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This paper describes a simple, low-temperature and cost effective chemical precipitation method in aqueous media to synthesis uniformly distributed zinc oxide (ZnO) microstructures for the fabrication of dye-sensitized solar cells (DSSCs). The size and morphology of the ZnO microstructures are systematically controlled by adjusting the concentration of the precursors, zinc acetate dihydrate and ammonium hydroxide. X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used for the structural characterizations and photoluminescence and Fourier transform infrared spectroscopy are used to characterize the optical properties of the ZnO, respectively. The results reveal that ZnO crystallites exhibit hexagonal wurtzite structure with preferential orientation along c-axis. The effect of ammonia concentration on the crystallinity, morphology and optical properties of ZnO microstructures and the concomitant effect on the efficiency of dye-sensitized solar cells is also quantified. The peanut-shaped ZnO microstructure, which was found to increase DSSCs performance over other microstructure, is studied in detail in order to develop a formation mechanism. A sandwich type eosin yellow sensitized solar cell is prepared using peanut-shaped ZnO microstructures, which showed an efficiency of 0.37%. Ammonia was found to play a crucial role in the evolution of ZnO morphologies. These results are promising and provide a path towards low-cost highperformance DSSCs based on peanut-shaped ZnO microstructures and produced with only relatively simple wet chemistry synthesis.

Introduction

The development of nanomaterials of specific shapes, size and morphologies for emerging energy applications such as low cost dye sensitized solar cells is a current challenge in materials engineering. Recently, growing interest is observed in metal oxide nano/micro structures due to their easy, safe, environmental friendly and low-cost synthesis procedure. [1][2][3][4][5] Methods for highly controllable structures with uniformity in morphology, novel physical and chemical properties are being developed that could positively impact energy harvesting applications such as dye sensitized solar cells. 6,7 Several challenges are encountered in the preparation of nano materials that include control of their size, shape, and distribution, in addition to their environmental friendly handling. [8][9][10] Among various inorganic semiconductor aqueous media. The size and morphology of the particles are systematically controlled by adjusting the concentration of the precursors, zinc acetate dihydrate and ammonium hydroxide. Here, ammonia plays a crucial role in the evolution of ZnO morphologies. The peanut-shaped ZnO microstucture is studied in detail in order to develop a formation mechanism. In addition the effect of ammonia concentration on the crystallinity, morphology and optical properties of peanut-shaped ZnO microstructures and the concomitant effect on the efficiency of dyesensitized solar cells is quantified. The results are presented and discussed in order to further develop low-cost fabrication of ZnO for DSSCs.

Experimental section 2.1. Materials

Zinc acetate dihydrate (Zn(CH 3 COO) 2 .2H 2 O, ≥98%), ammonia solution (NH 3, ≥30%), acetone (≥99%), and ethanol (≥99.9%) were purchased from Merck Specialities Pvt Ltd. All the chemicals are analytical reagents and used directly without further purification. Double distilled water was used in all experiments.

Synthesis of ZnO microstructures

ZnO microstructures were synthesized by a simple chemical precipitation method. 45,46 In a typical synthesis procedure, 15 mM of Zn(CH 3 COO) 2 .2H 2 O was dissolved in 200 ml of distilled water and kept at 60 °C under vigorous stirring. To this solution, 45 mM of ammonia solution was added drop wise and the mixture was subjected to strong magnetic stirring for 2 h. After cooling to room temperature naturally, homogeneous white precipitates in the colloidal form were collected by centrifugation and rinsed with distilled water, absolute ethanol and acetone in order to remove the unreacted ions. Then, the product was filtered and dried in air atmosphere at 50 °C. This procedure was repeated for different concentrations of ammonia (60, 65, and 70 mM) at constant concentration (15 mM) of Zn(CH 3 COO) 2 solution. As a result, four ZnO samples were obtained with ammonia to zinc ratios of 3, 4, 4.3, and 4.6 and they are identified here as Z1, Z2, Z3, and Z4, respectively. All samples were finally annealed in air at 200 °C for 2 h.

Solar cell fabrication and testing

For DSSCs fabrication, uniform ZnO pastes were prepared by gradually adding 20 µl of glycerol anhydrous with 0.2 g of ZnO powder with continuous mixing. The resultant paste was deposited on tin doped indium oxide (ITO) coated glass substrates using the doctor blade technique. After evaporation of the solvent at room temperature, the film was dried at 60 °C for 30 min and annealed at 400 °C for 1 h to remove the organic materials, which resulted in photoanode ZnO layer. The ZnO photoanode was sensitized by immersing in an absolute ethanol solution of 0.5 mM eosin yellowish dye for 15 h. Then, the sensitized ZnO film was rinsed in absolute ethanol to remove excessive dye molecules. Carbon coated glass was used as the counter electrode. The dye-sensitized ZnO photoanode (active area: 0.25 cm 2 ) and the carbon counter electrode were assembled into a sandwich type cell. A drop of electrolyte solution containing 0.5 M potassium iodide and 0.05 M iodine in acetonitrile was injected into the cell before the solar cell measurements. Solar cells fabricated using ZnO microstructures were

Characterization

The crystal structure of the samples were examined by X-ray diffraction (XRD) at room temperature using an X-ray diffractometer (PANalytical X'Pert Pro) with Cu-Kα as the radiation source (wavelength: 1.54056 Å) at a step size of 0.02° over the 2θ range of 10°-90°. The morphology and size of the samples were characterized by scanning electron microscope (SEM) (FEI Quanta 200 FEG-ESEM). UV-Vis absorption measurements were carried out at room temperature with a UV-Vis absorption spectrometer (Shimadzu-2450). The photoluminescence (PL) properties were investigated at room temperature by employing a 372 nm wavelength laser source (PicoQuant, 50 ps-pulsed, average power 2 mW @ 40 MHz) and a fiberoptic spectrometer (Ocean Optics, Inc., USB4000, 2 nm spectral resolution). Fourier transform infrared (FTIR) spectra were measured using the KBr method on a FTIR spectrometer (Shiraz) at room temperature in the range of 4000-400 cm -1 with a resolution of 1 cm -1 . Current-voltage (I-V) characteristics of DSSCs under simulated AM 1.5 G sunlight illumination (Oriel Class-A solar simulator (91195A, Newport) containing ozone-free 450 W xenon lamp) were measured using computer-controlled Autolab PGSTAT302N electrochemical workstation.

Results and Discussion

Structural analyses

The XRD patterns of the synthesized samples are shown in Figure 1. All the diffraction peaks can be indexed to hexagonal ZnO with wurtzite structure (space group P6 3 mc; a = 3.249 Å, c = 5.206 Å; JCPDS card, No. 65-3411). For the four samples, no peaks from any other phase of ZnO and impurities were observed, indicating that all samples were of high purity. 47 However, the intensities of all diffraction peaks decrease to various degrees with increasing ammonia concentration. The crystallinity also gradually reduces with the formation of large crystallites. The average crystallite size, relative intensity and lattice parameters are listed in Table 1. Furthermore, three main strong characteristic (100), (002), and (101) peaks are observed in the XRD patterns. The peaks corresponding to these planes of Z2, Z3, and Z4 were slightly shifted when compared to Z1 and this small shift is attributed to minor tensile stress caused by appropriate ammonia concentration. 48,49 In addition to this, the relative intensity of the peaks corresponding to the I (100) /I (002) and I (101) /I (002) planes varied significantly as shown in Table 1. These results also reveal two more aspects about the samples. First, the relative intensity I (100) /I (002) with small value of 1.1 to 1.2 for the samples Z1 and Z2 indicates the formation along the c-axis orientation with (0001) or (000 1 ) end faces. Second, the high I (100) /I (002) ratio of 1.5 revealed shortening along the c-axis. From these results, it is inferred that Z2 has perfect crystallinity with well-ordered orientation, which is clearly shown in Figure 1. However the relative intensities do not change systematically. This may indicate random growth along the length and diameter of ZnO structures, which will be confirmed by SEM studies discussed below.

Morphological evolution of ZnO microstructures

Figure 2 shows the low magnification images of Z1, Z2, Z3, and Z4 samples, each of which shows a variation in its appearance. The SEM images of Z1 (Figure 3(a,b)) show the formation of peanut-shaped structures, which are uniform in size. From the image, along with these structures, one can also see the formation of a cluster of particles.

Z1 was synthesized at the [NH 3 /Zn 2+ ] molar ratio of 3. This concentration of ammonia is insufficient for the complete growth of ZnO into peanut-shaped microstructures and thus forms clusters of particles or proto-peanuts. However, ZnO of other morphologies are not found in this sample. The average diameter and the length of Z1 sample are found to be 420 nm and 950 nm, respectively, indicating an aspect ratio of about 2.26±0.02. Since the particle formation is due to the insufficient ammonia concentration, its concentration is increased to achieve uniform distribution of peanut-shaped ZnO microstructures without particle clusters and this is achieved with the [NH 3 /Zn 2+ ] molar ratio of 4. Figure 3(c,d) shows the SEM images of Z2, where microstructures have an average diameter of about 420 nm and length of about 1500 nm and their aspect ratio was estimated to be about 3.57±0.02. When the concentration of ammonia is increased further, i.e., when the molar ratio of [NH 3 /Zn 2+ ] is 4.3 for Z3, the peanut-shaped ZnO microstructures have an average diameter, length, and aspect ratio of about 320 nm, 950 nm, and 2.97±0.02, respectively. Along with this peanut structure, some hexagonal, spherical, and ellipsoidal shaped ZnO (shown by dotted ellipses and circles) can also be seen in Figure 4(a,b), which are randomly distributed among peanut-shaped structures. With a further increase in the ammonia concentration ([NH 3 /Zn 2+ ] = 4.6), even though peanut-shaped ZnO microstructures are observed, their growth is affected, as shown in Figure 4(c,d). The diameter and length of the structures are about 420 nm and 1150 nm with an aspect ratio of 2.74±0.02. From the SEM images of Z4 (inset of Figure 4(c)), it can be seen that many semi-elliptical shaped structures are aligned to form an array of microstructures and flower-like structures. The high concentration of ammonia also results in hollow structures, which is indicated by a dotted circle in Figure 4(d). Apart from this, in Z4, a cluster of semi elliptical shaped structures is also present and indicated with an arrow.

The SEM results show that high ammonia content affects the growth of the peanutshaped microstructures. It is also inferred that the ammonia concentration affects the aspect ratio of the microstructures. This is quantified in Figure 5(a), which shows a detailed particle size and aspect ratio distribution obtained from the SEM images in the form of a histogram. From the histogram, it is seen that compared to other conditions, Z2 shows a more uniform distribution with aspect ratio in the range of 3 to 3.5±0.02. The high aspect ratio of peanut-shaped microstructures have been successfully achieved by controlling the super saturation degree of solutions, that is, simply by controlling the molar concentration (60 mM; Z2 sample) of ammonia as shown in Figure 5(a,b). The aspect ratio decreased with higher ammonia concentrations (65, 70 mM), which affected the super-saturation point and also create new nucleation sites, which results in the formation of new microstructures. Thus under these conditions the optimum concentration of ammonia that gives the uniform distribution of peanut-shaped ZnO microstructures is 60 mM. 

Chemistry of ZnO growth in aqueous solutions

To synthesis ZnO microstructures, an appropriate molar ratio between Zn(CH 3 COO) 2 and NH 3 in aqueous solution was used at a relatively low reaction temperature. ZnO crystals were obtained according to the following reactions. 45,50 Initially, when zinc acetate dihydrate (Zn(CH 3 COO) 2 ) was dissolved in water, it dissociated into zinc ion (Zn 2+ ) and acetate ion (CH 3 COO -) as shown in Eq.1. Then, the acetate ions were hydrolyzed to give OH -ions as shown in Eq.2.

Zn(

CH 3 COO) 2 2CH 3 COO -+ Zn 2+ (1) CH 3 COO -+ H 2 O OH -+ CH 3 COOH (2)
In the case of ammonia, when it reacts with water molecules, it forms ammonium (NH 4 + ) ions and hydroxide ions (OH -).

NH 3 + H 2 O NH 4 + + OH - (3) 
The Zn 2+ ions have the chance to combine with both NH 4 + and OH -ions. They can readily react with hydroxide ions to generate large amount of stable zinc hydroxide (Zn(OH) 2 ) and tetrahydroxozincate ions (Zn(OH) 4 2-), as given in Eq. 4 & 5. With NH 4 + ions, they form tetraamine zincate ions (Zn(NH 3 ) 4 2+ ), as shown in Eq. 6.

Zn The growth of peanut-shaped microstructures is achieved through the adsorption of Zn(OH) 4 2-and Zn(NH 3 ) 4 2+ on the preformed ZnO nuclei. Both Zn(OH) 4 2-and Zn(NH 3 ) 4 2+ act as growth units. 51,18 

Formation mechanism of peanut-shaped ZnO microstructures

The reactions that occur between the precursors during the synthesis process are discussed in section 3.3. From the results above, the ammonia solution is obviously the key factor in deciding the growth of anisotropic structure and in controlling the morphology. It is already discussed that at low ammonia concentration (Z1), the formation of peanut-shaped ZnO microstructures is accompanied by particles. Hence the ammonia concentration is increased further to get uniform distribution of peanut-shaped ZnO microstructures. The formation of which occur by the following proposed mechanism: At the early stage of the reaction, both zinc acetate and ammonia provides a large number of OH -ions, which is essential for the formation of one of the growth units, namely Zn(OH) 4 2-and also for the crystallization of ZnO from Zn(NH 3 ) 4 2+ (Eq. (1-9)). It is expected that when the concentration of Zn(OH) 4 2-and Zn(NH 3 ) 4 2+ exceeds the critical value, the precipitation of ZnO nuclei starts. This is the initial nucleation Pre-print M. Prabhu, J. Mayandi, R. N. Mariammal, V. Vishnukanthan, J. M. Pearce, N. Soundararajan and K. Ramachandran. Peanut shaped ZnO microstructures: controlled synthesis and nucleation growth toward low-cost dye sensitized solar cells. Materials Research Express 2(6): 2053-1591 (2015). doi:10.1088/2053-1591/2/6/066202 process for the formation of ZnO microstructures. ZnO is a polar wurtzite crystal with alternating planes of tetrahedral coordinated zinc and oxygen atoms along the c-axis, which consists of positively charged polar Zn 2+ -terminated (0001) plane and negatively charged polar O 2-terminated (000 1 ) plane. [52][53][54] These two polar planes are thermodynamically unstable and hence growth of ZnO along these planes is energetically favourable, which reduces their surface energy, making the system stable. The growth rate of ZnO is different along different planes with high growth rate along the (0001) plane followed by (01 1 0), (2 1 1 0), (10 1 0), and (000 1 ) planes, respectively. 47,55 After the formation of ZnO nuclei, the growth units in the solution get adsorbed on the different planes of ZnO nuclei. The adsorbed growth units further crystallized into ZnO. The microstructure forming into a peanut-shaped microstructure undergoes a series of steps before reaching the final shape. Figure 6 illustrates an innovative schematic representation of the whole growth process of peanut-shaped ZnO microstructure. Here the peanut-shaped ZnO microstructure is formed from two types of semi-elliptical shaped ZnO. In the first case, since Zn(OH) 4 2-exists in the form of negatively charged ion, it can easily coordinate with the positively charged Zn 2+ -terminated (0001) plane (having high surface energy) of ZnO nuclei by electrostatic interaction. 10,55 The Zn 2+ coordinated Zn(OH) 4 2-ion further undergoes dehydration resulting in the formation of ZnO. With this positively charged Zn 2+ -terminated plane, once again Zn(OH) 4 2-ion coordinates and the whole process is repeated until the supply of growth units stop. Since the growth rate along the side facets i.e., along (01 1 0) plane is low compared to (0001) plane, the attachment of Zn(OH) 4 2-ions results in the formation of hexagonal semi elliptical shaped ZnO with alternating planes of O and Zn atoms along the c-axis. Thus the formed semi elliptical shaped ZnO has Zn atoms at its tip and O atoms at its base as shown in Figure 6 (Case I). In the second case, Zn(NH 3 ) 4 2+ ions, which are positively charged, get coordinated with the negatively charged O 2-ions of the remaining ZnO nuclei. The OH -ions released by the addition of ammonia reacts with Zn(NH 3 ) 4 2+ to form ZnO. Further, with the O 2- ion of the formed ZnO, Zn(NH 3 ) 4 2+ ion gets adsorbed and this process continues, which also results in the formation of hexagonal semi elliptical shaped ZnO with Zn atoms at its base and O atoms at its tip as represented in Figure 6 (Case II). Thus, the semi elliptical shaped ZnO formed from Zn(OH) 4 2-and Zn(NH 3 ) 4 2+ ions have polar fields in opposite directions. Finally, in order to counterbalance the polar field, the two semi elliptical shaped ZnO with opposite polar field directions were strongly twinned due to the polar field interaction to form peanut-shaped ZnO microstructures as shown in Figure 6&3(c,d). Even though the peanut-shaped ZnO microstructure is formed due to the oriented attachment of ZnO, the surface of the final product is smooth, which is evident from the SEM images. This is achieved by the well-known Ostwald ripening mechanism by which the irregularities on the surface have been removed.

Effect of ammonia on morphology

Wang et al., reported that the peanut-like structures were formed as a result of the competition between ammonia erosion and ZnO growth. 56 Thus the ammonia concentration has a great impact on the morphology of ZnO. In this work also, from the SEM results, it is observed that the chemical action between the amount of ammonia solution and ZnO growth plays an important role in the formation of peanut-shaped ZnO microstructures. At constant reaction temperature, such as 60 °C and at low ammonia concentration (45 mM, Z1), the availability of Pre-print M. Prabhu, J. Mayandi, R. N. Mariammal, V. Vishnukanthan, J. M. Pearce, N. Soundararajan and K. Ramachandran. Peanut shaped ZnO microstructures: controlled synthesis and nucleation growth toward low-cost dye sensitized solar cells. Materials Research Express 2(6): 2053-1591 (2015). doi:10.1088/2053-1591/2/6/066202 NH 3 in the solution is low and hence the number of growth units formed is low. Thus only a few ZnO nuclei can access the growth units in order to form the peanut-shaped microstructures and the structure is incomplete. Due to insufficient ammonia concentration, the growth along the (0001) direction is controlled and hence some of the ZnO nuclei remained as particles. One can also see the aggregation of nanoparticles in the SEM image, which occurs in order to reduce the surface energy. At 60 mM of ammonia concentration (Z2), the concentration of ions (Zn 2+ and OH -) and hence the number of growth units increased. In this case, the concentration of Zn 2+ and OH -ions is favourable for the complete growth of peanut-shaped ZnO microstructures with high uniformity and good monodispersity (Figure 3(c,d)).

Further increasing the ammonia concentration to 65 mM (Z3), along with the peanutshaped microstructures, few spherical, hexagonal and elliptical shaped structures were also observed. This is because, when the concentration of ammonia increases, its solubility decreases and hence the release of OH -ions is reduced after a certain time. Thus the growth of ZnO along the c-axis was suppressed, which resulted in the formation of hexagonal structures. The spherical and ellipsoidal structures were obtained as a result of Ostwald ripening of the hexagonal structures (Figure 4 (a,b)). At very high concentration (70 mM) of ammonia (Z4), the growth of ZnO is uncontrollable and random. The crystalline nature was decreased and inhomogeneous peanut-shaped ZnO microstructures were formed. One can also see a number of different in this sample and the discussion for the formation of spherical, hexagonal, and elliptical shaped structures is the same as that for Z3 reaction conditions. The high concentration of ammonia also initiated the secondary nucleation from the six planes of preformed hexagonal ZnO crystals, thus leading to the multidimensional growth of ZnO along the <0001>direction, which results inthe formation of flower-like microstructures. Apart from this, at this concentration of ammonia, most of the Zn(NH 3 ) 4 2+ ions were decomposed into free Zn 2+ ions, which by interacting with the OH - ions transformed into Zn(OH) 4 2-(Eq.7). This resulted in the decreased concentration of Zn(NH 3 ) 4 2+ ions and hence the formation of semi elliptical shaped ZnO with Zn atoms at its base and oxygen atoms at its tip is decreased. Thus, the concentration of semi elliptical shaped ZnO with the same polar field increases and in order to reduce the surface energy, these ZnO microstructures were attached side by side to form an array, as shown in Figure 4(c,d). Finally, this sample also hosted hollow ZnO microstructures. It should be noted that only the upper part of the semi ellipse is observed to be hollow, while the lower part may possibly be dense. Interestingly, the hollow nature is owing to the erosion by ammonia at the center of the structure. 56 If the concentration of ammonia is increased further, it may be possible that all the peanut-shaped ZnO microstructures are hollow at both edges. These results demonstrate that various nano and micro structures were obtained depending upon the rate of nucleation and crystal growth, which are sensitive to ammonia concentration in the precursor solution. From the present work, it is inferred that the optimum concentration of ammonia for the formation of highly uniform peanut-shaped ZnO microstructures is 60 mM (Z2).

Optical analysis

UV-Vis absorption spectrum of as synthesized peanut-shaped ZnO microstructures is shown in Figure 7. The absorption spectrum of all the samples shows a well-defined exciton band at about 391 nm corresponding to the intrinsic band gap of ZnO. In addition, the direct Pre-print M. Prabhu, J. Mayandi, R. N. Mariammal, V. Vishnukanthan, J. M. Pearce, N. Soundararajan and K. Ramachandran. Peanut shaped ZnO microstructures: controlled synthesis and nucleation growth toward low-cost dye sensitized solar cells. Materials Research Express 2(6): 2053-1591 (2015). doi:10.1088/2053-1591/2/6/066202 band gap values of 3.18 eV for Z1, 3.17 eV for Z2, Z3 and 3.16 eV for Z4 were obtained from the α-absorption plot, which is given in the inset of Figure 7. The band gap values showed a redshift compared to the bulk band gap value (3.37 eV). 57 The shift towards the higher wavelength region is due to the larger dimensions of the ZnO microstructures. UV-Vis spectra clearly show that the synthesized samples are highly transparent in the visible region.

Figure 8 shows the photoluminescence (PL) spectra of the synthesized peanut-shaped ZnO microstructures. The measurement was performed at room temperature of 300 K by using a laser source with an excitation wavelength of 372 nm. The spectra shows sharp and strong ultraviolet (UV) emission peaks with the central wavelength at around 400 nm for all samples. It is reported that the UV emission originates from the recombination of the free excitons through an exciton-exciton collision process in the near-band-edge of the wide band gap ZnO. 58,59 The broad visible emission (450 to 900 nm) indicates that several deep-level defects may co-exist in the synthesized peanut-shaped ZnO microstructures. Generally, a visible emission peak at higher wavelength was mainly due to the radiative recombination of the photo generated holes with the electrons associated with the structural defects such as ionized oxygen vacancies and zinc interstitials. 9,60,61 It is seen that the UV and visible emission peak intensities vary with ammonia concentration. The peak intensities increase with the increase in the ammonia concentration initially, but at high ammonia concentration the PL intensities decrease. The variation in the PL intensity results from the different amount of strain accumulated in the microstructures due to their various size and morphology. Z2 and Z3 show a high intense excitonic peak compared to Z1 and Z4. This is because in Z2 and Z3 the structures are more uniformly distributed than in Z1 and Z4. The aspect ratio is also high for Z2 and Z3, which is confirmed from SEM analysis. Since Z2 shows slightly decreased visible emission compared to Z3, this sample is of high optical quality compared to others. Thus, the sample Z2 may serve as an efficient photoanode in the fabrication of solar cells. In addition, these results make it clear that the luminescence properties of ZnO can be controlled by changing its morphology.

Figure 9 shows the compositional analysis carried out by FTIR spectroscopy. The band in the region of 3430 cm -1 corresponds to O-H mode of vibration. From the spectra, it is seen that the peak form of O-H changes from sharp to broad peaks, which indicated the change in size and shape of peanut-shaped ZnO microstructures due to change in the NH 3 concentration. The absorption peaks at 2924 and 2854 cm -1 are due to the characteristic vibrations of C-H bond. 62 The bands observed at about 2362 and 2336 cm -1 are related to CO 2 molecule in air. The strong asymmetric stretching modes of C=O and C=C were observed between 1744 and 1651cm -1 . 63 The peak positions centered at 1463 and 1021cm -1 were related to O 2 2-ions, which may arise from the O-O bands. The bands observed in the wavelength range of 400-500 cm -1 correspond to the Zn-O vibration modes . 62,64,65 

Morphology based performance of DSSCs

The photocurrent density-voltage characteristics of the DSSCs are shown in Figure 10 and the corresponding photovoltaic parameters are summarized in Table 2. The energy conversion efficiency (η) and fill factor (FF) were calculated by using the following equations:

100 (%) max max × × = in P V I η (1) 
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V I V I FF × × = max max (2)
Where, I sc is the short-circuit photocurrent, V oc is the open circuit photovoltage, P in is the incident light power (40 mW/cm 2 ). I max and V max represent the current and voltage delivered at maximum power point, respectively. It should be pointed out that these solar cells were fabricated with a yellow dye that was thus poor absorber over the entire solar spectrum, but is useful for probing the properties of the thin films. The maximum short-circuit current density (J sc ) of 0.797 mA/cm 2 was obtained for Z2, which was far superior to the other ZnO sample preparation conditions. The better solar cell parameters (J sc and FF), as observed for Z2 conditions, can be attributed to the uniform distribution of peanut-shaped ZnO microstructures as shown in Figure 3(c,d). These microstructures have near-perfect aggregation, which help in more dye adsorption and hence capture a larger number of photons. From these results it can be concluded that the presence of crystalline peanut-shaped ZnO microstructures without any other structures enhance the direct conduction paths for electron transport, which suppresses the charge recombination thereby enhancing the short-circuit current.

It should be pointed out here that the power conversion efficiency (η) values should be compared primarily to one another. In order to reduce experimental uncertainty of the effects of geometrically complex substrates on growth, non-optimized ITO was used for all cases. This reduced the optical enhancement as compared to record efficiency DSSCs using ZnO. 66 Considerable future work is needed on the optimization of the use of these peanut-shaped ZnO microstructures for DSSCs. First, a thickness series is needed to determine the optimal ZnO thickness. The other deposition parameters of the peanut-shaped ZnO microstructures should be further refined to reduce charge recombination. Next, optimal ITO should be used to maximize the optical path length and light trapping for all wavelengths of light. Ideally, the ITO would also be fabricated with a low-cost means such as the sol-gel process. 67 The combination of highly textured ITO and optimal peanut-shaped ZnO microstructure deposition should be tested for optimal dye loading to ensure the structures have maximum dye available surface area. In addition, the lower illumination power should be noted, which was used here to screen these cells for possible use indoors and for low light conditions. In the future, tests should be performed with one sun illumination.

To date, most of the ZnO based DSSCs were fabricated using ruthenium (N719) based photosensitizers, which are an expensive dye. In this work, DSSCs were fabricated using a lowcost dye, namely, eosin yellowish (EY) dye and an efficiency of 0.37 % is achieved. The efficiency of ruthenium dye based DSSCs for various ZnO nanostructures reported in recent literatures is summarized in Table 3. Similar efficiencies were noted in our device as previous reports mentioned in Table 3 that shows there is room for improvement in future generation devices. Obviously higher efficiencies could be obtained with higher performance ruthenium photosensitizers. Additional future work is needed to find tolerably-efficient replacement lowcost photosensitizers and tune their energy levels for high performance, 72 while also enabling geographically optimization based on atmospheric conditions. 73 Pre-print M. Prabhu, J. Mayandi, R. N. Mariammal, V. Vishnukanthan, J. M. Pearce 

Conclusions

To conclude, various ZnO microstructures, such as peanut-shaped, spherical, hexagonal, elliptical and flower have been synthesized successfully via a simple chemical precipitation method. The highest performance microstructure for use in DSSCs applications was found to be a peanut-shaped ZnO microstructure with an efficiency of 0.37 % using a yellow dye. The XRD and SEM analyses of the peanut-shaped ZnO microstructure indicated that they have good crystallinity. The results of this study showed that ammonia decomposition in the reaction solution plays a very important role in controlling the nucleation and growth of peanut-shaped ZnO microstructures. A growth mechanism was proposed and with the experimental results it is clear that the concentration of intermediates can be optimized by varying the ammonia concentration in order to get uniform distribution of peanut-shaped ZnO microstructures. Both the optical and electrical properties and the concomitant DSSCs properties were also significantly modified by controlling the ammonia content. The enhancement in the PV device performance is due to the uniform distribution of peanut-shaped ZnO microstructures, which offer a direct carrier transport pathway for the electrons. These results are promising and provide a path towards low-cost high-performance dye sensitized solar cells produced with only relatively simple wet chemistry synthesis and based on peanut-shaped ZnO microstructures. Pre-print M. Prabhu, J. Mayandi, R. N. Mariammal, V. Vishnukanthan, J. M. 
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Samples J sc (mA/cm 2 ) V oc (V) J max (mA/cm 2 ) V max (V) FF η (%)
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