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Abstract−Dye-sensitized solar cells based on electrodeposited ZnO nanorod arrays were fabricated and tested. Field-

emission scanning electron microscopy (FESEM) and X-ray powder diffraction (XRD) were used to identify the characters

of ZnO nanorod arrays. The effects of dye etching on the morphology and performance of ZnO nanorod dye-sensitized

solar cells were studied. It was found that the surfaces of ZnO nanorods were both etched by dye solutions, no matter

N3 or N719. Compared with N3, N719 had a larger damage to the structure of ZnO nanorod photoanode, and the photo-

electric conversion efficiency of cells decreased quickly with the sensitizing time increasing. In a certain range, the

increasing length of ZnO nanorods can clearly improve the photoelectric conversion efficiency of cells.
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INTRODUCTION

Dye-sensitized solar cell (DSSC), a neoteric power conversion

device, has attracted substantial attention since its first appearance

in 1991 due to its low cost, simple fabrication and enormous applica-

tion prospect [1]. Typical DSSCs are a sandwich structure that

consists of three parts: a dye-sensitized metal-oxides layer as work-

ing electrode, an electrolyte containing a redox couple (I−/I3−) and a

counter electrode with a Pt layer. Much concern has been focused

on the photoanode, which is the pivotal component of DSSCs that

plays a significant role for charge collection and transmission. Up to

now, the best performance reported in the literature has been obtained

with cells composed of a titania (TiO2) nanoparticulate thin film [2-5].

Besides TiO2, zinc oxide (ZnO) is also investigated as another

promising candidate for anode materials [6-10]. The band gap energy

and conduction band edge of ZnO are similar to those of TiO2 [11,

12]. Additionally, ZnO showed an order of magnitude higher elec-

tron mobility and the corresponding electron diffusion coefficient

[13]. Especially, vertically grown ZnO nanorods have been used in

DSSCs with an understanding that the use of single crystal nano-

rods may allow electron transport via extended sites in the conduc-

tion band, rather than a series of hoppings between the traps [14-

16]. Recently, DSSCs based on ZnO nanorod arrays, produced by

CVD [17] and hydrothermal [18] method, have shown a higher con-

version efficiency compared to those based on disorderedly nano-

structure films. However, there is less study on electrodeposited

ZnO nanorod arrays based DSSCs. In addition, since the dyes used

for DSSCs with a higher efficiency are almost suited for TiO2, a

suitable condition has to be found to sensitize ZnO electrode because

of the differences between ZnO and TiO2. Previous work reveals

that the way to sensitize ZnO considerably influenced efficiency [19].

However, fewer researches have been done on investigating the dif-

ference in the morphology changes and cell performances by using

different dye.

In this paper, electrodeposited ZnO nanorod arrays are used as

photoanodes to fabricate DSSCs. The influences of sensitizing con-

ditions and length of nanorods on the cell performances of DSSCs

based on ZnO nanorod arrays have been further studied and dis-

cussed.

EXPERIMENTAL

1. Synthesis of ZnO Nanorod Arrays

ZnO nanorod arrays were fabricated by one-step cathodic elec-

trochemical deposition from an aqueous solution of zinc nitrate, as

described in our previous paper [20]. A Zn foil (99.99% purity) and

an ITO-coated glass substrate (pretreated by sonication in absolute

ethanol and de-ionized water successively then dried in air at 40 oC)

were used as the counter electrode and the working electrode, respec-

tively. The electrodeposition occurred in a glass cell at a constant tem-

perature of 70 oC immersed in a water bath. The initial pH value was

about 6, with the electrolyte of an aqueous solution containing 5 mM

Zn(NO3)2. The deposition current was fixed at 0.9 mA. After certain

time from 2 h to 8 h of electrodeposition, ZnO nanorod arrays were

obtained. Subsequently, the products were rinsed with distilled water

several times and dried at room temperature. The surface morphology

of the as-deposited ZNR arrays was characterized by a field-emission

scanning electron microscope (FE-SEM, Hitachi S-4800FEG). The

crystal structure and phase identification were examined by X-ray

diffraction (XRD, Philips X’Pert with Cu Kα radiation).

2. Dye Adsorption and Cell Fabrication

The ZNR arrays photoelectrode was then immersed in a 0.25

mM ethanol solution of dye N719 or N3 for different time. When

loaded with dye molecules, the electrode was washed with ethanol and

dried in air. An electrodeposited platinum conductive glass was used
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as the counter electrode. The two electrodes were clipped together

and one drop of liquid electrolyte was kept between them. Finally,

a piece of cyano acrylate adhesive (30 mm) was used as a sealant.

Bisphenol A epoxy resin was used for the further sealing process.

The liquid electrolyte contained 0.4 M sodium iodide, 0.1 M tetrabu-

tyl ammonium iodide, 0.5M4-tert-butylpyridine and 0.05Miodine

in an acetonitrile solution.

3. Photo-electrochemical Measurements

Photo-electrochemical tests were made by measuring the J-V

characteristic curves under simulated AM 1.5 solar illumination at

100 mW cm−2 from a xenon arc lamp (CHF-XM500, Trusttech Co.,

Ltd., China) in an ambient atmosphere and recorded using a CHI

660 C electrochemical workstation (CH Instrument Inc., China).

RESULTS AND DISCUSSION

1. Influence of Dye Etching on the Morphology of ZnO Nan-

orods

Fig. 1 displays the typical plan-view and cross-sectional SEM

images of the ZnO nanorods arrays electrodeposited on ITO-coated

glass substrate from 5 mM Zn(NO3)2 aqueous solution at 70 oC and

0.9 mA when the deposition duration was 4 h. The whole surface

of substrate is uniformly covered by dense hexagonal ZnO nano-

rods with planar ends which c-axes are perpendicular to the substrate

and mainly 450 nm in diameter and 4.1µm in length approximately.

With different duration of deposition, the length can be controlled

from 2µm to 10µm [20].

Fig. 2 presents SEM images of the ZnO nanorod electrode after

sensitizing with N719 and N3 for 24 h, respectively. After being

sensitized for certain time, the surfaces of nanorods are etched by

both dyes. It has been reported that this surface structure destruc-

tion may due to the formation of Zn2+/dye complex, which always

occurs when the electrode is soaked in the dye solution for a time

[21]. Apparently, N719 have a larger damage to the structure. The

hexagonal nanorods are dissolved to cylinder with many etch pits

on the surfaces. In comparison, N3 is less harmful to ZnO which

only destroyed the top of nanorods in the same duration of sensi-

tizing. To sum up, dyes etch ZnO electrode and continue over time

when the sample is immersed into the dye solution. Therefore, the

time of sensitizing is not the longer the better. It is important to find

a proper condition of sensitizing to lessen etching.

Both N3 and N719 have -COOH groups which are easy to make

the solution acidic by hydrolyzed hydrogen ions. The acidic dye

solution is harmful to the amphoteric oxide ZnO. Moreover, the

previous paper reported that the formation of aggregates (dye/Zn2+)

of dyes with Zn2+ ions results in inefficient electron injection from

the dye/Zn2+ aggregates to the ZnO photoanodes [22]. The etching of

ZnO nanorods can be described as the following chemical reaction:

Fig. 1. Typical plan-view (a) and cross-sectional (b) FE-SEM micro-
graphs of electrodeposited ZnO nanorod arrays from a 5
mM Zn(NO3)2 aqueous solution at 70 oC and 0.9 mA for 4 h.

Fig. 2. SEM images of (a) ZnO nanorod arrays sensitized with N719
for 24 h; (b) ZnO nanorod arrays sensitized with N3 for 24 h.
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ZnO+H+
→ZnOH

ZnOH→Zn2++OH−

Zn2++dyes→aggregates (dye/Zn2+)

H+ is adsorbed to the ZnO surface and produces hydroxyl groups.

On the other hand, Zn2+ is easily combined with the -COOH groups

of dyes under acidic conditions, which accelerates the etching of

ZnO. N719 is the bideprotonated form of N3. The COO- groups

with negative charge of N719 in solution more easily catch Zn2+

and form aggregates (dye/Zn2+). So N719 is more harmful to ZnO

structures.

From the XRD patterns of Fig. 3, all the samples are character-

ized as wurtzite structure of ZnO. Sharp diffraction peaks indicate

good crystallinity, and the strongest diffraction peak corresponding

to the plane (0 0 2) reveals preferential crystal growth along the c-axis

in the [0001] direction vertical to the substrates. The other peaks of

ZnO may be caused by the imperfection of vertical alignment. The

left major peaks were all from the ITO substrate. Although etched

with dyes, there is no obvious change with the crystallinity of ZnO

except for a decrease in peak intensity. This loss is likely due to the

lower crystalline quality of ZNR after a long etching time. Besides,

no new phase and impurities diffraction peaks like Zn(OH)2 and Zn

were detected. In addition, XRD can be used as an auxiliary method

to prove the verticality of the obtained ZnO nanorod arrays.

2. Influence of Dye Etching on the Cell Performance

Fig. 4(a) shows the J-V curves for ZNR electrode sensitized with

N719 for different time. The detailed parameters can be seen from

Table1. The performance of cells reached the top efficiency η=1.82%

when the sensitizing time was 2 h, and began to decrease quickly

with the sensitizing time increasing. The results can be explained

by surface etching, which damaged the outer structure of ZnO nano-

rod according to the SEM pictures. The sharp decrease of short-

circuit density (Jsc) from 3.53 mA/cm2 to 1.43 mA/cm2 is largely

due to the formation of aggregates (dye/Zn2+) and the surface etching.

In comparison, N3 dye etching has little influence on the perfor-

Fig. 4. J-V curves of DSSCs based on ZnO nanorod arrays elec-
trode (a) sensitized with N719 for 1 h, 2 h, and 3 h; (b) sensi-
tized with N3 for 3 h and N719 for 2 h.

Fig. 3. XRD patterns of (a) ZnO nanorod arrays; (b) ZnO nano-
rod arrays sensitized with N3; (c) ZnO nanorod arrays sensi-
tized with N719. The peaks marked ◆ represent the ITO
substrate.

Table 1. Parameters of DSSCs based on ZnO nanorod array with
different dyes and sensitizing time

Dyes/Sensitizing time Voc (V) Jsc (mA/cm2) FF η (%)

N719/1 h 0.814 3.53 0.56 1.61

N719/2 h 0.741 3.95 0.62 1.81

N719/3 h 0.841 2.45 0.56 1.17

N719/24 h 0.496 1.43 0.36 0.26

N3/1 h 0.822 2.90 0.56 1.34

N3/2 h 0.826 3.29 0.60 1.63

N3/3 h 0.900 3.21 0.58 1.68

N3/4 h 0.850 2.90 0.59 1.54

N3/24 h 0.801 1.03 0.49 0.41

Table 2. Parameters of DSSCs based on ZnO nanorod with dif-
ferent electrodeposition time

Electrodeposition time Voc (V) Jsc (mA/cm2) FF η (%)

2 h 0.731 3.14 0.62 1.43

4 h 0.741 3.95 0.62 1.81

8 h 0.765 4.95 0.64 2.46
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mance of cells, as shown in Table 2. With longer sensitizing time,

the efficiency did not drop quickly and the top efficiency was also

slightly lower than N719 cells, as shown in Fig. 4(b). It is reported

that the absorption spectra of the samples coated with the N719 dye

were broader than that coated with the N3 dye [23]. It explains that

the DSSC with N719 dye has a better photovoltaic performance

than the DSSC with the N3 dye.

3. Influence of Electrodeposition Time on the Cell Performance

As reported in our previous paper, various deposition times can

change the length of ZnO nanorods, ranging from 2µm to 10µm

[20]. Fig. 5 and Table 2 show the performance of cells when elec-

trodeposition times are 2 h, 4 h and 8 h, respectively. Through the

experiments above, we chose N719 dye and 2 h sensitizing time as

the best sensitizing condition. From Fig. 5 and Table 2, the efficiency

exhibits a continuous increase with electrodeposition times. The

photocurrent Jsc and open circuit potential Voc increased from 3.14

mA/cm2 and 0.73 V to 4.9 mA/cm2 and 0.77 V, respectively. Conver-

sion efficiency can be as high as η=2.46%, which is higher than that

of DSSCs based on ZNR photoanode fabricated by CVD (1.82%)

and hydrothermal method (2.4%). The increase of DSSC efficiency

as a function of electrodeposition time probably is associated with

the enhanced surface area and higher surface concentration of dye.

It is entirely possible that the performance of ZnO nanorod based

DSSC would be better with a longer ZnO nanorod electrode in a

certain range.

CONCLUSIONS

In summary, the surfaces of ZnO nanorods were etched by dye

solutions, no matter whether N3 or N719. So the performance of

cells was influenced by different sensitizing time. Compared with

N3, the N719 have greater damage to the structure of ZNR photo-

anodes, and the performance of cells decreased quickly with the

sensitizing time increasing. In a certain range, the cell efficiency

exhibits a continuous increase with electrodeposition times.
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