cluster for i) improving the interactions of the Mo6-based sensitizer with the 

semiconductor substrate, ii) improving the efficiency of electron injection by adjusting the emission 

lifetime of the photoexcited electrons in the suitable range, and iii) limiting the aggregation of adsorbed 

clusters which can quench the photoexcited electron. Starting from the Mo6 cluster iodide precursor 

Cs2[{Mo6Ii
8}Ia

6], a few iodide ligands were replaced by naphthalene 2,6-disulfonate (NS) organic 

molecules, composed of electron-donating naphthalene and electron-withdrawing sulfonate for 

delocalizing the photoinduced electron. An X-ray photoelectron analysis confirmed the chemical 

compositions of the as-synthesized compounds including the [Mo6Ii
8Ia

3(H2O)a
2(-OSO2-C10H6-SO3

- 

Na+)a] clusters and free Na2(-OSO2-C10H6-SO3
-) molecules with different constitutions that depended 

on the molar ratios of the Cs2[{Mo6Ii
8}Ia

6] precursor and NS. The replacement of iodide ligands by 

NS molecules resulted in modification of the band gaps with the shift from 2.08 eV to 2.60 eV and 

increased the radiative recombination rate that was indicated by a broad peak centered around 640 nm 

in the photoluminescence spectra. The radiative recombination time of the modified Mo6 cluster was 

adjusted in the suitable range (ns < τ < µs) for photovoltaic cells, the longer than electron injection 
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time (~ 0.1 ns), and shorter than the cluster regeneration time (~ 0.1 µs) in the electrolyte mediator [2]. 

The photovoltaic properties were systematically studied to reveal the role of NS at different 

compositions on isolated and non-isolated Mo6 cluster-based nanocomposites. Both the 

[Mo6Ii
8Ia

3(H2O)a
2(-OSO2-C10H6-SO3

- Na+)a] clusters and free Na2(-OSO2-C10H6-SO3
-) molecules 

contributed to the enhancement of the homogeneous dispersion of the Mo6 cluster and charge 

transferring rate such that the power conversion efficiency (PCE = 0.97 %) increased by a factor of 2 

compared to a previous study (0.44 %) [19]. This is a new record of efficiency for Mo6-based cluster-

sensitized solar cells. The Mo6 cluster-based cells resulted in an impressive accumulation of the 

photocurrent while the NS at a good concentration can retain the enhanced photocurrent in the MINS-

based cells. With regard to this, an increase in PCE by about 20 % after the first 5 minutes of the AM 

1.5G illumination was recorded until it reached saturation. These promising results open the door for 

the investigation of the octahedral transition metal clusters as a new nontoxic light harvester for 

photoelectrochemical devices ranging from sensitizer solar cells to solid solar cells.  

    

2. Experimental sections 

Chemicals 

Acetone (99.5 %) and acetonitrile were supplied from Nacalai Tesque. The titanium chloride solution 

(TiCl4, 16.0～17.0 % as Ti) and disodium naphthalene-2,6-disulfonate were purchased from the 

Fujifilm Wako Pure Chemical Collaboration. Ti-Nanoxide T/SP, which contains anatase titanium 

dioxide particles with a size of about 15-20 nm and a concentration of 18 wt%, was purchased from 

Solaronix. The compositions of the electrolytes that included I2, LiI,1-butyl-3-methylimidazolium 

iodide, and (2) 4-tertbutylpyridine were purchased from Sigma-Aldrich. All the chemicals were used 

without purification. The deionized water was obtained using Water Purifiers WG710 equipment with 

conductance of 0.5×10-4 S/m at 25°C. The Cs2[{Mo6Ii
8}Ia

6] (CMI) cluster powder was synthesized by 

the solid-state procedure reported in a previous publication without purification [30]. 

 

Modification of apical ligand of Cs2[{Mo6Ii
8}Ia

6] (CMI) cluster 

The Cs2[{Mo6Ii
8}Ia

6] (CMI) cluster precursor was dissolved in acetone (1 g/L) and the naphthalene 

2,6-disulfonate (NS) organic molecule was separately dissolved in distilled water at room temperature 

under ambient conditions. The molar ratios are listed in Table SI1. Both solutions were then mixed at 

70oC for 3 hours and continually stirred at room temperature for 48 hours. The transparent and red-
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colored solution containing CMI shifted to a slightly turbid orange. The slurries were abbreviated as 

non-isolated MINSx with x=16, 24, and 35, and x as an abbreviated representation of the molar ratios 

between NS and the CMI precursors. (Tab. S1). In addition, all the MINSx slurries were purified by 

washing four times in an acetone/water mixture to remove any residual substances, then heated at 50oC 

for 24 hours, and abbreviated as isolated MINSx with x=16, 24, and 35. All the prepared composites 

were stored at 50oC for the next steps and deposited on quartz glass for characterization.  

 

Preparation of the Mo6 cluster-based photoelectrodes 

The mesoporous titanium dioxide (TiO2) film was prepared on a highly durable transparent conductive 

ITO glass (Geomatec Co., Ltd., Tokyo, Japan; < 5 Ohm/sq). the 2×3 cm2 ITO glass was first properly 

washed using acetone and ethanol, then coated with a commercial Ti-Nanoxide paste by the doctor 

blade technique with a thickness of about 5µm. Afterward, the TiO2 paste-based photoelectrode was 

sintered at 450 °C for 1 hour in ambient air to decompose the unnecessary organic compositions, then 

cooled to room temperature. A titanium (IV) chloride surface (TiCl4) treatment was performed on the 

mesoporous TiO2 film that was referenced from a previous procedure to enhance the charge transport 

[31]. The electrodes were immersed in a TiCl4 solution (0.3 M) of distilled water at 70 °C for 30 min. 

The electrode was then washed using distilled water to remove the white TiO2 nanoparticles on the 

surface, then sintered at 450 °C for 30 min in ambient air. The active TiO2 area for the absorbing 

photosensitizer was 1.2×1.5 cm2. The non-isolated MINSx (x=16, 24, 35) suspensions were directly 

poured into a 500 mL beaker and stabilized in a vacuum impregnation apparatus. The TiCl4-treated 

TiO2 mesoporous film was immersed in the photosensitizer-containing beaker for 15 minutes under 

vacuum pressure (~ 6 Pa). The photoelectrode was then heated at 120 °C for 30 minutes to properly 

eliminate the solvent and perform possible covalent bonding between the TiO2 and Mo6 cluster-based 

photosensitizer. A negative MI nanocluster was also deposited on the TiO2 electrode by electrophoretic 

deposition (EPD) at 20 V for 2 minutes as in the illustration below. The EPD system consisted of one 

indium tin oxide-coated glass slide with a surface area of 2×3 cm2 acting as the cathode and one TiCl4-

treated TiO2 mesoporous film acting as an anode that was connected to a Source Meter (Keithley 

Model 2400, Ohio, USA) as an electric field generator. All the TiO2 photoelectrodes adsorbed Mo6 

cluster-based photosensitizers were stored at 50 °C before characterization.   

 

Solar cell fabrication  
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The n-MCSSCs were an assembled structure of two photoelectrodes with filtered electrolytes in the 

middle space. A counter electrode was prepared by quickly coating a platinum layer at a current of 5 

mA for 5 minutes under plasma treatment. The TiCl4-treated TiO2 photoanode coated with 

photosensitizers was sealed with a platinum-coated ITO glass using a Surlyn polymer spacer (Meltonix 

1170-25, 25 µm) at 120 °C for 10 minutes. The electrolyte composed of the iodide/triiodide couple 

was referenced from the previous report with a slight modification for comparison [19]. The redox 

mediator compositions included 0.05 M I2, 0.1 M LiI, 0.6 M 1-butyl-3-methylimidazolium iodide, and 

0.5 M (2)4-tertbutylpyridine in acetonitrile. The J-V characteristic was recorded by a Keithley 2400 

source meter under the illumination of one sun (AM 1.5G illumination, HAL-320, Asahi Spectra USA, 

Inc.) with a power density of 100 mW.cm-2.  

The overall efficiency (PCE, %) is the percentage of the solar energy converted into electrical energy 

under the illumination of one sun calculated using equation (1) [2]: 

𝜂 (%) =  
𝐽𝑠𝑐 × 𝑉𝑜𝑐 ×𝐹𝐹

𝑃𝑖𝑛
 (1)  

where Jsc is the current per active area recorded using a source meter (2400, Keithley) under the 

illumination of one sun (AM 1.5G illumination) with a Pin of 100 mW.cm-2. Voc and FF are the open 

circuit voltage and fill factor, respectively.   

The incident photon-to-current conversion efficiency (IPCE) of the n-MCCSC was calculated using 

equation (2) [2]: 

IPCE = 
Jsc ×1240

Pin × λ
 (2) 

where Jsc is the photocurrent per active area recorded using a source meter (2400, Keithley) under the 

illumination of a wavelength-tunable light source (NIJI-2, Bunkoukeiki) with Pin (mW/cm2), and λ is 

the corresponding excitation wavelength. 

 

Material characterizations 

The binding energy spectra were measured by X-ray photoelectron spectroscopy (XPS) (PHI Quantera 

SXM (ULVAC-PHI)) using Al Kα radiation at 20 kV and 5 mA and the binding energies were 

calibrated with the C1s peak at 285 eV. The typical chemical vibrations were verified by Raman 

spectroscopy (RAMAN plus, Nanophoton Co., Ltd., Japan) in the wavenumber range from 0 to 1800 

cm-1 under the excitation of the laser wavelength of 532 nm and Fourier transform infrared 

spectroscopy (FTIR) (Thermo Scientific Nicolet 4700) in the wavenumber range from 4000 to 400 
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cm-1. The crystallinity of the mesoscopic TiO2 photoelectrode was determined by powder X-ray 

diffraction (XRD) (SmartLab, RIGAKU, 40 kV and 30 mA) in the 2θ angle range from 20° to 60° for 

the thin film at the scan speed of 1o/ min with the Cu Kα radiation (λ = 1.54 Å). The absorbance 

properties were measured by UV-Vis-NIR spectroscopy (JASCO V-650, Jasco Corp.) in the 

wavelength range of 350 to 1000 nm at the scan rate of 1000 nm/min. The absorbance spectra were 

used to calculate the optical bandgap (Eg) by using the Tauc relation as demonstrated in the Support 

Information. The emission spectra were obtained by high-performance fluorescence spectroscopy 

(JASCO FP8500) connected to a Xenon lamp at the scan rate of 500 nm/min. The surface morphology 

and the elemental composition were analyzed by field emission scanning electron microscopy (FE-

SEM, S4800, Hitachi High-Technologies Corp.) at 10 kV coupled with an energy-dispersive X-ray 

(EDX) analysis device. The quantum yield was measured by an absolute PL quantum yield 

spectrometer C11347 (Hamamatsu Corp.) with excitation at a wavelength of 400 nm. Time-resolved 

photoluminescence (TRPL) signals were recorded via Time-Correlated Single Photon Counting 

(TCSPC) using HORIBA Scientific fluorescence lifetime systems coupled with a pulsed diode laser 

(NanoLED-360, Horiba) to excite the samples at the wavelength of 361 nm, pulse duration lower than 

1 ns, and time-to-amplitude converter (TAC) of 2 ms in an air atmosphere at 298 K.  

 

Cyclic voltammetry 

The cyclic voltammetry experiments were carried out in a three-electrode cell including a platinum 

plate (1 cm2) as the working electrode, a platinum wire as the counter electrode, and a saturated 

silver/silver chloride (Ag/AgCl) in 3.5 M KCl as the reference electrode. The Mo6 cluster prepared by 

EPD and isolated MINS24 compounds were separately dissolved in acetonitrile at 1 mM, then mixed 

with the TEABF4 0.1M supporting electrolyte. The ferrocene/ferrocenium redox system was used as 

an internal system to calibrate the Eox and Ered calculations. The estimated highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of the photosensitizers 

were calculated using the equation: ELUMO = -e[(Ered – E1/2(ferrocene) + 4.8) eV or EHOMO = -e[(Eox – 

E1/2(ferrocene) + 4.8) including the ferrocene reference energy level of - 4.8 eV [32]. The half-wave 

potential E1/2(ferrocene) of the ferrocene/ferrocenium (Fc/Fc+) redox couple in acetonitrile with the 

TEABF4 0.1M supporting electrolyte was found to be 0.448 V (Supporting Information). The solution 

was degassed by purging with argon for 10 min before measuring. The current gradients were recorded 

with the potential scanned from -2 V to 2.5 V at 25oC.  
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Electrical impedance measurement 

Impedance measurements were carried out by using a multichannel potentiostat (VSP300, BioLogic 

Ltd.). The frequency range was from 0.1 Hz to 100 kHz and the alternating signal was 10 mV. The 

results were recorded with a bias in relation to theVOC of 600 mV in the dark. The obtained spectra 

were fitted using Z-View software corresponding to the appropriate equivalent circuit.  

 

3. Results and discussions 

Effect of NS on the chemical and photophysical properties of isolated composites based on Mo6 cluster 

It was suspected that the halogen groups of the [{Mo6Ii
8}Ia

6]2- cluster unit hinder the charge transport 

in photovoltaic devices due to the difficulty in creating covalent bonding with functional groups on 

the lattice of the semiconducting surface. In order to improve the interactions between the cluster-

based sensitizer and the charge collector surface, the replacement of the apical iodide ligands by 

aromatic sulfonate groups was investigated. In this study, the modification of the apical iodide ligands 

of the crystalline Mo6 cluster precursor (Cs2[{Mo6Ii
8}Ia

6]) was carried out by using (-OSO2-C10H6-

SO3
- )(NS) anions with two sulfonate groups. In general, the apical I ligand could be replaced by water 

molecules in a dispersing medium of acetone and distilled water to form a slightly modified cluster 

[Mo6Ii
8Ia

4(H2O)a
2] [19, 33]. The addition of functional (-OSO2-C10H6-SO3

-) groups to the medium 

should lead to a parallel substitution of the apical iodides to form the [Mo6Ii
8Ia

6(H2O)a
y(OSO2-C10H6-

SO3
-)a

6-y]y-2 (0 ≤ y ≤ 6) anionic cluster, which is neutralized by sodium cations. To confirm this 

exchangeability, the chemical element compositions of the modified Mo6 cluster were investigated by 

X-ray spectroscopy (Fig. S1a). Table S2 summarizes the binding energies of the O1s, C1s, S2p, Na1s, 

Mo3d, and I3d regions that were calibrated using the carbon binding energy at 285 eV. The element 

compositions of the non-isolated and isolated MINS24 compounds are shown in Table S3. The 

complete elimination of the Cs+ counter cation was confirmed after isolation. Moreover, the atomic 

ratio of the Mo and I atoms of the Mo6 cluster in the isolated MINS24 compounds was obtained at 6 

and 11 while the theoretical value of the Mo6 precursor is 6 and 14. The elimination of three apical 

iodide ligands from the cluster precursor was suggested. The energy binding peaks specific to C1s, 

S2p, and Mo3d were respectively recorded at 285 eV, 168.3 eV, 228.9 (Mo3d5/2), and 232.1 eV 

(Mo3d3/2) (Figs. S1b-d). In greater detail, two peaks of Mo3d are specialized for the Mo4+ state of the 

Mo-I bonding of the Mo6 cluster. According to the deconvolution spectrum of the O1s region in Fig. 
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1a and calculated data listed in Table S4, three contributions are observed. The binding energy peaks 

at 533.7 eV and 532.5 eV are assigned, respectively, to O=S and O-H coming from naphthalene 

sulfonate and H2O apical ligands of the Mo6 cluster. The peak centered at 530.9 eV is attributed to the 

formation of the O-Mo bonds due to the substitution of the O-containing apical ligands [34]. As seen 

in Fig. 1b, the deconvoluted energy peaks denoted for inner and apical iodide ligands (Ii and Ia) are 

indicated at 620.5 eV (3d5/2) and 632.0 eV (3d3/2) and 618.9 eV (3d5/2) and 630.4 eV (3d3/2), 

respectively. From Table S5, the calculated amount of the inner and apical iodides is 8 and 3 atoms, 

respectively, which agrees with 11 apical iodides in Table S3. Based on the deconvolution of the XPS 

spectra of O1s and I3d regions, a new cluster with the formula [Mo6Ii
8Ia

3(H2O)a
y(OSO2-C10H6-SO3

- )a
3-

y]y-2 (0 ≤ y ≤ 3), which is neutralized by sodium cations, is proposed. As seen in the element of 

compositions of MINS24 from Table S3, the sodium cations after isolation are realized at 3 atoms per 

one Mo6 cluster unit. It is suggested that the MINS24 compound should include a cluster with the 

formula [Mo6Ii
8Ia

3(H2O)a
2(OSO2-C10H6-SO3

- Na+)a] and Na2(OSO2-C10H6-SO3
-) molecule at similar 

percentages.         

Fig. 1c provides information about the Raman spectra of the MI and isolated MINS compounds with 

specific assignments for the Mo-I and Mo-Mo bonds in the wavenumber range from 50 to 400 cm-1. 

According to the calculated data for the [{Mo6Ii
8}Ia

6] cluster reported by Schoonover et al., the 

proposed assignments are presented in Table S6. Considering the Raman shifts of MI, specific 

assignments recorded at 109 and 285 cm-1 belong to the symmetry vibration of the Mo-Mo bond of 

the octahedral Mo6 cluster. The Raman shifts of Mo-Ia and Mo-Ii are recorded at 126 (Mo-Ii, Mo-Ia), 

154.8 (Mo-Ii, A1g), and 223 (Mo-Ii). In addition, the vibrational signals assigned to the Mo-O bonding 

appear at 487, 564, 726, and 955 cm-1 (Fig. 1d) [35]. Based on the NS reference sample, the Raman 

shift bands centered at 521 (C-C-C bending), 1054, and 1381 cm-1 (C-C stretching) are assigned to the 

C-C bond in naphthalene; 611 and 1119 cm-1 assigned to the S-O bond in the sulfonate (-SO3
-) group; 

1468 (C-H bending), 1566, and 1624 cm-1 assigned to the C-C and C=C stretching in an aromatic ring 

with resonances of the S-O vibrations [36-38]. In general, all the Raman bands of the MINS series 

show a similar signal. In comparison with the Raman bands of MI and NS, the MINS band is composed 

of vibration signals of its compositions with a slight modification. The recognition of specialized 

vibrational bands in the spectrum of MINS24 confirms the shift in the Raman peaks at a lower 

wavenumber for the Mo-Ii, Mo-Ia, Mo-O, S=O, and S-O stretching vibrations. For example, all the 

Raman peaks assigned to Mo-Ii and Mo-Ia, namely, at 125 (Mo-Ii, Mo-Ia), 151 (Mo-Ii, A1g), and 219 
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cm-1(Mo-Ii) are shifted towards lower wavenumber values. The contribution of the new Mo-O link 

thus affects the polarization and atomic distance of the Mo-Ii or Mo-Ia or Mo-Mo links. In addition, 

the intensity of the Raman peaks centered at 1561 and 1624 cm-1 is reversed in MINS24 compared to 

that of NS (Fig. 1d). Both Raman shifts are assigned to the symmetry C=C vibration in the ring that 

links carbon with the SO3 stretching. Thus, the shift in the Raman peak from 1566 to 1561 cm-1 and 

the decrease of the signal intensity at 1623 cm-1 come from the increase of the defects in the S-O 

stretching due to the appearance of the possible Mo-O-S link [39]. The reduction of the polar vibrations 

of the S-O bond results in increasing the Raman scatterers. Fourier-transform infrared spectroscopy 

(FTIR) curves were obtained between 1300 cm-1 and 1000 cm-1 that characterize the vibrational band 

of the SO3
- group during the interaction with anions (Fig. 1e). Most of the symmetric and asymmetric 

stretching vibrations assigned to SO of the SO3
- group shift to a lower wavenumber. It is evident that 

a strong peak at 1046 cm-1 comes from the SO shifts to 1042 cm-1 and 1030 cm-1 after incorporating 

the Mo6 cluster. Following the report of Kabiri and co-authors, the SO vibration appeared at around 

1036 cm-1 and indicated the SO vibration in the free SO3
- group [40]. The addition of sodium or 

calcium cations will provide ionic interactions that hindered the efficient delocalization of the negative 

charge on the sulfonate, resulting in the shift to 1044 and 1056 cm-1, respectively. These proofs are 

meaningful to favor the appearance of the 1042 cm-1 and 1030 cm-1 peaks coming from SO after 

separating sodium cations in this study. The intensity of the 1030 cm-1 peak is strongly recognized in 

the case of MINS16 then it reduces for MINS24 and MINS35. The free SO3
- groups in MINS16 are 

efficiently generated while the use of high NS amounts in MINS35 does not contribute to the 

separation of the sodium cations. In summary, as illustrated in Fig. 1f, at least one covalent bond 

possibly appears between the Mo6 cluster and NS via the Mo-O-S bridge. Moreover, other SO3
- groups 

could be paired with sodium cations or create ionic interactions between them that will depend on the 

added amounts of NS. The balance between the two kinds of ionic interactions possibly controls the 

aggregation of the nanoparticles that affect the homogeneous dispersion on the semiconductor 

substrate. 
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Figure 1. The deconvolution XPS spectra of a) O1s and b) I3d regions of the isolated MINS24.  The 

fingerprint Raman shifts of MI, NS, and isolated MINSx (x=16, 24, 35) between c) 50 to 400 cm-1 and 

(d) 500 to 1800 cm-1 in air at 298K. e) Fourier-transform infrared spectroscopy (FTIR) curves between 

1300 cm-1 and 1000 cm-1. F) The schematic illustration of the chemical structure of the modified Mo6 

clusters and possible interactions.  

The UV-Vis absorption spectra of the isolated MINSx (x=16, 24, 35) and electrophoretically deposited 

MI films on ITO-coated glass are summarized in Fig. 2a. As known, free NS molecules in the 

compound do not show absorption in the visible light range so they do not contribute to these 

absorption characteristics in Fig. 2a. The strong absorbance in the visible light range between 400 nm 

and 600 nm is realized for the electrophoretically deposited MI mainly containing [Mo6Ii
8Ia

4(H2O)a
2] 

clusters. The modification of the chemical compositions by replacing the iodide apical ligands results 

in a significant difference in the optical properties. In greater detail, the reduction of the visible light 

absorption is recognized for MINSx (x=16, 24, 35) films in the range between 500 nm and 600 nm. 
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Consequently, the optical gap energies also result in a clear change for all the MINSx (x = 16, 24, 35) 

cluster compounds as seen in Fig. 2b. As seen in Table 1, the optical energy gap increases from 2.08 

eV for MI to around 2.44 eV for MINS16 and 2.6 eV for MINS24 and 35. The energy band gap of the 

[Mo6Ii
8Ia

4(H2O)a
2]. mH2O cluster recorded at 2.08 eV agrees with a previous study for the 

electrophoretically deposited Mo6 thin film [19, 27]. In the case of MINS16, two energy gaps were 

calculated at 2.08 and 2.44 eV, which emphasize an incomplete apical exchange to form the 

constituting clusters; i.e., [Mo6Ii
8Ia

4(H2O)a
2] and [Mo6Ii

8Ia
3(H2O)a

2(-OSO2-C10H6-SO3
- Na+)a]. The 

complete modification from the [Mo6Ii
8Ia

4(H2O)a
2] cluster to the [Mo6Ii

8Ia
3(H2O)a

2(-OSO2-C10H6-SO3
- 

Na+)a] cluster results in a proper change in the optical bandgap Eg that occurs for the MINS 24 and 35 

compounds recorded at 2.6 eV.  

To estimate the HOMO and LUMO energies of the new compounds and the electrochemical energy 

band gap, cyclic voltammetry measurements of the MI and isolated MINSx (x=16, 24, 35) compounds 

in acetonitrile with the calibration of the ferrocene/ferrocenium redox system are summarized in Fig. 

S2 and Table 1. The calculation is illustrated in Section 2.5. The onset of oxidation increases from 1.43 

for the [Mo6Ii
8Ia

4(H2O)a
2] cluster to 1.76, 1.78, and 1.73 eV for the MINS16, MINS24 and MINS35 

suspensions containing the [Mo6Ii
8Ia

3(H2O)a
2(-OSO2-C10H6-SO3

- Na+)a] clusters, respectively. It is 

evident that the aromatic sulfonate groups increase the stability of the cluster complex toward 

oxidation in the electrolyte medium. The obtained stability is an advantage for the application of the 

Mo6 cluster in solar cells. In the negative potential region, the onset of reduction is similar to around 

-0.87 eV. The HOMO energies are significantly different between the two kinds of cluster complexes. 

These results show a similar trend to the reported data for the molybdenum cluster complexes 

(nBu4N)2[{Mo6X8}X6 (X- = Cl-, Br-, I-) that have exchanged apical ligands by different aromatic 

sulfonate ligands [20]. The EHOMO and ELUMO of the modified Mo6 complexes were systematically 

tuned by changing the electron-donating naphthalene and electron-withdrawing sulfonate in NS [41]. 

In greater detail, the electron-withdrawing sulfonate group will contribute to the reduction of EHOMO 

from -5.8 eV to -6.1 eV [42, 43]. It causes a decrease in the electron-electron repulsion that modifies 

the strength of the Mo-Mo bonds and electronegativity of the Mo6 octahedron. The electrochemical 

energy bandgaps calculated from cyclic voltammetry (CV) graphs in Table 1 are relatively similar to 

the optical energy bandgap that was calculated from the Tauc plot (Fig. 2b). In summary, the CV-

derived HOMO and LUMO energy levels of the Mo6-based sensitizers are presented in Fig. 2c. These 

LUMO energies of the MI and isolated MINSx (x= 16, 24, 35) compounds are much higher than the 
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conduction band (CB) of the semiconductor (-4.0 eV for anatase phase TiO2), while the HOMO 

energies are lower than the oxidation potential of the I-/I3
-electrolyte (-4.8 eV). This results in the 

possibility of electron injection into the semiconductor in the photovoltaic device [44]. In line with 

previous studies, the modified sulfonate-based Mo6 cluster could be a good candidate for a photostable 

photosensitizer that provides the excited electrons to generate a short-circuit current in the MCSSCs.    

 

Figure 2. a) The absorption spectra of MI and isolated MINSx (x =16, 24, 35) on ITO-coated glass and 

b) the Tauc plots calculated from the absorption spectra for estimating the optical energy gap. c) CV-

derived HOMO and LUMO energy levels vs vacuum of the Mo6-based sensitizers.  

 

Table 1. The potential of the onset of oxidation (Eonset, ox) and reduction (Eonset, red) and electrochemical 

energy band gap of the compound MI after EPD and isolated MINSx (x =16, 24, 35). The optical 

energy gap was calculated from the Tauc plot.  

Composites Eonset, ox vs 

Ag/AgCl 

HOMO 

level 

Eonset, red vs 

Ag/AgCl 

LUMO 

level 

Electrochemi

-cal energy 

Optical energy 

gap (eV) 

Page 15 of 35

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(V) (V) gap (eV) 

MI 1.47 -5.82 -0.87 -3.48 2.34 2.08 

MINS16 1.76 -6.11 -0.81 -3.54 2.57 2.08; 2.44 

MINS24 1.78 -6.13 -0.87 -3.48 2.65 2.59 

MINS36 1.72 -6.07 -0.87 -3.48 2.59 2.60 

 

Photophysical properties of the Mo6 cluster-based photoelectrodes. 

The isolated MINSx (x = 16, 24, 35) compounds were strongly aggregated after purification to 

eliminate the residual NS molecules and heat treatment at 50oC. The homogeneous dissolution was 

impossible to obtain in any solvent media. For that reason, the non-isolated MINSx slurries were 

directly used to deposit on the TiO2 photoelectrodes to achieve a good uniform dispersion. As seen in 

the HR-TEM images of nanoparticles in the non-isolated MINSx slurries, the role of residual free NS 

molecules is discussed (Figs. 3a-c). The trends of the aggregated nanoparticles are different at various 

ratios of the NS and Mo6 cluster precursors. The NS amount in MINS16 is efficient for reducing big 

Mo6 crystals into nanoparticles sized from 70 to 100 nm while images of the MINS24 show a 

homogeneous dispersion of 5 nm-sized nanoparticles in the amorphous matrix containing the NS 

molecules. An increase in the NS amount of MINS35 causes an aggregation between these phases that 

disturbs the uniform dispersion of the modified Mo6 cluster. It is evident that only the MINS24 slurries 

show a relative transparency (Fig. 3a-c). In general, in the solvent medium, big 1 µm-sized 

Cs2[{Mo6Ii
8}Ia

6] crystals will be dissociated to form Cs+ and [{Mo6Ii
8}Ia

6]2- ions. These [{Mo6Ii
8}Ia

6]2- 

ions tend to change a neutral [Mo6Ii
8Ia

4(H2O)a
2] cluster form that has strong hydrogen bonding causing 

an aggregation. In MINS24, most of the [Mo6Ii
8Ia

4(H2O)a
2] cluster is modified to the 

[Mo6Ii
8Ia

3(H2O)a
2(-OSO2-C10H6-SO3

- Na+)a] cluster surrounded by the negative charged NS that results 

in only an ionic interaction, preventing the aggregation. The elimination of residual NS surrounding 

MINS will destroy the monodispersed distribution that hinders the absorbed sensitizer amounts.      

In this study, the titanium (IV) chloride surface treatment on TiO2 was performed to improve the 

charge transport, thus enhancing the photovoltaic performance [31, 45]. The optical energy bandgap 

of TiO2 was measured at 3.43 eV by using the Tauc plots in Figure SI3a which were almost similar to 

the previous report [46]. The mesoporous TiO2 film with the essential anatase crystalline phase was 
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successfully prepared by thermal treatment at 550 ºC in air and its morphology was demonstrated in 

Figs. S3b and 3d. The surface of the transparent TiO2-based photoelectrodes is observed to have a 

roughness as well as high porosities that provide efficient active areas for anchoring the Mo6 cluster. 

These patterns are stable and the porous morphology between the nanoparticles is connected after 

being treated with the TiCl4 solution (Fig. 3e). MI was deposited on the TiO2 film by EPD for 2 

minutes at 20 V. Compared to the soaking method, the EPD was reported as the best method to 

chemisorb the homogeneous MI into the TiO2 mesoporous electrodes [19]. In the case of the non-

isolated MINSx (x = 16, 24, 35) clusters dissolved in water/acetone, a vacuum impregnation process 

for 15 minutes was applied for the depositions because it was not successfully deposited by EPD. The 

distribution of MI into the cross-section area of the mesoporous TiO2 film was demonstrated by using 

TEM-EDX mapping (Fig. S4). Besides the amount of MI adsorbed inside the TiO2 pores, the thick 

layer of MI could be recognized on the top of the TiO2 surface with a thickness of 0.7 µm. Similar 

layer structures were confirmed in the TiO2-introduced MINS16 clusters by cross-section SEM images 

(Fig. S5). The MINS16-based photoelectrode possesses a thickness of 5.6 µm of which about 0.5 µm 

is only composed of MINS16 on the top. Fig. 3f shows the smooth and homogeneous distribution of 

MINS24 on the surface of the TiO2 film. These top cluster layers decrease in the MINS24-based film 

and disappear in the MINS35-based film (Fig. S6). The elemental compositions of the cross-section 

clarify the concentration of MINS16 as seen in Fig. SI5 and MINS24 in Fig. 3g. A highlight-colored 

layer assigned to the Mo, I, and S atoms properly appears on the top of the MINS16 while it does not 

focus on the top of the MINS24 film. Considering the similar deposition method for MINS16, 24, and 

35 with a similar concentration of the [Mo6I14] precursor, the difference in the deposition comes from 

the different number of NS molecules. The increase in the concentration of the NS functional groups 

seems to improve the adsorption of the cluster inside the pores and reduces the aggregation of clusters 

on the surface.  

The elemental compositions and binding energy were measured for the MINS24 deposited on the TiO2 

film, showing the stability of the apical ligands after being introduced into the TiO2 electrode (Tab. 

S3). The deconvolution spectra of the O1s regions and calculated data presented in Figs. 3h and Table 

S7 indicate the existence of binding energies assigned to the Mo-O and Ti-O links at about 530.7 eV, 

O-H at 532 eV, and O=S at 533.1 eV. The ratio between Mo and I at 6 and 11 means the link between 

MINS and the TiO2 lattice should come from the sulfonate groups (SO3
-) on NS (Tab. S8 and Fig. 3i). 

The binding energy spectrum of the Ti region shows two spin-orbit peaks of 2p3/2 (459.4 eV) and 2p1/2 
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(465.2 eV) (Fig. 3k). It is difficult to show the difference in the binding energy of the Ti-O bonding 

in TiO2 or Ti-O-cluster links. The possible prediction for the linking between the SO3 group-

functionalized cluster and TiO2 lattice could occur; the SO3 group reacted with the OH groups on the 

lattice and eliminated water produced during heating at 120 ºC to form a Ti-O-S(O2)-cluster bridge. 

This covalent interaction should favor the charge transport inside the photoelectrode and should lead 

to a higher efficiency of photovoltaic devices.      
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Figure 3. HR-TEM images at different magnifications and photographs of non-isolated slurries under 

visible light irradiation of a) MINS16, b) MINS24, and c) MINS35. Scanning electron microscopy 

(SEM) images of d) mesoporous TiO2-based film, e) mesoporous TiO2-based film treated with TiCl4 

0.3M, f) the non-isolated MINS24-coated TiO2 photoelectrode. g) the SEM-EDX mapping of the 

cross-section of non-isolated MINS24-coated TiO2 photoelectrode. The multiplet split components of 

h) XPS O1s spectrum, i) XPS I3d spectrum, and (k) XPS Ti2p spectrum.  

 

The evaluation of the photosensitizer efficiency in solar cells relates to the emission maximum 

wavelength (λem), photoluminescence lifetime (τem) as well as the excited state lifetime and quantum 

yield (Φem). To identify the photoluminescent property (PL) of the Mo6 cluster in solar cells, crystalline 

MI or isolated MINS-coated quartzs were irradiated under 365 nm UV light (Fig. 4a). The PL intensity 

of MI is weak while well-distinguished peaks centered at 638, 642, and 646 nm appear for the isolated 

MINSx (x= 16, 24, 35), respectively. These broadly obtained PL emissions belong to the wavelength 

range from 580 nm and 700 nm that is excited by light irradiation lower than 500 nm (Fig. 4b). This 

large Stoke shift will limit the loss of the absorption photonic energy. These results agree with the 

previous report on the exchange of different aromatic sulfonate ligands [20]. In summary, the 

enhancement of the PL signal in MINS means an increase in the contribution of the radiative 

recombination process compared to the non-radiative recombination [47]. Non-radiative 

recombination is an unwanted process in the photovoltaic characteristics due to lowering the light 

generation efficiency by phonon scattering and increasing heat losses. 

Time-resolved photoluminescence (TRPL) signals were recorded via Time-Correlated Single Photon 

Counting (TCSPC) in air at 298 K. The luminescence emissions of the MI and MINSx (x= 16, 24, 35) 

composites are indicated at the wavelength of 700 nm and 640 nm irradiated under 361 nm UV light, 

respectively. The decay time profiles of MI and MINS crystalline on quartz or TiO2 are presented in 

Fig. S7-8. The luminescence lifetimes were fitted by 2 exponential decays for MI-based samples and 

3-exponential decays for the MINSx-based samples summarized in Table S9 and (Fig. 4c). The fitted 

data of MI deposited on quartz show an average emission lifetime (τe) of 1.172 µs that includes a high 

real percentage of about 98.1 % (τ1 = 58 ns) and the other is 1.9 % (τ2 = 58.7 µs). This is in agreement 

with the emission lifetime of the Mo6-based clusters reported in the µs range [20, 26]. The shorter 

lifetime is caused by the aggregated clusters while another comes from the monodispersed clusters. 
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The emission lifetimes of the isolated MINSx (x = 16, 24, 35) deposited on quartz were fitted by a 3-

exponential decay calculation. The contribution of the emission lifetime (τ3) in the µs range is almost 

zero while a new and short emission lifetime (τ2) in the ns range appears as seen in Table S9. 

Apparently, the photoexcited electron density could be rearranged and trapped by the π-spacer group 

as naphthalene of MINS, thus tuning the photo-driven electron transport and shortening the lifetime 

(τ2) [48-49]. Consequently, the average lifetimes were calculated at 27, 47, and 60 ns for the isolated 

MINS16, MINS24 and MINS35, respectively. This trend is reversed in the non-isolated MINSx 

samples deposited on quartz and relatively similar emission lifetimes were calculated at 48, 47, and 

41 ns. Generally, the NS molecules contribute to the reduction of the emission lifetime by the electron-

withdrawing sulfonate groups. The sulfonate acceptors on NS in MINS possibly accelerate the 

recombination rate of the excited electrons causing a slight decrease in the emission lifetime with 

different amounts of NS. The sulfonate functional group has already been investigated as an acceptor 

to balance the charge carrier transport, enhance the moisture resistance, and reduce the migration of 

photosensitizers for enhancing the performances of perovskite solar cells [50, 51].  

In order to deeply understand how the charge recombination on the Mo6 cluster occurs on the interface 

of the photoelectrode, the luminescence lifetimes of the MI and non-isolated MINS clusters 

homogeneously deposited on the mesoporous TiO2 photoelectrode were investigated (Fig. 4c). As 

demonstrated in Tab. 1, the LUMO energies of MI and MINS are -3.48 eV which are compatible with 

the injection into the conduction band (CB) at -4.0 eV of TiO2. All the emission lifetimes of MI and 

non-isolated MINS compounds deposited on the TiO2 substrate result in a reduction the same as the 

increase in the recombination rate by 2 times. MI obviously shows an efficient electron injection into 

the CB of TiO2 when the emission decreases from 1170 ns to 72 ns. This electron injection rate 

increases by 3 times after introducing NS molecules (~ 21 ns). MINS35 obtains a saturated 

recombination rate (~ 20 ns). As discussed before, the compositions of the sensitizer adsorbed in TiO2 

will be composed of [Mo6Ii
8Ia

3(H2O)a
2(OSO2-C10H6-SO3

- Na+)a] and free Na2(OSO2-C10H6-SO3
-) 

molecules for MINS24 and the free NS molecules will increase more in MINS35. Here, NS plays 

some essential roles for improving the electron injection: i) the free NS improves the adsorption and 

homogeneous distribution of MINS on the surface of the lattice, and ii) NS incorporated with the MI 

cluster efficiently orientates the photoexcited electron on the Mo6 cluster to the conduction band of 

TiO2 via the Mo-O-(OSO2-C10H6-SO2)-O-Ti link [52]. The concentration of free NS molecules in 

MINS24 conducts a fast injection of the photoinduced electron into the TiO2 photoelectrode that 

Page 20 of 35

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



continues to accelerate the injection of the higher free NS concentration in MINS35. It is predicted 

that the electron-withdrawing sulfonate contributes to the recombination of the photoinduced electrons. 

Interestingly, many studies have reported efforts to prolong the emission lifetime of sensitizers to 

higher than 0.1 ns while the Mo6 cluster is feasible to adjust the emission decay time in the range from 

ns to µs by changing the apical ligand [16]. 

As expected, an increase of the quantum yield (Φem) with the functionalization of the cluster with NS 

and almost similar values at different NS ratios are due to an increase in the radiative recombination 

or photoluminescence signal (Fig. 4d). In general, free NS molecules only show an optical absorption 

in the UV range with a peak centered at 314 nm in a water solution and thus shows no contribution to 

the absorbance of MINS in the visible range higher than 400 nm (Fig. S9a). NS also does not affect 

the optical characteristic of the TiO2 photoelectrode as seen in Fig. S9b. These low quantum yield 

values are recorded at about 1.2 % due to the high scattering from solid crystals.  

 

 

Figure 4. a) Emission spectra of the MI and isolated MINSx (x=16, 24, 35) compounds deposited on 

quartz under irradaiation at 365 nm UV light. b) The luminescent emission intensity of the isolated 

MINSx upon light illumination at different wavelengths. c) Average emission lifetime and d) quantum 
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yield of MI and non-isolated or isolated MINSx deposited on quartz (black circles) and TiO2 substrate 

(red circles) under excitation at 361 nm.    

 

Photovoltaic characteristics of the Mo6 cluster-based photoelectrodes. 

The J-V characteristic of MCSSCs was measured for a photoanode containing the TiO2 layer adsorbed 

MI and MINSx (x=16, 24, 35) clusters at about 5-µm thickness (Fig. 5). A series of isolated MINSx 

(x= 16, 24, 35)-based MCSSCs were performed for reference. The short-circuit current (Jsc), open-

circuit voltage (Voc), fill factor (FF), and power conversion efficiency (η) are listed in Table SI10 and 

Fig. 5a. The MI and isolated MINS-based MCSSCs show different Jsc and Voc values. In a previous 

report, an electrophoretically MI-based MCSSC was reported with Voc values of 529 mV, Jsc of 1.13 

mA/cm2, FF of 74 and η of 0.44% [19]. In this study, an electrophoretically MI-based MCSSC, with 

similar I-/I3
- electrolyte compositions, was remade under similar conditions. The photovoltaic 

parameters were measured at 600 mV, 1.76 mV, 50 and 0.52 % for the MI-based MCSSC. As 

demonstrated in Table S10, all the isolated MINS-based MCSSCs present a reduction in Jsc, however, 

FF definitely increases from 0.5 for MI to 0.65. It is evident of an enhancement of the charge transfer 

through NS which is linked with the Mo6 cluster. Only the MINS24-based cell shows a higher overall 

efficiency (0.58%) compared to the MI-based cell. This result proves the role of NS in enhancing the 

photoexcited electron injection process from the cluster to CB of the semiconductor. It agrees with a 

discussion of the emission lifetime parts. Although the slight change of the PV parameters in cells 

occurred during continuous measurement under irradiation for 330s, the overall efficiency was 

retained. Fig. S10 presents the morphologies and nanoparticle dispersion of the isolated MINS16 and 

MINS24. It is a fact that the 1 µm-sized big nanoparticles and most of the small nanoparticles were 

deposited on the surface of the TiO2 substrate. This is a result of a weak dissolution in the solvent 

medium seen in Fig. S10. The interface connection between the absorbed Mo6 cluster and the active 

site of TiO2 is not efficient.        

Fig. 5b and Table 2 demonstrate the photovoltaic characteristics of the non-isolated MINSx-based 

MCCSCs. MI and MINS16 give a slightly different short circuit current Jsc of about 1.76 and 1.95 

mA.cm-2, respectively, but the fill factor is enhanced from 0.5 to 0.59 for the MINS16-based MCSSC. 

The improvement of the fill factor with the appearance of the NS ratios tends towards the first 

hypothesis. Moreover, this phenomenon occurs without an increase in the recombination rate since the 

VOC is stable. This result provides proof for the discussion in Fig. 4c with the positive effect of the NS 
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on electron transport and electron injection efficiencies. As a result, the PCE of MINS16-based 

MCSSC increases by 31% compared to the previous study [25]. the MINS35-based MCSSC shows 

the highest short circuit current Jsc of 2.56 mA.cm-2 corresponding to the highest PEC of 0.97 % while 

the fill factor of MINS24-based MCSSC is more efficient. Considering the short-circuit current Jsc, 

MINS35 obtains a good ratio between MI and NS for a high PEC at 0.97 %, increasing 90 % in 

comparison to the MI-based MCSSC. The incident photo-to-current efficiency (IPCE) plots of MI and 

non-isolated MINSx (x=16, 24, 35)-based cells provide proof that supports the high PCE of the 

MINS24 and MINS35-based cells (Fig. 5c). For a comparison of the PV performance of the non-

isolated and isolated MINSx- based MCSSCs, the NS linked with the Mo6 cluster will enhance FF the 

same as the electron injection while the free surrounding NS will enhance the Mo6 absorption and 

photocurrent.  

The efficient IPCE in the visible light range is obtained for MINS24 and 35 recorded at 23 % with a 

wavelength centered at 430 nm and 7% with a wavelength centered at 500 nm. Using an electron-

donating organic monolayer at an organic/inorganic interface has proven the induction of the band 

bending that depends on the adsorbing molecule concentration [53]. The effect of band bending will 

accelerate the electron transfer at the interface of the NS-modified Mo6 cluster to the TiO2 

semiconductor until equilibrium is reached [54, 55]. In this study, the concentration of the free NS 

molecules is controlled to obtain the optimal effect of band bending for charge transfer efficiency.   

Interestingly, the MI and non-isolated MINSx (x = 16, 24, 35) -based cells first showed the rising trend 

of PCE under irradiation of simulated solar light (Fig. 5d). All the cells present a rising tendency of 

the PCE of about 20 % after various cycles and then retain or gradually reduce. This phenomenon does 

not occur for the isolated-MINSx-based MCCSCs. The rising PCE mostly comes from the 

enhancement of the photocurrent as seen in Tab. 2. The MI-based cell reaches a maximum PCE after 

80s then gradually decreases until 330 seconds with a PCE (0.44 %) that is lower than that of the first 

cycle (0.52 %). Here, two points need to be considered; the long emission lifetime (72 ns) of MI can 

accumulate the photocurrent in the first 80 seconds, then the recombination rate occurs faster than the 

accumulation rate due to a generation of a new radical composition which catches the excited electron. 

It is suggested that the water adsorbed in the [{Mo6Ii
8}Ia

4(H2O)a
2].xH2O cluster of the MI-based cell 

could be hydrolyzed to form hydroxyl radicals that collect the electrons, suppressing the electrolyte 

and cluster regeneration. However, this phenomenon does not occur in both the MINS16 and MINS24-

based cells that show similar trends of PCE with a peak of the PCE at values of 0.82 % and 1.18% and 
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then retain it up to 330 seconds. The increase in the PCE at the first stage relates to the long emission 

lifetime of the {Mo6Ii
8}4+ core (~ 20 ns), demonstrating a slow recombination of photoexcited 

electrons on clusters and accumulating in the total current. In the second saturation state, the free 

naphthalene group on NS around the Mo6 cluster can trap the electron by electron-electron pulsion 

and slow down the recombination process on the Mo6 cluster. At the suitable ratios of the Mo6 cluster 

precursor and NS in MINS16 and MINS24, electron-electron pulsion efficiently works and the PCE 

is retained at 330 seconds of measurement (Fig. 5d). However, the PCE of the MINS35-based cell has 

a similar trend with MI; reaching a PCE peak at 1.13% then gradually reducing. At higher NS 

concentrations, the aggregation of NS could occur and the electron-withdrawing sulfonate and 

electron-donating naphthalene of the free NS can create a competition in charge recombination and 

charge trapping of the photoinduced electrons. When the electron-withdrawing sulfonate strongly 

contributes to the charge recombination, regeneration of the cluster will be suppressed resulting in a 

reduction of the accumulation of the photocurrent as seen in the PCE tendency of the MINS35-based 

cell. The morphology of the MINS24-based electrode after photovoltaic measurement for 330 seconds 

and washing the electrolyte by using acetone is presented in Fig. 5e. It can be clarified that the original 

surface is retained with the confirmation of Mo atoms from the Mo6 cluster on the surface (Fig. 5f).  

The photovoltaic characteristics can provide interesting information: i) control of the concentration of 

NS to obtain a suitable emission lifetime for the {Mo6Ii
8}4+ core that accumulates the photocurrent, i) 

NS can enhance the photocurrent Jsc and fill factor that comes from the improvement of the electron 

transport by inducing band bending, and iii) clarify the relation between the MS concentration on the 

PEC of the MCSSC. 
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Figure 5. a) J-V characteristic curves of isolated Mo6 cluster-based-MCCSCs. b) J-V characteristic 

curves, (c) IPCE curves, and (d) PCE tendency for 100 cycles (330 s) of measurement of non-isolated 

Mo6 cluster-based-MCCSCs. E) FE-SEM images and f) SEM-EDX mapping and element spectrum 

of the non-isolated MINS24-based photoelectrode after irradiation for 330s and elimination of the 

electrolyte.  

 

Table 2. J-V characteristic of MI and non-isolated MINSx (x=16,24,35) cluster-based MCSSCs at first 

cycle. Values in brackets were recorded at maximum PCE.  

Cell Jsc 

(mA.cm-2) 

Voc 

(mV) 

 FF η 

(%) 
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MI 1.76 (1.96) 600 (600)  0.50 (0.50) 0.52 (0.58) 

MINP16 1.95 (2.55) 600 (590)  0.59 (0.54) 0.68 (0.82) 

MINP24 2.38 (3.14) 630 (630)  0.63 (0.6) 0.95 (1.18) 

MINP35 2.56 (3.22) 610 (600)  0.62 (0.58) 0.97 (1.13) 

 

Electrochemical behaviors of the MI and non-isolated MINSx (x=16, 24, 35)-based MCSSCs were 

investigated by measuring the charge transfer resistance Rct, the sheet resistance Rs, and the pseudo 

capacitance CPE. Fig. 6a shows Nyquist plots of all cells fitted by using the illustrated equivalent 

circuit. The circuit is composed of two semicircles; the first semicircle corresponds to the substrate 

resistance (Rct1) for which the onset represents the sheet resistance (Rs) of the photoelectrode and the 

second semicircle results in the impedance of the cluster/TiO2/electrolyte interface (Rct2) [31, 56, 57]. 

Bode plots of the cells provide the maximum angular frequency (ωmax) that is used to calculate the 

electron lifetime in the cells (Fig. 6b). Nyquist and Bode plots were measured in the frequency range 

from 100 kHz to 0.1 Hz at the open-circuit voltage (Voc) of 600 mV under dark conditions. The charge 

recombination (τrec) ability at the cluster/TiO2/electrolyte interface competes with the charge transport 

(τtrans). The electron lifetime (τrec) is associated with ωmax in an equation; τrec = 1/(2πf). The calculated 

data are summarized in Tab. 3. It was clarified that MI with the longest recombination time (49.8 ms) 

is beneficial to suppressing the charge recombination on the cluster/TiO2/electrolyte interface. The 

increase in the NS concentration causes a reduction in the charge recombination time (< 1 ms), 

however, it causes a decrease in Rct2 corresponding to an improvement in the injection efficiency. The 

higher chemical capacitance (Cµ) of the MI-based cells results in the efficient suppression of the 

trapping/de-trapping process of the injected electrons in the conduction band of TiO2 [58]. Although 

NS negatively affects the suppression of the trapping/de-trapping process, the MINS 24-based MCSSC 

shows the fastest electron transport (τtrans) of 4.2 µs that is faster by 15 times in comparison to MI (τtrans 

= 64.6 µs). This transfer rate starts to be saturated for the MINS35-based cells (τtrans = 5.7 µs). It is 

consistent with the performances of the MINS24 and 35-based cells. The competition of the electron 

lifetime in electrolyte and electron transfer by using NS produces a good improvement in the PCE. 

For that reason, the control of the NS concentration is necessary in the investigations to improve the 

PCE. In summary, the charge collection efficiency (ηcc) derived from ηcc = (1+ τtrans / τrec)-1 is about 

99 % of all cells which is a beneficial characteristic for obtaining a high efficiency for photovoltaic 

devices [59, 60].  
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Figure 6. (a) Nyquist plots and equivalent circuits used for fitting the cell impedance and (b) Bode 

plots of the MI and non-isolated MINSx-based MCSSCs (x=16, 24, 35). 

 

Table 3. Comparison of EIS parameters of the MI and non-isolated MINSx-based cells (x=16, 24, 35); 

sheet resistance Rs, charge transfer resistance Rct, and electrochemical capacitance CPE. 

Cells 

based 

Rs 

(Ω) 

Rct2 

(Ω) 

ωmax 

(Hz) 

τrec (ms) 

τrec = 1/(2πf) 

Cμ (μF) 

Cμ = τrec/Rct2  

τtrans (μs) 

τtrans = CμRs 

ηcc (%) 

MI 31.4 24142 3.2 49.8 2.06 64.6 99.9 

MINS16 13.7 1188 144.5 1.1 0.93 12.7 98.9 

MINS24 11.6 1157 380.1 0.42 0.36 4.2 99.0 

MINS35 11.8 859 380.1 0.42 0.49 5.7 98.6 

 

Although it is a challenge to improve the photovoltaic performance of metal atom cluster-based solar 

cells, this study has proved the possibility and understood the impact of the physicochemical properties 

of the cluster for improving the efficiency. In connection with the study, apical ligand groups on the 

cluster play an important role in enhancing the charge transfer which strongly contributes to the 

photovoltaic efficiency. For further strategies, some suggestions are proposed to obtain a higher 

efficiency, for example, the ligands should contain the electron donating groups functionalization; the 

co-sensitized dye will be investigated with the cluster; the maximal exchange to 6 apical ligands while 

retaining the visible absorption will be considered; different electrolytes will be used for improving 

the interaction with the cluster, etc.   

 

4. Conclusion  
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The Mo6-based MCSSCs were investigated for their photophysical, photoelectrochemical, and 

photovoltaic behaviors with the addition of aromatic sulfonate functional groups for the first time. The 

Mo6 cluster was functionalized naphthalene-2,6-disulfonate (NS) groups by employing the chemical 

solution method at different molar ratios of the precursors. The study confirmed that the as-synthesized 

compounds were composed of the Mo6-based clusters with the formula of [Mo6Ii
8Ia

3(H2O)a
2(-OSO2-

C10H6-SO3
- Na+)a] and free Na2(-OSO2-C10H6-SO3

-) molecules. The broad absorbance in the visible 

range was lower than 500 nm, the photoluminescent emission had wavelengths centered around 640 

nm, and the photoluminescence lifetime in the ns range on the TiO2 substrate were verified as a 

function versus the concentration of the introduced NS. NS played a vital role in stabilizing the cluster 

in the redox mediator, increasing the distribution of the Mo6-based photosensitizers in TiO2, and 

improving the charge transfer process in the redox mediator. As a result, the MINS-based MCSSC 

resulted in a PCE of 0.97 % which was enhanced by 90 % in comparison to the MI-based cell. 

Interestingly, this PCE reached the highest value of 1.18 % and then became saturated at the highest 

value after 330 seconds of measurement for the best cell. A deep understanding of photophysical and 

photoelectrical behaviors is the original step in targeting the improvement of the efficiency of 

optoelectronic devices. The first basic knowledge of this study will open a new pathway for research 

on the improvement of the power conversion efficiency of MCSSCs based on octahedral transition 

metal clusters.   
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