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ABSTRACT 

Mesoporous semiconducting networks exhibit advantageous photo-

electrochemical properties. The M13 virus is a versatile biological scaffold that has been 

genetically engineered to organize various materials into nanowire (NW)-based 

mesoporous structures. In this study, high aspect-ratio titanium dioxide NWs are 

synthesized by utilizing M13 viruses as templates and the NWs are assembled into 

semiconducting mesoporous networks with tunable structural properties. To understand 

the effects of different morphologies on the photovoltaic performance, the as-fabricated 

networks are employed as photoanodes in liquid-state dye-sensitized solar cells (DSCs). 

Compared with traditional nanoparticle-based photoanodes, the NW-based DSC 

photoanodes demonstrate much higher electron diffusion lengths while maintaining a 

comparable light-harvesting capacity, thus leading to improved power conversion 

efficiencies. In addition, the NW-based semiconducting mesoporous thin films are able to 

load sufficient organolead iodide perovskite materials into the interconnected pores, and 

the perovskite-coated films are utilized as efficient photoanodes for solid-state 

organolead iodide perovskite hybrid solar cells (PSCs) and achieve better power 

conversion efficiencies compared to liquid-state DSCs. 

 

KEYWORDS: M13 virus, titanium dioxide nanowires, three-dimensional mesoporous 

networks, dye-sensitized solar cells, organolead iodide perovskite hybrid solar cells 
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1. INTRODUCTION 

Mesoporous semiconducting structures demonstrate advantages over bulk, 

macroporous materials and have been employed to improve the photo-electrochemical 

performance of catalytic electrodes, water splitting,
1
 photonics,

2
 and photovoltaics.

3, 4
 

Large active surface areas of mesoporous structure are beneficial to maximize catalytic or 

photoactive sites, loading of active materials, and amount of modified functional groups. 

Furthermore, continuous pathways within the semiconducting structures are critical to 

transport the photo-excited carriers to current collectors efficiently. To collect the carriers 

effectively, the recombination at the grain boundaries along percolative pathways must be 

minimized. Therefore, optimizing semiconducting architectures for practical photo-

electrochemical applications requires a high degree of control over the spatial 

organization of nanomaterials within the mesoporous structures. 

Bio-templated synthesis serves as an ideal synthetic approach, and the biological 

templates with desired morphology are utilized to direct the organization, nucleation, or 

growth of targeted materials into a functional matrix.
5, 6

 The M13 virus, which is 880 nm 

in length and 6.6 nm in diameter, is a versatile biological scaffold that can be genetically 

engineered to organize nanomaterials into nanowire (NW)-based networks, including 

metals,
7
 perovskite materials,

8
 carbon materials,

9
 conducting polymers,

10
 and 

semiconductors. Titanium dioxide in the anatase nanocrystalline phase (n-TiO2) is a 

widely-used wide bandgap semiconducting metal oxide for photo-electrochemical 

applications, such as water splitting, bulk-heterojunction solar cells, and sensitized solar 

cells.
11

 Compared to traditional nanoparticle (NP)-based n-TiO2 photoanodes, the NW-

based n-TiO2 photoanodes exhibit improved electron collection properties and also power 
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conversion efficiencies (PCEs).
12, 13

 Three-dimensional (3D) porous NW-based n-TiO2 

structures can be fabricated by utilizing M13 viruses as templates in various processes, 

including electrostatic self-assembly,
13

 hydrogel-templated method,
12

 and covalent layer-

by-layer assembly.
14

 Although each of these approaches yields a unique morphology and 

efficient photovoltaic performance, the fabrication processes can only achieve structures 

with a limited range of physical characteristics. For instance, covalent layer-by-layer 

assembly can make highly uniform nanoporous structures with thin NW diameters (<25 

nm),
14

 whereas the hydrogel method produces hierarchical micro-porous films with large 

NW diameters (~200-300 nm).
12

 In order to meet the myriad of functions required in 

photo-electrochemical applications, a more controllable synthetic technique is desired 

that enables the control of each morphological parameter – diameter of NWs, nano- and 

microporosity, and film thickness – independently during the fabrication process of 

mesoporous semiconducting networks. 

In this study, a controllable fabrication process for mesoporous NW-based n-TiO2 

networks via M13 viruses as templates offers precise control over many of these features. 

Structural properties of the semiconducting networks can be engineered independently, 

including the extent of the conformal coating, diameter of NWs, size of crystallized 

particles, film thickness, and film porosity. First, the temperature of the hydrolysis 

reaction determines the extent of the conformal amorphous TiO2 (a-TiO2) nucleation to 

the virus surface. Likewise, by adjusting the concentration of TiO2 precursor, the 

diameter of a-TiO2 NWs can be precisely tuned. In the meantime, the size of crystallites 

comprising the annealed n-TiO2 NWs strongly depends on the thickness of a-TiO2 

nucleated on the virus templates prior to annealing. Finally, the film porosity can be 
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tuned by adjusting the amount of sacrificial polymer blended with the a-TiO2 NWs 

during film deposition. The effect of different morphologies on the photovoltaic 

performance of liquid-state dye-sensitized solar cells (DSCs) is investigated by 

employing the mesoporous semiconducting networks as the photoanodes. The optimized 

NW-based DSC photoanodes are compared with the NP-based DSC photoanodes and 

demonstrate much higher electron diffusion lengths (Ln), while maintaining similar light-

harvesting capacities, leading to better PCEs. Furthermore, the NW-based 

semiconducting mesoporous networks exhibit high porosity and active surface area for 

the sufficient loading of perovskite materials; therefore, the perovskite-coated films can 

serve as efficient photoanodes for solid-state organolead iodide perovskite hybrid solar 

cells (PSCs). Moreover, these semiconducting 3D mesoporous networks demonstrate 

great potential for further applications in sensing, catalytic, and energy-storage electrodes. 

 

2. EXPERIMENTAL METHODS 

2.1. Materials. Titanium(IV) butoxide (Ti(OBu)4), titanium (IV) chloride (TiCl4), 

ethylene glycol, ethyl cellulose, terpineol, tert-butanol, 1-butyl-3-methylimidazolium 

iodide, iodine (I2), guanidinium thiocyanate, 4-tert-butyl pyridine, valeronitrile, 

acetonitrile, isopropyl alcohol (IPA), and phosphate buffered saline (PBS) buffer solution 

were purchased from Sigma-Aldrich. Pure ethanol (200 Proof) was purchased from 

KOPTEC. Cis(diisothiocyanato)bis(2,2ʼ-bipyridyl-4,4ʼ-dicarboxylato)ruthenium(II) 

bis(tetrabutylammonium) (also named N719) and commercial TiO2 NP paste (13/400 nm, 

Ti-Nanoxide D/SP) were purchased from Solaronix. N719 dye solution was prepared in 

acetonitrile and tert-butanol (volume ratio 1:1) mixture at 0.5 mM. The electrolyte 
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employed in DSCs was a solution of 0.6 M 1-butyl-3-methylimidazolium iodide, 0.03 M 

I2, 0.10 M guanidinium thiocyanate, and 0.5 M 4-tert-butyl pyridine in a mixture of 

acetonitrile and valeronitrile (volume ratio 0.85:0.15).
15

 The E3M13 (AEEE expressed on 

the pVIII major coat protein) virus solution, ~10
14

 virus mL
-1

, was diluted to the desired 

concentration with PBS buffer. All water was deionized (18.2 M, mill-Q pore). All 

reagents were used as received and without further purification. 

2.2. Synthesis of amorphous TiO2 (a-TiO2) nanowires (NWs). The virus-templated a-TiO2 

NWs were synthesized by the following procedure. First, Ti(OBu)4 was dissolved in pure 

ethanol (500 mL) at certain concentration (125 mg mL
-1

, 250 mg mL
-1

, and 500 mg mL
-

1
), and then the mixture was cooled down to the desired temperature. The temperature 

was controlled by using the mixture of ethylene glycol and ethanol with dry ice. To 

achieve the desired temperature, solutions of ethylene glycol and ethanol in various 

volume ratios were mixed, and then enough dry ice chunks were placed into the cooling 

solution. After the temperature was stabilized for 15 minutes, the solution of ~1.63 × 10
14

 

virus in 25 ml PBS buffer was poured into the cold Ti(OBu)4/ethanol mixtures while 

stirring vigorously. The solution was stirred overnight to complete the reaction. After the 

overnight reaction, the products of virus-templated TiO2 NWs were centrifuged at 3000 

r.p.m. for 30 minutes. The products were rinsed multiple times with pure ethanol. The as-

synthesized a-TiO2 NWs were observed via JEOL 200CX transmission electron 

microscopy (TEM) with an accelerating voltage of 120 kV, JEOL 2010 HRTEM with an 

accelerating voltage of 200 kV. 

2.3. Fabrication of the NW-based anatase TiO2 (n-TiO2) photoanodes. After the excess 

ethanol was removed, the products were blended with terpineol and sacrificial polymers 
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(e.g., ethyl cellulose). The weight of sacrificial polymers is controlled at 50 wt.%, 100 

wt.% and 200 wt.% of the synthesized TiO2 products to achieve different film porosities. 

Afterwards, the ethanol was removed by rotary-evaporation, and the viscous pastes for 

doctor-blading and spin-coating were formed. The FTO substrates for DSCs were cleaned 

by sonication in an aqueous soap solution, milli-Q water, acetone, and IPA sequentially. 

The clean substrates were subjected to an ultraviolet/ozone treatment for 30 minutes and 

then immersed in a 40 mM aqueous TiCl4 solution at 80 ºC for 30 minutes and washed 

with water and ethanol. By using spin-coating and doctor-blading, the commercial NP-

based paste and the virus-templated NW-based paste are both coated on the FTO 

substrates. The NP-based and virus-templated NW-based TiO2 films in desired thickness 

were achieved by either doctor-blading or spin-coating on FTO substrates. After drying at 

100 
◦
C, the TiO2 films were gradually heated to 500 

◦
C for 30 minutes. The processes 

(doctor-blading/spin-coting and annealing) were repeated several times to achieve the 

optimal thickness of DSC photoanodes (over 10 m). Film thickness was monitored 

using a surface profilometer (Veeco Dektak). Scanning electron microscopy (SEM) 

images of the film morphology were obtained using Helios Nanolab 600 Dual Beam 

Focused Ion Beam System. X-ray diffraction (XRD) patterns were collected 

(PANanalytical Multipurpose Diffractometer, Cu Kα radiation operated at 40 kV and 40 

mA) using a step size of 0.02° with 6.0° per minute scan speeds under the following 

settings: 2° of anti-scatter slit, 6 mm of irradiated length of automatic mode and 0.04 rad 

of soller slit. 

2.4. Fabrication of dye-sensitized solar cells (DSCs). After calcination, the DSC 

photoanodes were cooled to 80 ºC and immersed in the N719 solution, and kept at room 
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temperature over 24 hours. The counter-electrode was a 100-nm-thick platinum film 

sputtered on a FTO substrate. The dyed TiO2 photoanodes and platinum counter-

electrodes were assembled into a sandwich-type cell with the liquid electrolyte and sealed 

with a hot-melt 25 m Surlyn (Solaronix). The final photoanode had dimensions of ~0.16 

cm
2
 (4 mm × 4 mm), further determined from a calibrated digital camera image. The dye 

loading of the photoanode was determined by eluting the N719 dye from the TiO2 

electrode into a known amount of 0.3 M NaOH and using a UV-Vis calibration curve to 

determine the concentration of dye in solution to total amount of dye per film volume. 

2.5. Fabrication of organolead iodide perovskite hybrid olar cells (PSCs). The ~500-nm-

thick NW-based PSC photoanodes were fabricated by spin-coating the paste at 3000 

r.p.m. for 30 seconds. After drying at 100 
◦
C, the TiO2 films were gradually heated to 500 

◦
C for 30 minutes. Lead iodide (PbI2) was dissolved in dimethylformamide at a 

concentration of 462 mg mL
-1 

(~1 M) under stirring at 80 
◦
C. The solution was kept at 80 

◦
C during the whole procedure. The photoanodes were then infiltrated with PbI2 by spin-

coating the solution at 5000 r.p.m. for 30 seconds and dried at 80 
◦
C for 30 minutes. After 

cooling to room temperature, the films were dipped in a solution of CH3NH3I in IPA (10 

mg mL
-1

) for 1 minute, rinsed with IPA for 1 minute and dried at 80 
◦
C for 30 minutes. 

The hole-transporting material was then deposited by spin-coating at 4000 r.p.m. for 30 

seconds. The spin-coating solution was prepared by dissolving 72.3 mg (spiro-MeOTAD), 

28.8 L 4-tert-butylpyridine, 17.5 L of a stock solution of 520 mg mL
-1

 lithium 

bis(trifluoromethylsulphonyl) imide in acetonitrile in 1 mL chlorobenzene. Finally, 80 

nm of gold was thermally evaporated on top of the device. 
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2.6. Characterization of solar cells. Photovoltaic measurements were performed using an 

AM 1.5 solar simulator (Photo Emission Tech.). The power of the simulated light was 

calibrated to 100 mW cm
-2

 by using a reference silicon photodiode with a power meter 

(1835-C, Newport) and a reference silicon solar cell to reduce the mismatch between the 

simulated light and AM 1.5. J-V curves were obtained by applying an external bias to the 

cell and measuring the generated photocurrent with a Keithley model 2400 digital source 

meter. The voltage step and delay time of photocurrent were 10 mV and 40 ms, 

respectively. Electrochemical impedance spectroscopy (EIS) of solar cells was measured 

using a Solartron 1260 frequency response analyzer. The photoanodes of both DSC and 

PSC were connected to the working electrodes. The counter electrodes were connected to 

the auxiliary electrodes and reference electrodes. The impedance measurements of both 

DSC and PSC were carried out at forward bias in dark conditions. The spectra were 

measured at various forward bias voltages in the frequency range ~0.1 Hz to ~1 MHz 

with oscillation potential amplitudes of 10 mV at room temperature. The applied forward 

bias voltage was changed by 50 mV steps from 1000 mV to 0 mV. The impedance 

measurements were carried out at forward bias in dark conditions. The obtained 

impedance spectra were fit to the reported model of DSCs
16

 and PSCs
17-21

 with Z-view 

software (v3.2b, Scribner Associates). 

 

3. RESULTS AND DISCUSSION 

Figure 1A illustrates the process developed to construct mesoporous 

semiconducting networks utilizing M13 viruses as templates. First, the TiO2 precursor 

(i.e., Ti(OBu)4) is dissolved in ethanol at low temperature (<-40 
◦
C), and an aqueous virus 
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solution is then added into the solution at constant temperature. Then, as the solution is 

allowed to warm back to room temperature, the virus-templated a-TiO2 NWs are 

precipitated, centrifuged, and washed. After the purified products are collected, the a-

TiO2 NWs are blended with sacrificial polymers in terpineol to prevent the annealed film 

from cracking and to control the film porosity. Either a spin-coating or doctor-blading 

method is used to deposit the film and control its thickness. The amorphous coated films 

are then annealed at 500 
◦
C in order to (1) remove the virus templates and polymers 

through high temperature oxidation, (2) convert the a-TiO2 into nanocrystalline n-TiO2, 

and (3) sinter neighboring nanocrystals as well as nanowires together to form an 

interconnected, percolative network. By controlling the fabrication parameters at each 

step, a wide range of film morphologies can be achieved. 

Controlling the rate of hydrolysis of Ti(OBu)4 is critical for tuning the extent of 

conformal nucleation of a-TiO2 along the M13 virus. Although transition metal alkoxides 

hydrolyze rapidly with water, the rate can be depressed by performing the reaction at 

lower temperatures.
22

 The influence of reaction temperature on the morphologies of a-

TiO2 NWs coated on M13 viruses is observed by TEM, and the results are shown in 

Figure 1B-1E. The a-TiO2 products synthesized at room temperature (Figure 1B) and 0 

◦
C (Figure 1C) are thick, highly bridged and heavily aggregated due to the rapid 

hydrolysis reaction. As the reaction temperature decreases to -20 
◦
C (Figure 1D) or 

further to -40 
◦
C (Figure 1E), the reaction rate is reduced and nearly terminated. As the 

cold solutions slowly return to room temperature naturally, the hydrolysis of Ti(OBu)4 

(Equation 1) and the following condensation of a-TiO2 (Equation 2) take place 

gradually on the hydrophilic viral surfaces, resulting in a conformal coating of a-TiO2. 
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Ti(OBu)4 + 4H2O → Ti(OH)4 + 4BuOH                        (1) 

Ti(OH)4 → a-TiO2 + 2H2O                          (2) 

Since almost all of the nucleation occurs at the virus surface, conformally coated 

a-TiO2 NWs with diameters of 20 nm (20-nm-NWs, Figure 2A), 30 nm (30-nm-NWs, 

Figure 2B), and 40 nm (40-nm-NWs, Figure 2C) can be achieved by adjusting the 

concentration of Ti(OBu)4 to 125 mg mL
-1

, 250 mg mL
-1

, and 500 mg mL
-1

 in cold 

water/ethanol solution, respectively. Controlled by the length of the virus template, the 

length of synthesized NWs is always fixed at 1 m, yielding the NWs with high aspect 

ratios between 25 and 40. Figure 2D shows a TEM image of an annealed n-TiO2 NW 

with a 7-nm diameter virus-shaped cavity in the interior, which clearly demonstrates that 

the NWs utilize the viruses as templates for deposition. The annealing process removes 

the virus templates and crystallizes a-TiO2 NWs into n-TiO2, confirmed by XRD analysis 

(Figure 2E). The lattice of n-TiO2 with a spacing of ~3.6 Å is directly observed by TEM 

(Figure 2E inset). The annealed 20-nm-NWs exhibit a wider n-TiO2 peak at ~26 degree, 

compared to the width of the annealed 30-nm-NWs and 40-nm-NWs. The larger peak 

width indicates that the size of n-TiO2 nanocrystallites along the annealed 20-nm-NW is 

smaller than those formed on 30- and 40-nm-NWs.
23, 24

 

In order to visualize the nanocrystallites forming the NWs, the annealed n-TiO2 

NWs are disintegrated by ultrasonication, and the disassembled crystallites are 

characterized by TEM in Figure 3A-3C. In Figure 3A, the size of crystallites forming 

annealed 20-nm-NWs is smaller than 10 nm, resulting from the thin constrained region of 

nucleation of a-TiO2 on the virus templates. Such small crystallites result in more grain 

boundaries along any given conductive pathways, which lead to an increased electron 
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diffusion resistance and increased recombination opportunities of photo-excited carriers 

at the NW surface. On the other hand, 30-nm-NWs and 40-nm-NWs exhibit thicker 

coatings, which form nanocrystals larger than 15 nm (Figure 3B, 3C) upon annealing, 

which agrees with the reported optimal particle size to achieve efficient electron 

collection within the DSC photoanodes.
3, 23-25

 

The porosity of NW-based films can be controlled by blending a sacrificial 

polymer (i.e., ethylene cellulose) with a-TiO2 NWs prior to film deposition by doctor-

blading or spin-coating. The ethylene cellulose serves several purposes: (1) after a-TiO2 

NWs are blended with the polymer, viscous pastes are formed and able to ease the 

deposition of uniform films; (2) the polymer concentration in the paste determines the 

final film porosity because the polymer is removed during the annealing process, leaving 

behind voids in the n-TiO2 NW-based network; and (3) it helps prevent the formation of 

large cracks during the annealing process (Figure S1). The final mesoporous networks 

are composed of tightly packed n-TiO2 crystallites forming interconnected porous NWs, 

which persist throughout the entire film and provide directional pathways for improved 

carrier transport (Figure 3D). Such a permeable matrix with interconnected pores 

maximizes interfacial contact with the electrolyte, thereby increasing the mobility of 

redox couples and minimizing back-recombination. Additionally, the existence of pores 

smaller than 20 nm is observed by high-resolution SEM (Figure 3E), which confirms 

that a large active surface area per film volume is available for promoting photo-

electrochemical reactions. Blending the 20-nm-NWs, 30-nm-NWs, or 40-nm-NWs with 

different amounts of sacrificial polymer systematically modulates the morphology and 

porosity of mesoporous semiconducting networks (SEM images in Figure 4A-4I). 
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It is expected from previous reports that optimal photovoltaic performance of 

sensitized solar cells would be achieved by photoanodes exhibiting film porosities around 

50%.
26, 27

 The mesoporous semiconducting networks constructed by n-TiO2 20-nm-NWs 

(20-nm-NW thin film, Figure 4A), n-TiO2 30-nm-NWs (30-nm-NW thin film, Figure 

4B), and n-TiO2 40-nm-NWs (40-nm-NW thin film, Figure 4C) can be tuned to achieve 

the film porosities around 52.3%, 51.6% and 51.9%, respectively, as determined by 

analyzing SEM images with the program ImageJ. The pore size distribution calculated 

from Figure 4A-4C is shown in Figure 5A-5C. The average pore diameter of the films 

increases with increasing NW diameter; equivalent pore diameters sized 16.6 nm, 18.3 

nm, and 21.2 nm are achieved using n-TiO2 20-, 30-, and 40-nm-NWs as building-block-

units of mesoporous thin films, respectively. 

To investigate and quantify the effect of different morphologies on the photo-

electrochemical mechanisms, the semiconducting mesoporous thin films are employed as 

photoanodes and assembled into DSCs. The PCEs of virus-templated DSCs are optimized 

by varying the thickness of the photoanodes (Figure S2), and the optimal thickness of 

DSC photoanodes is about 12-14 m. Since the charge separation efficiency approaches 

unity when the N719 dye and n-TiO2 are used, the overall device performance is 

governed by the ability of the photoanodes to harvest light and transport photo-generated 

electrons. First, the light-harvesting capability of a DSC photoanode is proportional to the 

amount of dye that is adsorbed onto the photoanode, which highly depends on the 

available active surface area of the n-TiO2 mesoporous structures. The n-TiO2 thin films 

are soaked in the dye solution, and the dye loading is quantified by desorbing the dye 

molecules from the n-TiO2 surface. By analyzing the absorption of the dye solution, the 
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dye loading (Figure 6A) of the NW-based thin films are calculated and compared with 

the photoanodes made by commercial TiO2 NP paste. In Figure 6A, the 20-nm-NW 

photoanode shows a similar amount of dye loading (96.7 mmole cm
-3

) as the NP-based 

photoanode (101.4 mmole cm
-3

), indicating similar light-harvesting capability of the 

photoanodes. As the NW diameter increases to 30 nm and 40 nm, the dye loading of the 

photoanodes slightly decreases to 85.3 mmole cm
-3

 and 74.6 mmole cm
-3

, respectively. 

The decreased dye loading results from the lower surface-to-volume ratio of the NWs and 

larger average pores in the thin films, thus the reduced active surface area. 

In addition, to understand the electron-transporting properties of the photoanodes 

constructed by different NW-based morphologies, the EIS are measured after the DSCs 

are assembled. The Ln of DSC photoanodes shown in Figure 6B is calculated from the 

Nyquist diagrams. The detailed Nyquist diagram at higher frequency and the fitting 

results at 725 mV are also shown in Figure S3. These results along with the 

corresponding efficiencies of electron collection (COL) are summarized in Table 1. The 

details of the calculations for determining Ln and COL are provided in Supporting 

Information.
16, 28, 29

 As shown in Figure 6B and Table 1, the 30-nm-NW and 40-nm-NW 

photoanodes exhibit longer Ln (93.9 m and 76.1 m) and higher COL (99.5% and 

99.3%) than the n-TiO2 NP-based photoanodes (37.1 m, 93.9%), respectively. The 3D 

network composed of interconnected n-TiO2 NWs improves electron-transporting 

property by reducing opportunities for interfacial recombination and thus lengthening 

electron lifetimes. However, the 20-nm-NW photoanode exhibits a shorter Ln (6.8 m) 

and an inefficient COL (51.2%). This is believed to be due to the small size of the 
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nanocrystallites (<10 nm) in the photoanodes, which leads to increased photo-carrier 

recombination at numerous grain boundaries along the n-TiO2 NWs. 

After the light-harvesting and electron-transporting properties of the photoanodes 

are both characterized, the overall photo-electrochemical performance of DSCs 

employing the mesoporous n-TiO2 NW-based photoanodes are measured and compared 

to the DSCs with n-TiO2 NP-based photoanodes. The average and highest PCE among 

~5-10 DSCs for each kind of photoanode are shown in Figure 6C. The current density-

voltage (J-V) curves of the most efficient DSCs are plotted in Figure 6D. The related 

photovoltaic parameters, including open circuit voltage (VOC), fill factor (FF), short-

circuit current density (JSC), PCE, Ln, COL, and dye loading, are summarized in Table 1. 

In order to achieve efficient device performance, the light-harvesting capability and 

electron-transporting property of the mesoporous structures are required to be optimized 

simultaneously. Otherwise, insufficient photo-excited electrons are generated or the 

electrons are easily lost due to radiative recombination during electron collection. For 

instance, the 40-nm-NW DSC shows improved electron-transport properties over the NP-

based DSCs, but insufficient dye loading results in a lower light-harvesting capability and 

thus reduced overall photovoltaic performance. On the other hand, even though the 20-

nm-NW DSC exhibits a similar light-harvesting capability as the NP-based DSC, the 

device performance is much lower than the NP-based DSC due to the lower Ln. By 

optimizing both the active surface area and the size of crystallites in the mesoporous 

structures, the 30-nm-NW DSC demonstrates balanced light-harvesting and electron-

transporting abilities, exhibiting a higher PCE (7.1%) and JSC (14.0 mA cm
-2

) than the 

NP-based DSC (6.6% and 12.3 mA cm
-2

). Despite having a slightly lower light-
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harvesting capability, the 30-nm-NW photoanodes composed of interconnected NWs 

provide more efficient electron diffusion pathways to transport photo-excited electrons to 

the current collector, leading to increased charge collection efficiencies and improved 

PCEs over the NP-based DSCs. 

In addition, the NW-based semiconducting mesoporous thin films are utilized as 

the photoanodes of solid-state PSCs. Since organolead iodide perovskite materials are 

known as efficient light-harvesters and electron-transporters, the architecture of solid-sate 

PSCs is quite different from that of liquid-state DSCs.
30-34

 For instance, the optimal 

thickness of n-TiO2 PSC photoanodes (~0.5 m) is much thinner than that of DSC 

photoanodes (>10 m). To achieve this thickness, the thin films are fabricated via spin-

coating process followed by high-temperature annealing. After the PSCs are assembled 

by employing 30-nm-NW thin films, they are characterized by EIS under dark conditions 

to understand the resistance to charge recombination (Figure 7A). Nyquist diagrams of 

solid-state PSCs employing 30-nm-NW photoanodes at 700 mV are shown in Figure 

S4A-S4C. Nyquist diagrams at 700 mV (Figure S4A) are both enlarged to observe the 

detailed features in the intermediate (Figure S4B) and high frequency regions (Figure 

S4C). After the NW-based PSC is characterized by EIS, the spectra are analyzed using a 

reported model.
17-21

 The recombination resistances of the PSCs employing 30-nm-NW 

photoanode shown in Figure 7A are similar to the results reported in the literature.
18

 Also, 

Figure 7B shows a histogram of the PCEs from batches of ~25 PSCs employing 30-nm-

NW photoanodes. Histogram plots of solar cell performance parameters, including VOC, 

JSC, and FF are also shown in Figure S5A-S5C, respectively. The inset of Figure 7C 

presents the average PCE and the highest PCE from batches of PSCs. The highest PCE is 
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7.5% with a high JSC around 17.8 mA cm
-2

. The distributions of photovoltaic 

performances of the PSCs are disperse, which is also observed in the literature.
21, 31

 The 

J-V curve of the most efficient PSC is plotted in Figure 7C, and the related photovoltaic 

parameters are listed in Table 1. From the EIS and photovoltaic measurements, it is 

clearly demonstrated that the mesoporous NW-based n-TiO2 structures with high porosity 

and interconnected pores allow high loading of organolead iodide perovskite materials. 

The organolead iodide perovskite-coated NW-based n-TiO2 structures can be served as 

efficient photoanodes with sufficient light-absorption and high electron-transporting 

properties, leading to better PCEs than the liquid-state DSCs. With on-going optimization 

on the fabrication process of PSCs, the photovoltaic performance can be further 

improved. 

 

CONCLUSION 

In summary, we report an improved approach to synthesizing a-TiO2 NWs via 

using M13 viruses as templates and assembling the NWs into mesoporous 

semiconducting networks. This tunable fabrication process provides the opportunities to 

tune important structural parameters independently, including the extent of conformal 

coating, diameter of NWs, size of crystallites, film thickness, and film porosity. To 

understand the effects of different morphologies on the photovoltaic performance of 

DSCs and PSCs, the mesoporous semiconducting networks are utilized as the 

photoanodes in both DSCs and PSCs. Compared with the NP-based DSC photoanodes, 

the NW-based DSC photoanodes demonstrate much higher Ln and similar light-

harvesting capacities, leading to better PCEs. Also, the mesoporous NW-based n-TiO2 
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structures enable the high loading of organolead iodide perovskite materials in the 

interconnected pores. The perovskite-coated structures can be utilized as efficient 

photoanodes and lead to better PCEs than the liquid-state DSCs. Moreover, the 

mesoporous semiconducting networks are expected to be useful in other energy related 

applications due to their versatility, ability to rapidly transport electrons, and potential to 

organize different functional materials via protein recognition. Figure S6A-S6E shows 

an example of synthesizing core-shell structures of gold nanoparticles (AuNPs) and TiO2 

NWs by binding the AuNPs on M13 virus prior to the a-TiO2 nucleation (Figure S6A and 

S6B). After the annealing, the AuNPs@n-TiO2 NWs structure can be synthesized (Figure 

S6D and S6E), and confirmed by XRD analysis (Figure S6C). Specifically, the 

morphology of the networks can be controlled to meet the structural requirements needed 

for optimization of highly porous NW electrodes for the active phase of supercapacitors, 

lithium ion batteries and water splitting devices. 
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Figure 1. A. Schematic illustration of the controllable fabrication process of n-TiO2 NW-

based networks via utilizing M13 viruses as templates. The as-fabricated NW-based n-

TiO2 networks are employed as the photoanodes for DSCs and PSCs to understand the 

effect of different morphologies on the photovoltaic performance. TEM images of the a-

TiO2 NWs synthesized at different hydrolysis temperautre at B. 20 
◦
C, C. 0 

◦
C, D. -20

◦
C, 

and E. -40
◦
C. 
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Figure 2. TEM images of the a-TiO2 NWs using M13 viruses as templates. The 

uniformly-coated a-TiO2 NWs with diameters around 20 nm (20-nm-NWs), 30 nm (30-

nm-NWs), and 40 nm (40-nm-NWs) are shown in Figure 2A, 2B, and 2C, respectively. 

The TEM images demonstrate that the diameter of NWs can be precisely controlled by 

the concentration of Ti(OBu)4 in the low-temperature hydrolysis reaction. D. TEM image 

of the annealed NW with a cavity (diameter ~7 nm) in the center, indicating that the viral 

templates are burned off during the high-temperature annealing. E. XRD analysis of the 

a-TiO2 NWs after the low-temperature hydrolysis and the n-TiO2 NWs after the high-

temperature annealing. The blue diamond symbols indicate the peaks of n-TiO2 phase, 

and TEM image of the n-TiO2 nanocrystallites with lattice constant ~3.6 Å is shown in 

the inset of Figure 1E. The XRD analysis demonstrates that the a-TiO2 products 

crystallize into the n-TiO2 structures. 
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Figure 3. TEM images of the n-TiO2 crystallites forming n-TiO2 A. 20-nm-NWs, B. 30-

nm-NWs, and C. 40-nm-NWs. The yellow dash lines indicate the presence of n-TiO2 

lattices and help visualize the size of crystallites. D. Cross-section and E. high-resolution 

SEM images of the mesoporous NW-based n-TiO2 networks. 
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Figure 4. The SEM images of mesoporous NW-based n-TiO2 networks. After 20-nm-

NWs (Figure A, D, G), 30-nm-NWs (Figure B, E, H), and 40-nm-NWs (Figure C, F, I) 

are utilized as building-block-units and blended with sacrificial polymers in 50 wt.% 

(Figure A, B, C), 100 wt.% (Figure D, E, F), 200 wt.% (Figure G, H, I) of a-TiO2 

products, the surface morphologies of mesoporous semiconducting networks can be 

systematically controlled. The scale bars are all 1 m. 
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Figure 5. The pore size distribution calculated by the SEM images in Figure 4A-4C is 

shown in Figure 5A-5C. The average pore diameter of the mesoporous films increases 
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with increasing NW diameter; equivalent pore diameters sized 16.6 nm, 18.3 nm, and 

21.2 nm is achieved using n-TiO2 20-, 30-, and 40-nm-NWs as building-block-units of 

mesoporous thin films, respectively. 
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Figure 6. A. Dye loading of the NP-based and NW-based (including 20-nm-NW, 30-nm-

NW, and 40-nm-NW) n-TiO2 photoanodes. B. Diffusion length (Ln) analysis of the NP-

based and NW-based (including 20-nm-NW, 30-nm-NW, and 40-nm-NW) n-TiO2 

photoanodes. C. Average and highest device performance among ~5-10 DSCs employing 

the NP-based and NW-based (including 20-nm-NW, 30-nm-NW, and 40-nm-NW) n-

TiO2 photoanodes. D. J-V curves of the most efficient DSC among ~5-10 devices 

employing the NP-based and NW-based (including 20-nm-NW, 30-nm-NW, and 40-nm-

NW) n-TiO2 photoanodes. 
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Figure 7. A. Resistance of electron recombination of the PSCs employing 30-nm-NW n-

TiO2 photoanodes. The resistances of electron recombination are determined from 

impedance measurements conducted in the dark. The Nyquist diagrams and the fitted 

lines are shown in Figure S4. B. J-V curves of the most efficient PSCs employing the NP-

based and 30-nm-NW n-TiO2 photoanodes and the related photovoltaic parameters listed 

in Table 1. The inset figure shows the average efficiency and highest performance of the 

PSCs employing 30-nm-NW n-TiO2 photoanodes among multiple batches of PSCs (~25 

devices in total). C. The static data of PCE distribution for multiple batches of PSCs (~25 

devices in total) employing 30-nm-NW n-TiO2 photoanodes. Each batch is around 8-10 

devices, and three batches are conducted in total. 
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Table 1. Relevant solar cell parameters obtained from the DSCs in Figure 6D and the 

PSCs in Figure 7C. 

 

  

 

VOC 

[V] 

JSC 

[mA cm
-2

] 

FF 

[-] 

PCE 

[%] 

N719 loading 

[mmole cm
-2

] 

Ln @ 700 mV 

m] 

ȠCOL 

[%] 

NP-based DSC 0.777 12.3 0.69 6.6 101.4 37.1 93.9 

20-nm-NW DSC  0.761 5.2 0.61 2.4 96.7 6.8 51.2 

30-nm-NW DSC  0.750 14.0 0.67 7.1 85.3 93.9 99.5 

40-nm-NW DSC  0.785 11.5 0.66 6.0 74.6 76.1 99.3 

30-nm-NW PSC 0.910 17.8 0.46 7.5 - - - 
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Supporting Information 
 

 
Figure S1. The microscopy images of the annealed NW-based n-TiO2 films A. without 

and B. with employing the sacrificial polymers. The images indicate the sacrificial 

polymer helps prevent the formation of large crack during the annealing process. 

  



 
Figure S2 Dependence of PCEs on the thickness of DSC photoanodes. 



 
Figure S3. A. Nyquist diagrams of the EIS obtained under dark condition for different 

kinds of DSCs at 725 mV. B. The detailed EIS diagram at higher frequencies is shown. 

Both experimental data and fitted lines are shown. The inset is the equivalent circuit 

impedance model (transmission model) of DSCs. Rs: Ohmic series resistance of the cell. 

RCO and CCO: Contact resistance and capacitance at the interface between the conducting 

substrate and the TiO2 photoanode film. RSU and CSU: Charge transfer resistance and 

double layer capacitance at the substrate/electrolyte interface. RPt and CPt: Charge transfer 

resistance and double layer capacitance at the counter electrode-electrolyte interface. 

ZTiO2: transmission line impedance of the TiO2 photoanode film consisting of the 

elements RT (resistivity of electron transport in the photoanode film), RREC (charge 

recombination resistance at the TiO2/dye/electrolyte interface), and Cμ (chemical 



capacitance of the photoanode film). ZElectrolyte: mass transport impedance at the counter 

electrode. 

 

Calculation of Electron Diffusion Length (Ln) from Electrochemical Impedance 

Spectra (EIS) 

The electron diffusion length, Ln, can be calculated from Ln = L×(RREC/RT)
1/2

, where L is 

the film thickness, RREC is electron recombination resistance, and RT is electron transport 

resistance. RREC and RT were obtained by fitting the measured electrochemical impedance 

spectra to the transmission line model (shown in the inset of Figure S3B) with the Z-view 

software (v3.2b, Scribner Associates Inc). The transmission line component (ZTiO2 in the 

inset of Figure S3B) in an equivalent circuit is often used to represent the interface 

resistance and capacitance for a porous structure, which is the case for the photoanodes of 

DSCs. During fitting the electrochemical impedance spectra to the transmission line 

model, the resistance and capacitance at the substrate/TiO2 interface, and the 

substrate/electrolyte interface were assumed negligible due to good contact between 

substrate and TiO2 and blocking layer of TiO2. In Figure S3, electrochemical impedance 

spectra from each of three types of DSCs, measured at 725 mV, are shown in symbols. 

The fitted results are shown as solid lines. For more detailed information about fitting 

electrochemical impedance spectra to the transmission line model and extracting electron 

diffusion length from fitted electrochemical impedance spectra, refer references 21, 22, 

and 23. 

Calculation of Electron Collection Efficiency (COL) from Electron Diffusion Length 

(Ln/L) 

The electron collection efficiency is culculated by using the equation in reference 22: 

 
where d is the thickness of the TiO2 film, L is the electron diffusion length, and α is the 

extinction coefficient of dye sensitized TiO2 film. The notation is different from that we 

used in the manuscript: we used L for the thickness of the TiO2 film and Ln for the 

electron diffusion length. For the calculation, we assume αd equals to 1, indicating 90% 

of the incident light is absorbed. All L/d values were taken at a bias value of 725 mV, as 

shown in Figure 6B and Table 1. 

  



 

Figure S4. Nyquist diagrams of the EIS obtained under dark condition for PSCs 

employing the 30-nm-NW photoanodes. A-C are the Nyquist diagrams corresponding to 

the impedance spectra under dark conditions in the applied voltages at 700 mV. At high 

frequency (Figure S4C), the gold/HTM interface is similar to the interface between the 

liquid electrolyte and the counter electrode in DSCs (reference 29). The resistance at this 

interface remains almost the same over the whole applied voltage range, and the 

resistance slightly reduces at higher applied voltage, which is often observed in the 

literature (reference 30). Moreover, at intermediate frequency (Figure S4B), the straight 

characteristics of transmission line, which is normally observed in the nanostructured 

photoanodes, are seen. The transmission lines merge into the semicircles representing the 

recombination resistance at lower frequency. The solid lines are the fits by the reported 

models previously used in references 29, 30, 31, 32 and 33 for solid-state DSCs and PSCs. 

  



 



Figure S5. Static data of photovoltaic performance of PSCs employing the 30-nm-NW n-

TiO2 photoanodes. Histogram plots of solar cell performance parameters: A. VOC, B. JSC, 

and C. FF from multiple batches of CH3NH3PbI3-sensitized TiO2 photovoltaic devices 

(total of ~25 devices). 

  



 
Figure S6. TEM images of A. B. the core-shell structures of AuNPs and n-TiO2 NWs 

synthesized at -40 
◦
C. C. XRD patterns of the AuNP@TiO2 NWs before and after the 

annealing process. D. TEM image of the AuNP@n-TiO2 NWs annealed at 500 
◦
C. The 

yellow arrows point out the 20-nm AuNPs embedded in n-TiO2 NWs. E. High resolution 

TEM image of AuNP and n-TiO2 crystallites. 
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